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PREFACE

The system of indicating dates in this book is based upon those used by the late George Sarton in his History of Science and by JosephNeedham in his Science and Civilisation in China. Centuries are indicated by Roman numerals preceded by + or - according to whetherthey are centuries of the Christian era or b.c.; hence -VIII meanseighth century b.c. Years are treated likewise, with Arabic instead ofRoman numerals; for instance, +412 = a.d. 412. The plus sign is, however, omitted from years after +1000, because the meaning of the numeral is obvious in such cases.

In the text, most Greek names are spelled in the Greek manner, instead of the Latin (hence Keraunos instead of Ceraunus) because I like it better and think it will in time prevail. But in the notes and bibliography, most names of Greek writers are given in Latinized or Anglicizedform to make it easier to find standard editions and translations.

For help in one way or another with this work—procuring books for me, answering questions, checking my translations, and criticizing partsof the text—I am grateful to Allen T. Bonnell, Lionel Casson, Jack Coggins, Bern Dibner, Caroline Gordon Dosker, A. G. Drachmann, I. E. S.Edwards, R. J. Forbes, Umberto Forti, Samuel Freiha, Samuel N.Kramer, Willy Ley, William McDermott, Robert P. Multhauf, Derek J.de Sofia Price, Pellegrino Claudio Sestieri, Guido Ucelli, Donald N.Wilbur, Howard H. Williams, and Conway Zirkle; and to the BurndyLibrary (Norwalk, Conn.), the Swarthmore College Library, the UnionLibrary Catalogue, and the University of Pennsylvania Library. Finally,my wife’s work of editing the manuscript has gone far beyond the callof duty.

L. Sprague de Camp


THE COMING OF THE ENGINEERS
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ONE

Civilization, as we know it today, owes its existence to the engineers. These are the men who, down the long centuries, have learned to exploit the properties of matter and the sources of power for thebenefit of mankind. By an organized, rational effort to use the materialworld around them, engineers devised the myriad comforts and conveniences that mark the difference between our lives and those of ourforefathers thousands of years ago.

The story of civilization is, in a sense, the story of engineering—that long and arduous struggle to make the forces of nature work for man’sgood. The story of engineering, pieced together from dusty manuscriptsand crumbling relics, explains as well the state of the world today asall the accounts of kings and philosophers, generals and politicians.

To appreciate the accomplishments of the engineers, we must understand the changes that have taken place in human life during the last million years. A million years ago, at the beginning of the PleistocenePeriod, our ancestors were small, apelike primates, much like the manapes whose fossil remains have been found in Africa.

Two things distinguished our ancestors from modern apes, such as the gorilla and chimpanzee. First, they lived mostly on the ground and regularly walked upright, so that their limbs were proportioned much likeours. They did not have the long hooklike arms, the short bowed legs,and handlike feet of modern apes. Their brains were essentially thesame as those of modern apes.

Probably as early as 100,000 years ago, before the last advance of the Pleistocene glaciers, and certainly by 10,000 years ago, the forces ofevolution had caused these man-apes to evolve into men, every bit ashuman in form and as intelligent as we are. Differences in climate indifferent parts of the world had split the human stock into three majorand several minor races.

These men, like all the men who had gone before them, lived by foodgathering. They sought a precarious livelihood by hunting, fishing, picking berries, and digging up edible roots and tubers. They greedily gobbled lizards, insects, and carrion. Today only small bands of African Bushmen and Pygmies, a few Australian aborigines, and a handful of Eskimos—a tiny fraction of 1 per cent of humanity—subsist in this manner.

Because of the difficulty of getting food, in Pleistocene times only a few hundred thousand people existed on the entire face of the globe. Butthere is no reason to think that we today are one bit cleverer than themen of —8000, at the time of the great Neolithic agricultural revolutionthat turned hunters into peasants. For one thing, 10,000 years is tooshort a time for evolution to have had a measurable effect. For another,many geneticists believe that civilization causes the human stock slowlyto degenerate, by enabling persons with unfavorable mutations to liveand breed, when in a wild state they would quickly perish.

However that may be, man has spent about 99 per cent of his history, since he first learned to make tools, as a hunting and food-gatheringtribesman. Civilization has arisen only during the remaining 1 per centof this time, since 9,000 to 10,000 years ago, when men discovered howto raise crops and tame animals. These discoveries enabled a squaremile of fertile land to support 20 to 200 times as many people as beforeand freed some of these people for other, specialized occupations.

This revolution seems to have first taken place in the hills that curve around to the north of Iraq and Syria. From Iraq and Syria the Agricultural Revolution quickly spread to the valleys of the Nile and theIndus, which in their turn became centers of cultural radiation.

The Agricultural Revolution brought about changes fully as drastic in people’s lives as those caused by the Industrial Revolution of the lasttwo centuries. Permanent villages took the place of temporary campsites. One theory holds that men were first persuaded to give up theirwandering life by the discovery that mashed grass-seeds could be usedto make beer, since they had to stay put long enough for the mashto ferment.

In another three or four thousand years, some of the farming villages of the Near and Middle East grew into cities. Then with a rush camemetals, writing, large-scale government, science, and all the other features of civilization.

As farmers learned to raise more food than they themselves needed, other men were able to spend all their time in making useful things,which they exchanged for surplus foods. Thus specialization arose.

Human society had long known a couple of specialists: the tribal priest or wizard and the tribal chief or war leader. As specialization increased, merchants, physicians, poets, smiths, and craftsmen of manykinds came into being. Instead of making their own houses, carts, wells,and boats, men began to buy them from workmen skilled in these arts.Soon the arts advanced to the point where even a wise and experiencedworkman could not know all that had to be known about his craft.

As the chiefs evolved into kings and the wizards into high priests, they waxed rich and powerful. They acquired helpers, messengers, bodyguards, and other servants, who outranked the simple peasants. Slavery—at first a humane invention, which made it no longer necessary toslaughter one’s prisoners of war—introduced still another class. Thus society became seamed and fissured into a multitude of specialized occupations.

Wealth and experience piled up. Men undertook projects too large for a single craftsman, even with the help of his sons and apprentices.These projects called for the work of hundreds or even thousands ofmen, organized and directed towards a common goal. Hence arose anew class of men: the technicians or engineers, who could negotiatewith a king or a priesthood for building a public work, plan the details,and direct the workmen. These men combined practical experience withknowledge of general, theoretical principles. Sometimes they were inventors as well as contractors, designers, and foremen, but all were menwho could imagine something new and transform a mental picture intophysical reality.

Invention has been going on ever since our apish ancestors learned to feed a fire and flake a flint. But the conditions under which invention takes place, and the pace of invention, have changed greatly sincethe beginning of historic times.

Some primitive inventions, like the manioc squeezer of the South American Indians, the Australian boomerang, and the Eskimo togglejoint harpoon, are extremely ingenious. They point to inventive talentsas keen as anything the civilized world can show.

Nevertheless, during nearly all of the last million years, invention progressed with glacial slowness. Men chopped with ax heads held in the fist for hundreds of thousands of years before they learned to fastenhandles to their axes. During the earlier part of the Pleistocene Period,it is possible that men were too stupid to be very inventive. By 100,000years ago, however, men had probably become quite as intelligent as weare—but still technology advanced at a crawl.

The reasons for the sloth of invention in primitive societies are not hard to understand. For one thing, primitive peoples live a hand-to-mouth existence. Most of their foods cannot be stored, so that they haveno economic surplus. Therefore they can less well afford to risk experiment than more advanced peoples. If an experiment fails, they die.

As a result, primitive societies are very conservative. Tribal customs prescribe exactly how everything shall be done, on pain of the gods’ displeasure. An inventor is likely to be liquidated as a dangerous deviationist.

Peasant farmers are almost equally conservative. Man’s inventive faculties are stimulated by the breakdown of established custom thattakes place in the urban environment; hence most inventions have beenmade by city dwellers.

Another cause of the slowness of primitive invention is the scarcity of inventors. A hunting and food-gathering technology can support only avery small population for a given area. Thus the few hundred thousandmembers of the human species living at any time before the AgriculturalRevolution were divided into many isolated little hunting bands.

Such a band seldom exceeds fifty or a hundred people, counting the many but short-lived children. Because the radius of action of the huntersis limited to the distance they can walk to kill their game and carry itback to camp, an increase in numbers does not enlarge the area thatcan be hunted at one time. It merely causes the same area to be huntedmore intensively. So, if the band grows too large, game in the neighborhood becomes scarce; and the band must migrate or starve. Eventuallyit will have to split up. Perhaps human factiousness—our tendency todivide up into factions on almost any pretext (racial, religious, cultural,political, economic, or sporting) and fight it out—is a survival mechanism evolved during man’s hunting phase, to insure that hunting bandssplit up before they grew too large to feed themselves.

Now, in any society, only a few human beings ever have original ideas or make inventions. Of these inventors, only a fraction have thecourage, stubbornness, and energy to keep on bettering their inventionsuntil they really work and to keep on promoting them until they persuade others to take them up.

A rough idea of the percentage of inventors among modern Americans can be obtained from the statistics of the United States Patent Office. The Patent Office issues about 40,000 patents every year. So wecan estimate that the mid-twentieth-century American population of180,000,000 people produces about one patentable invention each yearfor every 4,500 citizens.

Suppose, now, that all Americans were wiped out except one band of forty-five people. If this group continued to produce inventions at thesame rate, it would turn out only one invention every century! This isof course a gross oversimplification. But it does indicate why a smalltribal society, no matter how clever the tribesmen, cannot be expectedto produce inventions rapidly.

In actual fact, the rate of inventions among Stone Age hunters was enormously slower than among our imaginary band of forty-five Americans. For modern Americans are encouraged to invent in ways thatprimitive folk are not. We are used to the thought that men can improvetheir lot by inventing things, and that invention is a worthy act. On thecontrary, primitive people, who have all they can do to keep alive andwho cannot afford to support a fellow tribesman in idleness while hedreams up new ideas, regard inventors with glowering suspicion.

Suppose now that there are two bands of forty-five Americans. If they are isolated from each other, each band will produce one invention acentury, so that each progresses at the same rate as before. Their cultureswill diverge somewhat, as they will hit upon the same inventions onlyrarely, by chance. But each group will plod along at the same old rateof one invention a century.

However, if they meet and join forces, then all ninety persons will take advantage of the inventions produced by any one of them. The combined group will produce inventions twice a century instead of once. Inother words, they will progress technologically twice as fast.

To sum up: Progress in civilization depends upon invention, and a rapid rate of invention in turn depends upon the sizable populations thatare only possible under civilization. The crucial inventions that madesuch progress possible-knowledge of raising domesticated, edible animals and plants—took place in Syria and Iraq about —8000.

Once the Agricultural Revolution had taken place, much denser and more numerous populations than had ever before existed could and didlive in the valleys of the Nile, the Euphrates, and the Indus. As theReverend Thomas Malthus pointed out a hundred and sixty years ago,people quickly breed up to the greatest density the land will support atthe current technological level. At that point the population levels off,because excess people are destroyed by starvation, pestilence, or war.

The mere fact of having large interconnected populations, then, meant that inventions took place at a faster rate than before, and these inventions in turn made denser and more widely interconnected populationspossible. Hence civilized men tended to draw farther and farther aheadof their primitive fellows.

Moreover, the inventions on which civilization was founded tended to spread. These inventions did not spread out evenly in all directions.They spread along trade routes, and they spread to lands where theseideas could be profitably applied. They were stopped by strong naturalbarriers, such as deserts and oceans; and they died out where conditions made them useless.

Thus the idea of raising cotton or dates could not spread to Europe, because the cotton tree and the date palm will not grow there. Thewheel failed to spread from Iraq to neighboring Arabia, because therewas no place in the wastes of the Arabian desert where wheeled vehicleswould have been very useful.

As a result of this speed-up and spread of technology, a high level of civilization had been achieved a thousand years before Christ in abroad belt stretching from the lands around the Mediterranean throughthe Middle East, India, and Southeast Asia to China. Any new invention, originating at one end of this Main Civilized Belt, traveled in afew centuries to the other. China, partly isolated at one end of the Beltby the Mongolian deserts, the Tibetan mountains, and the jungles ofSoutheast Asia, was a thousand years late in getting started but soonbecame as civilized as the rest.

Some of these advances in technics spread to Central Asia and Central Europe as well. Civilization had little effect on northern Europe and northern Asia, however, because the population of these lands wasvery thinly scattered and conditions of life were so different from thoseof the Belt that most inventions made in warmer lands were of little usethere.

Civilization also failed to penetrate Negro Africa, being stopped by the barrier of the Sahara Desert, the swamps of the White Nile, andthe mountains of Abyssinia. This barrier isolated sub-Saharan Africaas effectively as if it had been an island. Furthermore, Old World civilization failed to leap the watery barriers to reach the Pacific Islands,Australia, or the Americas. In another millennium, however, the peoplesof Central and South America began independently to develop theirown civilizations.

It would seem, then, that the main factor in determining whether any particular people took part in the technological adventure that followedthe Agricultural Revolution was neither race, nor climate, nor local resources. The main factor was simply a matter of geography—where thepeople lived with respect to the river valleys in which this revolutiontook place. Those lucky enough to dwell along the cultural highwaysfrom China to Spain received the benefits of the speed-up; those wholived elsewhere did not, or did so only tardily.

I have spoken of the spread of inventions through the Main Civilized Belt and into lands outside this area. A few decades ago, a tremendousdispute on the spread of inventions arose among anthropologists. Thisdispute is called the Diffusionist Controversy.

The basis of the argument is this: If you find the same culture trait —such as a blowgun or a flood legend—in two widely separated groups ofpeople, and the intermediate peoples lack this trait altogether, did thetwo groups invent it independently, or did they somehow get it fromthe same source?

Certain Britons—the psychologist Rivers, the anatomist Elliot Smith, and the anthropologist W. J. Perry—developed the extreme diffusionistor dispersionist theory. According to this hypothesis, all civilizationcame from one (or at most a few) Old World centers. The diffusionistsdeemed invention so rare that the same invention could never have beenmade independently by different peoples. Wherever close similarity wasfound, even on opposite sides of the globe, they averred that the traithad been spread by trade or migration.

Hence the diffusionists inferred, for instance, that the Mayas and Aztecs must have learned to build pyramids from the ancient Egyptians—despite the fact that, when the Mayas and Aztecs began to erect thesestructures, Egypt was already thousands of years old and had long sincestopped building pyramids. They argued that all human civilization musthave originated in one spot on the earth. Elliot Smith named Egypt, butothers found their source of illumination in Brazil, the Ohio Valley,India, the Arctic, or Plato’s fictional Atlantis.

Diffusionism became a cult. This cult attracted people of the sort who seek arcane wisdom in the measurements of King Khufu’s pyramid orhunt for the Lost Ten Tribes of Israel among the Irish, the Iroquois,the Japanese, or the Zulus. By insisting that the same invention couldnever have been made twice over, the cult appealed to people who,never having had an original idea themselves, find it impossible to imagine anybody’s else having one.

In later years this nonsense declined as sane anthropologists pointed out, over and over, that every invention contains some borrowing andevery borrowing some invention. Where you draw the line betweendiffusion and original invention, then, is a matter of convenience.

Furthermore, there are many well-known cases of independent invention. As we shall see, the crossbow was independently invented in the Far East and in the Mediterranean. In civilized countries, simultaneous invention occurs all the time. That is why the United States PatentOffice has a special procedure called an “interference” to find out whoin such a case is legally entitled to the patent.

On the other hand, there are many cases of worldwide diffusion of an invention. Thus the bow reached the Americas from Asia, and laterthe tobacco pipe traveled around the world during the Age of Exploration. It is often hard to decide whether an invention traveled from oneland to another or was independently created. Each case must be judgedon its merits.

A specimen or a working diagram of an invention need not make the journey. A man may hear a rumor of an invention practiced in someforeign land, and the mere idea is enough to set him to thinking andtinkering in order to develop a similar invention on his own. Severalsystems of writing, devised by West African natives in +XIX, furnishexamples of this “stimulus diffusion” as the anthropologists call it.

The first engineers were irrigators, architects, and military engineers. The same man was usually expected to be an expert at all three kindsof work. This was still the case thousands of years later, in the Renaissance, when Leonardo, Michelangelo, and Durer were not only allround engineers but outstanding artists as well. Specialization withinthe engineering profession has developed only in the last two or threecenturies.

Irrigators laid out the canal systems on which the early river-valley civilizations depended. The Babylonian gugallu or irrigation inspectorwas such an expert. Irrigation enabled farmers to raise so much morefood that an increasing number of specialists, relieved of peasant’schores, were able to gather in cities to practice their specialities. Today’scity is still essentially a place where specialists live and work, eventhough the farming class, once almost the whole population, has dwindled in industrial lands to a small minority.

Soon the kings who ruled these early cities desired houses larger and more comfortable than the huts of stone, clay, and reeds wherein theyhad been living. So they called upon architects to build them palaces.

Next, priests insisted that the gods would be offended if they were not housed at least as splendidly as the kings. So the architects put uptemples, containing statues of the gods and other works of art.

To protect the wealth of the gods and the kings, military engineers built walls and dug moats around cities. In the lower Euphrates Valley,where there is practically no stone, walls were made of brick. Elsewherethey were made of stone—preferably the largest stones that could bemoved.

Even before mortar was invented, men could build a good solid wall of small stones, which would stand up to the weather for years. However, all an enemy had to do to such a wall was to pry out a few stoneswith his spear, and the wall collapsed.

Therefore, many early fortifiers made their walls of very large stones, trimmed to fit roughly together. The sheer weight of these stones prevented the foe from pulling them out, especially if defenders atop thewall were raining missiles upon him. Such walls are called “cyclopean”because the ancient Greeks, seeing the ruins of walls of that kind builtseveral centuries earlier, thought they must have been made by themythical one-eyed giants called Cyclopes.

The hoards of metals, jewels, fine raiment, and foodstuffs in the temples and palaces also required men and means to keep track of them. Thus came about the invention of arithmetic and writing. Writing wasdone on the surfaces of some local material: in Egypt, on paper madeof strips of papyrus reed; in Mesopotamia, on slabs of clay; in India,on paper made from palm fronds; in China, on strips of bamboo. Stone,wood and leather were also used as writing materials. In Mesopotamia,writing originated in the little clay tokens—spheres, disks, cones, andpyramids—used to keep accounts of property. Then it was found easierto draw pictures of the spheres and so forth on wet clay than tomodel them.

Many ancient writings on stone and clay have survived; but those on perishable materials have disappeared, save where people wereinterested enough to copy and recopy them.

As a result, the high school student of ancient history gets the curious impression that during the Golden Age of Greece, the Greeks werethe only people in the world who were really alive. It seems as thoughthe folk of all the other lands were standing around like waxen dummies in a state of suspended animation.

Of course that is not true. During the Golden Age of Greece, all along the Main Civilized Belt from Spain to China, teeming multitudestoiled. Everywhere princes preened; politicians plotted; priests prayed;merchants haggled; warriors clashed; thinkers pondered; lovers sighed;drunkards reeled; poets declaimed; prophets ranted; sorcerers conjured;charlatans beguiled; slaves shirked; thieves filched; and people joked,quarreled, sang, wept, lusted, blundered, yearned, schemed, and carriedon the business of living in quite as lively a fashion as the Greeks weredoing.

But, because the Greeks put their experiences down in writing, and because good luck has saved a small part of these writings for us, weknow a lot about them. We know much, for instance, of the little up-country brawls of tiny Greek city-states. On the other hand, we knowalmost nothing about the score of thunderous battles by which Dariusthe Great and his generals defeated the many rival claimants to thePersian throne, although these battlefields may have seen quite as brilliant feats of generalship and as gallant deeds of dought as the fields ofKoronea and Leuktra.

For the same reason, we know quite a lot about Greek and Roman engineering, but very little about ancient Iranian, Indian, and Chineseengineering. In Iran, India, and China either the subject was not writtenabout, or the writings have perished; or, where records have come down,many have never been published in European languages.

Even today, numbers of ancient manuscripts lie in the great libraries of Asia and North Africa, unread, uncatalogued, and untranslated.Many might shed additional light on medieval oriental science andengineering. Some may even be translations of supposedly lost Greekworks on these subjects. One of the most urgent tasks of scholarship isthe publication and translation of these works before the originals arevaporized in another war. A few scholars work at this task as time andchance permit, but the number of workers is small for the size of thejob.

As nearly as we can reconstruct the evidence, the earliest civilizations were patchworks of little independent city-states, ever fighting one another. Government varied as power shuffled back and forth among thedominant groups: the king and his cronies, the priesthood, the senate(a gathering of the heads of the richest families), and the assembly (ameeting of the fighting men of the group). Women, poor men, andslaves, having neither wealth, arms, nor magical powers, did not count.

The government—whether a theocracy, a monarchy, or a republic-controlled not only the dwellers in the city but also as many of the peasants of the neighboring countryside as could be persuaded or coercedinto accepting the city’s “protection.” In return for military service andtaxes, the peasants, willy-nilly, got centralized control of their irrigationsystems, defense against foreign invaders, and some rough-and-readylaw and justice.

In time, the march of technology made the city-state obsolete. Where a river system forms a single large watershed, an irrigation system worksbetter when it is ruled by one central administration. Thus, in the valleysof the Nile, the Tigris and Euphrates, the Indus, and the Hwang-ho,conditions favored the extension of one state’s rule over all the othersin the watershed. Historians argue whether empire came first and madepossible large-scale irrigation, or whether large-scale irrigation came firstand encouraged the growth of empire. Probably the former is morenearly right, but there was also a mutual effect. Each institution fosteredand strengthened the other as it grew.

In the large watersheds of wet countries, such as the valleys of the Ganges and the Mekong, irrigation was less important. But here theneed to protect the valley dwellers from floods promoted the centralization of government.

Because of the benefits of large-scale government in such a river valley, a city-state or a king who had conquered half of a watershed could easily gobble up the remaining half. The conqueror’s subjects acceptedhim, however grudgingly, because of these economic advantages. And,once established, he was hard to get rid of.

Under the conditions of early river-valley civilization, even a bad emperor might be better than none at all. While men feared cruel and rapacious rulers, even more they feared a time of anarchy. The Indianscalled it “the way of the fishes,” when the strong devoured the weakwithout hindrance. Their poets chanted:

A river without water,

A forest without grass,

A herd of cattle without a herdsman,

Is the land without a king.1

So important was the distribution of water in such a polity that the German-American scholar Wittfogel refers to a watershed empire ofthe type we have discussed as a “hydraulic state.” While the governmentof city-states took various forms, such as limited monarchy, aristocraticrepublic, and popular dictatorship, ancient empires tended to be absolute monarchies of the most despotic kind. The king was deemed a god,or the son of a god, or at least the special agent of a god. His word waslaw. Government was a centralized, authoritarian despotism of—it wouldseem to us—the most tyrannical and oppressive sort.

Moreover, nobody seems to have seriously considered a large-scale government of any other kind. In ancient republics the voters, whowere only a fraction of the total population, had to gather together tovote in person. Although such a scheme shares power to some extentand works fairly well in a small city-state, it is impractical in a largenation.

There were plenty of revolts, revolutions, and civil wars in the ancient empires. It was a rare king whose death did not result in a war amonghis would-be successors, and provinces that had once been separate nations repeatedly sought to regain their independence. But, while manykings were overthrown or murdered, the sole result was to replace onedespot by another who, his supporters hoped, would prove a better king.

Sometimes a watershed empire broke up into parts as a result of domestic disorder or foreign conquest. But, after a few decades of thejoys and sorrows of anarchy and incessant strife, the people of the watershed were once more prepared to submit to the rule of an all-powerfulemperor.

From the rise of the first watershed empires down to the achievement of temporary world mastery by Europe after 1600, man’s history largely consists of the story of the mighty empires that rose in the MainCivilized Belt, spread far beyond the confines of a single watershed,flourished for a time, and withered away. Sometimes they lasted forcenturies, sometimes for a few years only.

Thus the Assyrian Empire gave way to the Median, and that to the Persian, and that to the Macedonian, and that to the Roman, and thatto the Arab, and that to the Turkish. A long succession of other empires,in Iran, India, China, and Central Asia, flourished beside these westerlyrealms. And many of the rulers of these domains—however good orbad in other respects—were among the world’s greatest builders of publicworks and, therefore, the greatest patrons of the engineering profession.

For, whatever their sins and oppressions, some early despots did much for those they ruled. A king with any brains tries to make hispeople prosper, if only so that he can tax them. Rulers of ancient empires built roads, which fostered commerce and communication. Butthe principal purpose of these roads, as of the governmental postal systems that operated over them, was to keep a swift stream of commandsand inquiries flowing out from the capital to all parts of the realm, andan equally lively stream of information and tribute flowing back, for the benefit of the ruler. However they might disagree on other matters, a king and his subjects had a common interest in keeping up roads andcanals, suppressing brigandage and piracy, and maintaining order.

Nowadays we draw fine distinctions among the meanings of such words as craftsman, engineer, technician, and inventor. The UnitedStates Patent Office has elaborate rules for deciding whether an inventionis original, or whether it is merely “an improvement obvious to oneskilled in the art,” such as a change in size, strength, speed, proportions,or materials.

In speaking of ancient technical men, however, there is no point in observing such delicate differences. Every time an ancient craftsmanmade something that was not a close copy of a previous article, he invented, even though his invention might not be patentable according tomodern laws.

We think of an engineer as a man who designs some structure or machine, or who directs the building of it, or who operates and maintains it. In practice most ancient engineers were inventors; while mostancient inventors, at least after the rise of civilization, could also beclassed as engineers. So let us lump all these ancient innovators anddesigners together as “engineers.”

Despite the enormous importance of engineers and inventors in making our daily life what it is, history does not tell much about them. The earliest historical records were made by priests praising their gods andpoets flattering their kings. Neither cared much about such mundanematters as technology.

As a result, ancient legend and history are one-sided. We hear much about mighty kings and heroic warriors, somewhat less about priests,philosophers, and artists, and very little about the engineers who builtthe stages on which these players performed their parts. The warriorsAchilles and Hector were celebrated in song and story—but the forgotten genius who, about the time of the siege of Troy, invented thesafety pin, lies wholly forgotten. Everybody has heard of Julius Caesar—but who knows about his contemporary Sergius Orata, the Romanbuilding contractor who invented central indirect house heating? YetOrata has affected our daily lives far more than Caesar ever did.

Nevertheless, of all the phases of civilized life, the advance of technology gives the best ground for belief in progress. If there is any consistent pattern of evolution in politics and government, it is not easy to discern. Great soldiers and statesmen have built up empires—but a fewgenerations later these empires faded away as though they had neverbeen. In the field of government, many people thought half a centuryago that there was a natural evolutionary trend towards the democraticrepublic—but then many parts of the world turned in the other direction, towards authoritarian despotism. It is mere soothsaying to predictwhat form of government, if any, will finally prevail.

Likewise, great world religions like Buddhism, Judaism, Christianity, Islam, and Hinduism, with their tightly organized priesthoods and theirclosely reasoned theologies, have in the last two thousand years wonmost of the world away from the unorganized pagan and tribal cults.But the world religions differ basically among themselves and are nonearer to scientific proof of their discordant claims about the nature ofman and the gods than when they were founded. Today, in manylands, they are losing ground to the pseudo-scientific philosophy ofMarxism.

Pure science has advanced enormously in the last three centuries. But, looked at over the whole stretch of recorded history, the advanceof science has been erratic. It has leaped ahead in sudden spurts, shotoff on pseudo-scientific tangents like astrology and alchemy, becomeembroiled in religious and political conflicts, and sometimes been repudiated by whole nations.

In the arts, people’s tastes have changed from age to age, but in a capricious and faddish manner. People have often abandoned somecanon of beauty in painting, sculpture, architecture, music, or poetryand embraced another simply because they were bored with the old andeager to try something new.

But through all the ages of history, one human institution—technology —has plodded ahead. While empires rose and fell, forms of governmentwent through their erratic cycles, science flared up and guttered out,men burned each other over differences of creed, and the masses pursuedbizarre fads and fashions, the engineers went ahead with raising theircity walls, erecting their temples and palaces, paving their roads, diggingtheir canals, tinkering with their machines, and soberly and rationallybuilding upon the discoveries of those who had gone before.

So, if there is any one progressive, consistent movement in human history, it is neither political, nor religious, nor aesthetic. Until recentcenturies it was not even scientific. It is the growth of technology, underthe guidance of the engineers.

Technology has progressed continuously from the time of the Agricultural Revolution 10,000 years ago, slowly and hesitantly at first, then with increasing sureness and speed. The sixteenth century markedthe beginning of modern engineering because, from that time on, professional societies were formed, treatises on engineering subjects wereprinted in quantity, engineering schools sprang up, specialization withinthe profession began, and engineers began to take advantage of the brilliant scientific discoveries of the time. The Industrial Revolution, whichstarted two centuries ago and is still going on, was a surge in the growthof technology. Barring nuclear war, the end of this fruition of engineering is nowhere in sight.

Today, in technologically advanced lands, men live very similar lives in spite of geographical, religious, and political differences. The dailylives of a Christian bank clerk in Chicago, a Buddhist bank clerk inTokyo, and a Communist bank clerk in Moscow are far more alikethan the life of any one of them is like that of any single man who liveda thousand years ago. These resemblances are the result of a commontechnology, and this technology is what many generations of engineershave built up, with the greatest skill and diligence of which human beings are capable, and handed down to us.

Many readers already know of the doings of the engineers and inventors of recent times. They have heard of James Watt and his steam engine, of John Augustus Roebling and his Brooklyn Bridge, or ofGeorge W. Goethals and the Panama Canal. But few know about theremote predecessors of these modern engineers—about the men wholaid the foundations on which their modern colleagues have built. Therefore, this book will be devoted to all these neglected early engineerswho, much more than the soldiers, politicians, prophets, and priests,have built civilization.


THE EGYPTIAN ENGINEERS
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Serious archeological work began in Egypt and Mesopotamia only about a hundred years ago, but since then much has been learnedabout the early civilizations of these lands. Although no definite datecan be given to the beginning of either civilization, most scholars nowbelieve that the civilization of the Euphrates Valley is several centuriesolder than that of the Nile.

The monuments of early Egypt, however, are far better preserved and much more impressive than those of its sister civilization of Iraq.The Egyptians had abundant supplies of good limestone and granite inthe bluffs that paralleled their river for hundreds of miles. And, as mostof the country gets hardly any rain, some of the monuments that theEgyptians built of these stones have lasted with but little weatheringfor thousands of years.

On the other hand, the Euphratean plain has no stone, and its date palms do not furnish good timber. Any timber the Mesopotamians usedhad to be brought down the Tigris from the Assyrian hills. Moreover,kiln-dried or burnt brick, which stands up to wet weather, was costlybecause of the scarcity of fuel for the kilns. Therefore it was used onlyto face the most important buildings. The interiors of the walls of thesebuildings, and the whole of ordinary dwellings, were made of sun-driedor mud brick.

Now, although mud brick can be made fairly strong by drying it in the sun for two to five years before use, it still softens and crumbleswhen wet. When a crack developed in the burnt-brick facing of a Mesopotamian temple or palace and was not at once repaired, the sharpwinter rains dissolved the mud brick within, and the building crumbledinto ruin. Hence the upper parts of the walls of public buildings inancient Mesopotamia have almost entirely disappeared. All we know ofthese buildings is what we can discover by digging around the foundations, which have been protected from complete dissolution by thepiled-up debris of the upper stories.

Therefore, to Egypt we must go to find great engineering works of earliest historic times still in recognizable condition and, as it happens,to learn about the most ancient engineer whom we know by name. Thisis the man who invented the pyramids, the most famous monumentsof the ancient world. Of all the Seven Wonders of the World, only thepyramids survive to this day.

What were the Seven Wonders? Several Greek writers, beginning with Antipatros of Sidon (about —100) drew up lists of the seven most wonderful engineering feats they knew about. The usual list of Wonderscomprised: 1. The Pyramids of Egypt. 2. The Hanging Gardens ofBabylon. 3. The statue of Zeus by Pheidias at Olympia. 4. The templeof Artemis at Ephesos. 5. The tomb of King Mausolos of Karia atHalikarnassos. 6. The Colossus of Rhodes. 7. The Pharos or lighthouseof Alexandria.

Subsequent writers drew up their own lists of Wonders, sometimes substituting other structures, such as the walls of Babylon or the Templeof Jupiter in Rome, for some of those on the original list. Of course,classical writers could only list things they had heard of. They did notknow about the Great Wall of China, or the huge dam at Ma’rib inArabia, or the enormous Buddhist stupas of Ceylon. If they had, theirlists might have been different.

The first recorded engineering work of early Egypt was the wall of the city of Memphis. This capital of the Old Kingdom stood at the pointof the Delta, on the western bank of the Nile twelve miles above modernCairo. Here the Nile, winding like a vast blue serpent athwart the NorthAfrican desert belt, fissions into a dozen branches, which writhe acrossthe flat, fertile, fan-shaped Delta to the sea.

A visitor of classical times—let’s say the Greek historian Herodotos (—V)—in crossing the Nile beheld a lofty wall of pearly limestone. Overthis wall appeared the upper parts of a forest of huge stone statues, 30to 75 feet tall. These colossi were the eidolons of the conquering kingsof the New Empire, the Rameseses and Senuserts.

In the midst of the city rose the citadel, the White Castle. This was an artificial hill surrounded by 40-foot limestone walls and bearingpalaces and barracks on its top. Beyond the city, for many miles alongthe western bank of the Nile, clumps of pyramids pierced the skylinewith blunt triangular teeth of buff-colored limestone. In these gigantictombs lay the Pharaohs of the Old Kingdom, already a fading memoryin the minds of the teeming, swarthy folk of the land of Khem.

This was a city of many names. In Herodotos’ time it was called Men-nofer, the Memphis of the Greeks. It was also known as the Cityof the White Castle and the Abode of the Soul of Ptah. Memphis wasas ancient to Herodotos as Herodotos is to us. The business of cateringto tourists who had come from afar to view its antique wonders wasalready well in hand.

Now let us go yet farther back in time, to the very beginning of the Old Kingdom, as far as we can dimly discern the events of that distantday through the mist of centuries. About —3000 Mena, king of theSouth, conquered all of Egypt. At the boundary between the formerseparate kingdoms of Upper and Lower Egypt he built his new capital,Memphis, and surrounded it with a great white wall. This wall wasprobably made at first of brick with a coating of gypsum plaster. Inlater times a wall of stone took its place.

Three centuries after Mena, in the reign of King Joser,1 lived the first engineer and architect known to us by name. This was Imhotep,who built the first pyramid for his sovran. Imhotep is mentioned, thoughnot by name, in a history of Egypt written in Greek thousands of yearslater by an Egyptian priest, Manetho. In his book Manetho wrote:“Tosorthos, [that is to say Joser, who reigned] for twenty-nine years;who, because of his medical skill has the reputation of Asklepios amongthe Egyptians, and who was the inventor of the art of building in hewnstone. He also devoted his attention to writing.”2

Later Greek and Egyptian allusions, however, show that Manetho was mistaken or that copyists dropped some words out of the text. Forthe man who was “styled Asklepios” and who built in stone and wrotewas not Joser himself, but his minister Imhotep.3

If we can trust our scanty sources, Imhotep was born in Memphis, the son of the royal architect Kanofer. He held various posts and titles,including Royal Chancellor, Administrator of the Great Mansion, Hereditary Noble, and Heliopolitan High Priest.

Imhotep left a son, Rahotep, from whom descended a long line of architects. At least, so says the inscription of Khnumabra, Minister ofPublic Works under the Persian king Darius I about —490. Khnumabra claimed descent from Imhotep and listed a line of twenty-five architects,beginning with Kanofer and ending with himself. Simple arithmeticshows that this number is much too small for the 2,000 years fromKanofer to Khnumabra; a complete pedigree covering that length oftime would contain about three times as many generations. So Khnumabra either left out many ancestors or, like some modern folk who yearnfor eminent ancestry, was faking his genealogy.

Otherwise there is no real history of Imhotep and his royal master. A papyrus of Ptolemaic times relates how the kingdom was afflicted byfamine for several years because the Nile failed to rise. Joser accordingly took counsel with Imhotep, who explained that Khnum, the godof the Cataracts, was wroth. So the king deeded lands for temples tothe god, and all was well. While there is no reason to think that thisstory has any historical basis, it provides the kernel of the biblical legend of Joseph and the seven lean years.

Although no trustworthy details of the lives of Joser and Imhotep have come down, we can be sure that they were able men who workedlong and effectively together. Probably Imhotep was a universal geniuslike Archimedes and Leonardo da Vinci. Such was his repute as aphysician, architect, writer, wizard, statesman, and all-round sage thatin later times collections of wise sayings circulated under his name.

From the monuments that he and Joser built, we can tell something of how Imhotep came to invent the pyramid.

Most peoples believe in life after death. This belief may have originally been based upon the dreams of primitive men about persons whom they knew to be dead. Most ancient peoples did not make much of thisbelief, thinking the afterlife a dim and shadowy affair.

The Egyptians, however, developed elaborate beliefs about life after death. One of these beliefs was that such afterlife could be enjoyed onlyso long as the body was kept intact. Hence arose the practices of mummifying corpses and of building massive tombs, designed to foil tombrobbers forever.

Tomb robbers were drawn by the jewels and precious metals buried with kings and nobles, who thought that in the afterworld the spirit of adead man needed the spirits of the things he used in life to keep himhappy. In the early days of Egypt, Mesopotamia, and China, in addition to stores of food, clothing, weapons, and ornaments, scores ofattendants and guardsmen were killed and buried with the king to servehim in the afterworld.

Before King Joser, Egyptian kings and nobles were buried in a tomb called a mastaba.4 This was a rectangular structure of brick, with inward-sloping walls, set over an underground chamber. The reason for the inward-sloping walls is that most Egyptian building of this time wasin mud brick.

Although mud brick is one of the feeblest of structural materials, the Egyptians learned that, if they made their walls taper upward, thesewalls would not crumble away so quickly. When they began buildingwalls of stone, they continued to taper their walls from bottom to top,although this batter was no longer needed. The Egyptians, after the firstfew dynasties, became the world’s most conservative people—so conservative, in fact, that more than two thousand years later, in Ptolemaictimes, they were still tapering stone walls upward!

After the burial of a king or noble in his mastaba, heavy slabs of stone were dropped down vertical shafts to block off the passage to the burialchamber. Kings of the Third Dynasty built larger mastabas and beganto use stone instead of brick.

Then, when Joser came to the throne, he and Imhotep experimented. First, west of Memphis at modern Saqqara, they built a stone mastabaof unusual size and shape. It was square instead of oblong like its predecessors, and it was over 200 feet on a side and 26 feet high.

Not yet satisfied, Joser and Imhotep enlarged this mastaba twice by adding stone to the sides. Before the second of these enlargements wascompleted, the king changed his mind again. He decided not only toenlarge the structure still further, but also to make it into a step pyramid, resembling four square mastabas of decreasing size piled one atopthe other.

Then Joser changed his mind once more. The tomb ended as a step pyramid of six stages, 200 feet high on a base 358 by 411 feet. Themain body of the pyramid was made of blocks of limestone quarriedfrom local outcrops. To the outside, Imhotep added a facing of highgrade limestone—almost marble—from quarries across the Nile atTroyu.5

Under the pyramid lay a burial chamber, whence many corridors branched out, probably to hold the wealth that Joser hoped to take withhim. Around the pyramid was built a walled inclosure, about 885 by1,470 feet. This contained Joser’s mortuary temple, where the priests ofa permanent staff were supposed to perform rituals forever to promotethe welfare of the king in the afterlife. The temple compound includedliving quarters for these priests, tombs for royal relatives, and otherstructures, all made of gleaming golden-buff limestone.

Imhotep’s reputation expanded after his death until he was said to have been a son of Ptah, the god of property, the god of the arts andcrafts, and the tutelary deity of Memphis. Imhotep was worshiped asthe god of medicine, with his own temple in Memphis. He appearedin dreams to people who slept in the courtyard of this temple to givethem medical advice. When the Greeks settled in Egypt they identifiedhim with their own Asklepios,6 mentioned as a wise physician inHomer’s Iliad and later, like Imhotep, promoted to godhood.

Joser’s successors began step pyramids like his. But these pyramids were abandoned at an early stage or else have been so plundered forstone that little is left of them. A few decades after Joser, however,three large pyramids arose: two at Dahshur, a few miles south of Saqqara, and one at Maydum, about twenty-five miles farther south.

The pyramid at Maydum was begun as a step pyramid of the Saqqara type with seven steps. Then it was enlarged to a step pyramid of eight steps. At last, the steps were filled in and the structure convertedto a true, smooth-sided pyramid. Nowadays, perhaps as a result of aheavy rain, or an earthquake, or both, the last addition has fallen awayfrom the upper part of the pyramid, leaving the top of the secondstepped stage protruding from a pile of debris.

The southernmost of the two pyramids at Dahshur was begun as a true pyramid. But, about halfway to the top, the angle of inclination ofthe sides decreases sharply, so that the sides appear folded in. Hencethis pyramid is called the Bent or Blunted Pyramid. The likeliest reasonfor this odd change of shape is that the king for whom the pyramid wasbuilt expired before its completion, and his successor hurried and cheapened the work by finishing it off with a top lower than had been planned.

The other pyramid at Dahshur, usually credited to King Seneferu, was the first large true pyramid to reach completion. It still stands—huge, silent, and solitary—in the desert near the new road from Cairo tothe Fayyum, as impressive in its isolation as the Great Pyramid on thecrowded hill west of Giza. Although the names of the kings who reignedwhen the Dahshur and Maydum pyramids were built are known, it isnot certain which king built which tomb.

The second king of the Fourth Dynasty, Khufu (the Cheops of Herodotos) built the largest pyramid of all on a hill five miles west of Giza, a town on the west bank of the Nile just above Cairo. Khufucalled his masterpiece Khuit-Khufu, “Khufu’s Horizon.” Although somecultists have denied Khufu’s authorship of this monument, there is nodoubt about it. Besides the testimony of Manetho and Herodotos,Khufu’s name was found in red paint on some of the stones of theinterior.

This enormous pyramid measures 756 feet square. It originally rose to a height of about 480 feet, although the uppermost thirty feet arenow missing because of the quantities of stone that have been stolenfrom the outside. The cathedrals of Florence, Milan, St. Peter’s atRome, St. Paul’s in London, and Westminster Abbey could all be placedat once on an area the size of its base.

The Great Pyramid is made of about 2,300,000 blocks of stone, weighing an average of two and a half tons apiece.7 Except for theGreat Wall of China, it was the largest single human construction ofantiquity.

Khufu’s Great Pyramid is not only the largest of the pyramids; it is also in many ways the best built, despite Kipling’s derisive verse:

Who shall doubt the secret hid

Under Cheops’ pyramid

Was that the contractor did

Cheops out of several millions?8

The sides of the base come to within 7 inches of forming a perfect square. They are also oriented to within less than 6 minutes of arc—one-tenth of a degree—of the true north-south and east-west directions,and the south side is within 2 minutes of the true east-west direction.Such accuracy is amazing. None of the other pyramids is oriented soclosely, albeit some approach the Great Pyramid in this respect.

Like his predecessors, Khufu used limestone from local outcrops for the bulk of his pyramid, while for casing he used fine limestone fromTroyu and the Moqattam Hills east of Cairo. The capstone was probably gilded. But nearly all the fine stone was peeled off by the medievalMuslim rulers of Egypt to build bridges and houses in Cairo.

Khufu changed his mind twice during the construction. Perhaps the real secret of the Great Pyramid is that King Khufu was a claustrophobeand, after the building had begun, called in his architect and told himthat the thought of all those tons of stone lying on top of his final restingplace gave him the creeps.

In any case, Khufu made up his mind not to be buried in the usual underground chamber of rock. This chamber was therefore abandonedand a large room, misleadingly called the “Queen’s Chamber,” wasbuilt into the structure. This Queen’s Chamber had been roofed butnot completely floored when Khufu decided to go higher yet. Hencework was stopped on the Queen’s Chamber and the architects changedtheir plans to allow for a third and higher room, the so-called “King’sChamber.”

As the construction had already risen above the level of the Queen’s Chamber, the passage to the new chamber was partly bored throughthe existing masonry. Moreover, lest an earthquake cause the King’sChamber to collapse, several small rooms, one above the other, werebuilt into the structure above this chamber to reduce the weight on itsroof.

The passage from the outside of the pyramid first slopes downwards towards the underground chamber. Then this passage forks, one branchcontinuing down to the underground chamber and the other, the Ascending Corridor, sloping up on its way to the Queen’s Chamber. Thiscorridor forks in its turn. One branch runs horizontally to the Queen’sChamber. The other, still rising, opens out into the Grand Gallery. Thisis a high, narrow, sloping tunnel in the form of a corbelled vault, leadingto the vestibule of the King’s Chamber.

The corbelled arch and vault were used in Mesopotamia and in Egypt before the invention of the true arch and vault. Corbelling is layingcourses or layers of stone or brick so that each course overhangs theone below. When walls are corbelled out from two sides until they meet,a corbelled arch or vault results. Although a structure of this kind isneither so strong nor so roomy as a true arch or vault, it is easy to makeand does not require centering—that is, a wooden scaffolding, shapedto match the inner surface of the arch or vault, which holds up thestones or bricks during construction.

The corbel is one of the four devices that builders have developed for holding up the roofs or upper stories of houses. The other threeare the post-and-lintel, the arch-and-vault, and the truss. Each deviceis best carried out by certain building materials. Brick and stone aresuitable for the corbel and the arch-and-vault. Stone and wood are bothsuitable for the post-and-lintel. But, for the truss, wood alone, of thematerials the ancients had, was satisfactory.

Hence different parts of the world developed building styles best suited to the local material. In ancient times, these materials were mainlyclay, stone, and wood. Nowadays, of course, with steel and reinforcedconcrete, we can build structures that the men of old never dreamed of.

Mesopotamia, having plenty of clay but no stone or wood to speak of, early favored the corbel and the arch-and-vault. Egypt, having stone andclay, and Greece and China, having stone, clay, and wood to choose from, long adhered to post-and-lintel construction. It remained for wood-rich Europe to develop the truss.

Around the base of the Great Pyramid was built the usual inclosure, with mortuary temples and a great stone causeway leading down to theNile. Herodotos, who saw these structures in good condition, deemedthem as impressive as the Great Pyramid itself. Now, however, theyhave almost entirely disappeared.

Herodotos also reported various stories told him by his guides. They said, for instance, that Khufu had prostituted his own daughter to helpto pay for the Great Pyramid; that it took a hundred thousand laborers,working in three-month shifts, twenty years to build this pyramid; thatKhufu’s sarcophagus lay on an island in an underground lake beneaththe pyramid; and that the hieroglyphics carved on the outer casing ofthe pyramid recorded the food consumed by the workers. All of thesestories were untrue. But the guides, like some of their descendants today,told whatever tale they thought would send the tourist away happy.

When Khufu died, his attendants placed his mummy in a wooden coffin. They carried this coffin up the Ascending Corridor and the GrandGallery to the King’s Chamber. Here they put the coffin into a plaingranite sarcophagus, which must have been installed during the buildingof the pyramid because it is a little too wide to go through the narrowpassage to the King’s Chamber. The sarcophagus had a heavy stone lid,so made that when it was slid into place, stone bolts dropped into recesses in the trough and secured the lid—it was hoped—for all time.

On their way out, the workmen knocked loose some props in the vestibule of the King’s Chamber, allowing three huge portcullis blocksto fall to the floor of the vestibule, blocking it. Removal of more propsin the Grand Gallery allowed three great granite plugs to slide from theGrand Gallery down into the Ascending Corridor, blocking it also.

Khufu’s son and successor Dedefra began a pyramid at Abu Roash, five miles north of Khufu’s pyramid. Nothing but its base remains. Perhaps Dedefra died before the tomb was built; or perhaps it was demolished in the course of a feud among Khufu’s sons over the succession.

Dedefra was succeeded by Khafra,9 probably another son of Khufu, though the relationships of these early kings are uncertain. At Giza,Khafra constructed the Sphinx, a colossal lion with Khafra’s own headon its shoulders, partly carved from an outcrop and partly built up oflimestone blocks. The rest of the outcrop was quarried away for pyramid stones, so that the Sphinx lies in a depression formed by this quarry.A Muslim fanatic battered off the nose of the Sphinx about 1400.

Besides the Sphinx, Khafra built a pyramid slightly smaller than Khufu’s. But it looks even taller than the Great Pyramid because itstands upon higher ground. This pyramid has none of the complicatedinterior corridors and chambers of the Great Pyramid, only a single underground burial chamber with passages leading to it.

Khafra’s successor Menkaura10 built a much smaller pyramid on Pyramid Hill, and other kings continued the custom down to the TwelfthDynasty. Amenemhat III,11 whose pyramid, much the worse for wear,stands near Hawwara, built such an elaborate mortuary temple that,centuries later, Greek visitors called it the Labyrinth, after the underground maze supposedly made for the legendary King Minos of Creteby the engineer Daidalos.

The last Egyptian pyramids were built about —1600; some think the very last one was made by Ahmose I.12 By this time, about seventypyramids dotted the land of Khem. Most of the later ones, however,were filled with rubble instead of good cut stone. Hence they erodedaway to mere mounds after subsequent builders stole their limestonefacings.

In —VIII, when the rule of Egypt was divided amongst a multitude of quarreling local lords, the kings of Kush conquered the land of Khem.Kush was the Ethiopia of the Greeks, corresponding to the modernSudan. Less than a century later, the Assyrians drove out the Kushites.When troubles at home recalled the Assyrian armies, Egypt recoveredits unity and independence.

The Kushite kings, who copied Egyptian culture and customs, had already imitated the custom of burying kings under pyramids. Backin the Sudan, they continued to build small pyramids for themselvesand their queens clear down to +350, when the Abyssinians overthrewthe Kushite kingdom. Remains of sixty-odd Kushite pyramids still existnear the ancient Kushite capitals of Napata and Meroe.

Robbers broke into all the Egyptian pyramids, despite the granite plugs, false passages, and other elaborate precautions of their builders.The Great Pyramid held out until the Caliph al-Ma’mun (+IX) gotpast the granite plugs by boring through the softer limestone aroundthem. Caring nought for relics of the Days of Ignorance, as Muslims callthe ages before Muhammad, he smashed the lid of the sarcophagusand tore Khufu’s mummy to bits for the gold that decked it. However,some archeologists think this pyramid had been robbed long before,about —XXIII, and that the mummy that fell victim to al-Ma’mun’sgreed was not Khufu’s but that of a later intruder.

The pyramids have long been a fertile source of pseudo-scientific speculation. Many people have made wild guesses about the purpose ofthese structures: that they were ostentatious displays of royal power,vaults wherein the sages of old stored their archives, Joseph’s granariesagainst the seven lean years, models of Noah’s ark, astronomical observatories, phallic symbols, Masonic halls, and standards of measurement.

These notions can all be easily disposed of. For instance, the passages inside the pyramids were blocked up as soon as the kings were laid to rest within, so they could not have been used for granaries, stargazing, or Masonic meetings. Modem archeology agrees with Herodotosthat these buildings were tombs pure and simple.

The modern pseudo-scientific cult of Pyramidology began when Colonel Howard Vyse blasted his way into Khufu’s and Menkaura’s pyramids with gunpowder in the 1830s. From Vyse’s measurements, the London publisher John Taylor and the Scottish astronomer CharlesPiazzi Smyth evolved the theory that the Great Pyramid had been builtby Noah, Melchizedek, or some other Old Testament patriarch underdivine guidance; and that it incorporated in its structure such cosmicwisdom as the true value of π(the ratio of the circumference of a circleto its diameter), the mass and circumference of the earth, and the distance of the sun. The sarcophagus was supposed to be a standard ofmeasurement, as if anyone but a lunatic would take as a volumetricstandard a vessel holding the awkward amount of a ton and a quarterof water and then shut it up in a man-made mountain so that it couldnot be used.

The measurements in the Grand Gallery were taken to prophesy the history of mankind. Smyth, a religious fanatic whose strongest passionwas to discredit Egyptian “idolatry,” inferred from these measurementsthat a miracle, comparable to the Second Coming of Christ or the Millennium, would occur in 1881. When no miracle took place in 1881,other Pyramidologists reshuffled the numbers to make other predictions,which likewise failed to come true. The last one was that the worldwould end in 1953. This nonsense can go on forever, because newcultist minds are always being born. As engineering achievements, thepyramids are quite remarkable enough without bedecking them withoccult whimseys.

Some people think that the ancient Egyptians must have used powered machinery like ours to build the pyramids, or even that they called uponoccult powers whose secret has been lost. As the modern Egyptian poetHafiz Ibrahim put it:

For they had crafts beyond our ken

And sciences that lesser men

Lack wit to grasp; with dexterous hand

To rich invention wed, they planned

Fair idols men might be forgiven

For worshiping in hope of heaven . . .18

Herodotos is responsible for this picture of pyramids being built by modern construction machinery. He wrote:

The pyramid was built in steps, battlement-wise, as it is called, or, according to others, altar-wise. After laying the stones for the base, they raised theremaining stones to their places by means of machines formed of shortwooden planks. The first machine raised them from the ground to the top ofthe first step. On this there was another machine, which received the stoneupon its arrival, and conveyed it to the second step, whence a third machineadvanced it still higher.14

As nobody has found any trace in Egyptian art, architecture, or literature of anything like these wooden hoisting machines, it is likely that they were merely the fantasy of some guide or priest, recounted to theeminent Greek tourist in the hope of extracting an extra obolos fromhim. When Herodotos wrote, pyramids had not been built in Egypt formore than a thousand years, and it is unlikely that his guides wouldhave any clear idea of the engineering methods of their long-dead predecessors.

But from various sources—tool marks on stone, quarries with blocks half detached, ancient tools found in modern times, and tomb paintingsthat show Egyptians working—we know much of how the Egyptiansbuilt large constructions of stone. From these sources we learn that theEgyptians of Khufu’s time used very simple methods indeed. They lackedtongs and pulleys. They had no tools of any metal but copper. Theymade but little use of the wheel.

It is not even certain whether they moved heavy stones on rollers. Later engineers used rollers—for instance, Domenico Fontana movedhis obelisk to St. Peter’s by this means in 1586. But an Egyptian picturefrom the end of the pyramid-building age (—XX) shows 172 men pulling the 60-ton statue of a nobleman15 on a sled without rollers. Tomake the sled move more easily, a man poured a liquid—probably milk,the fat content of which makes it a better lubricant than water—on theground before it.

The true secrets of the ancients’ engineering triumphs were three: first, the intensive and careful use of such simple instruments and devices as they had; second, unlimited manpower and the ability to organize and command it; and lastly, no need for haste. The most important of these was the last—the infinite patience they applied to theirprojects. The ancients were perfectly capable of duplicating many of ourlarge modern public works, provided they did not require structuralsteel; but it would take them many more man-hours to do so.

The early Egyptian structures that have survived are nearly all tombs and temples. Although the Egyptian kings built handsome palaces, practically nothing is left of these, because the palaces were made of mudbrick while the temples and tombs were of stone. From the Egyptians’point of view, this was logical. Since they took the afterlife seriously,they built palaces of brick, meant to last through their own lifetimesonly; but tombs and temples were for eternity.

King Joser was not the first to build in stone; his predecessor Khasekhemui had used stone for the inner part of his mastaba. Josermade his step pyramid and mortuary temple compound of comparativelysmall stones, because the workers did not yet know how to handle largerones.

By Khufu’s time, techniques had so improved that the crews could handle not only the 2.5-ton blocks of which most of the pyramid wascomposed, but also a number of granite slabs, weighing over 50 tonseach, for roofing the chambers. By the time of Menkaura, they werebuilding the king’s mortuary temple of stones weighing as much as 220tons; by the time of Rameses II they were moving 1,000-ton statues.

The pyramids and other Egyptian monuments were not, as is often thought, built by hordes of slaves. Although Egypt was a land of vastclass differences, slavery in the strict sense never played much part inits history.

For that matter, while slavery was found everywhere in the ancient world, the actual number of slaves at any one time and place was small,save in certain exceptional cases. During the growth of an empire byrapid conquest, as in the case of the Roman Empire in the last centuriesof the Republic, many thousands of persons were enslaved by the conquering armies. With this exception, such slaves as existed were mostlythe house servants of rich men and officials.

On the other hand, forced labor was common. It was the standardmethod of building roads, canals, temples, and other public works, because tax-gathering machinery was not yet effective enough to make thehiring of voluntary workers practical. Moreover, the inefficiency offorced labor had not yet been realized. About +150, King Rudradamanof Ujjain, in India, proudly boasted in an inscription that he had rebuiltand enlarged an important irrigation dam without resorting either toforced labor or to special taxation.

Simple calculations show that Herodotos’ tale of the building of the Great Pyramid by 100,000 men working for twenty years—two millionman-years of labor—is much exaggerated. Even with the simple methodsof the times, the pyramid could have been built with a fraction of thatlabor.

Probably there was a small permanent staff of skilled workmen. A set of barracks of rough stone and dried mud, whose ruins were foundnear Khafra’s pyramid, may have housed this permanent staff. The barracks are thought to have held about 4,000 men.

In addition, the king conscripted tens of thousands of peasants to help with the heavy work during the season of the annual flood of theNile, when these farmers would otherwise have been idle. It was forcedlabor, but the laborers were conscripts, not slaves. They were probablypaid in food, because money did not yet exist. They were organized ingangs with such heartening names as “Vigorous Gang” and “EnduringGang.” The kings also freely pressed their soldiers into service for workon such monuments.

While it is not likely that the workers were constantly lashed with whips, as the slaves of legend are supposed to have been, we need notthink that building such a monument was all sweetness and light, either.Egyptian tomb paintings show the foremen of gangs as carrying yard-long limber rods, and these were probably not mere symbols of office.An occasional whack with a stick has been a customary part of bossinga gang of Egyptian workers, slave or free, from ancient times almost tothe present day. The architect Nekhebu, in boasting on his tomb of hismany virtues and kindnesses, mentions the fact that he never struck aworkman hard enough to knock him down.

With forced labor, such methods are to be expected, because the conscripted worker, like the slave, has nothing much to gain by working hard. He therefore does as little as he possibly can. It is no use tothreaten him with dismissal, because he would like nothing better.

It has been suggested that the pyramid workers labored willingly, deeming it their pious duty to preserve the body of their god-king andperhaps believing that such preservation helped the masses in some magical way. Considering the amount of voluntary work done on cathedrals in medieval Europe as a pious duty, such an attitude is not impossible,at least among some of the workers. But there is no way to settle thequestion by interviewing Khufu’s subjects to see what they thought.

Most of the stone for the pyramids, cut from local outcrops, could be dragged directly to the site on sleds. Fine limestone from Troyu hadto be rafted across the Nile. Granite for the linings of chambers camefrom Swenet (modern Aswan) and were floated on barges down theNile. For pyramids built on low ground, the kings had canals dug fromthe Nile partway to the pyramid, so that the stones could be broughtnear the site before being dragged overland.

The Egyptians had various methods of quarrying. One was to cut notches in the rock along the line of fracture, drive wooden wedges intothese notches, and wet the wedges. When the wood swelled, the blocksplit off. Another method was to drive copper wedges between thin copper feathers on the sides of the notches.

Still another way was to have a crew pound at the rock with balls of hard stone (diorite) held in both hands until they had bashed out atrench all around the stone to be detached. A modern experiment hasshown that pounding granite with a similar ball, on an area a little overa square foot, lowers the level of the stone at a rate of one-fifth of aninch an hour. This laborious method seems to have been used for longpieces of granite, such as obelisks, perhaps because it created less riskof cracking the stone than the wedging methods.

The stones were moved by the lavish use of levers and ramps, first to get the stones on their sleds, then to bring the sleds to the sites wherethe stones were to be set. The Egyptians made enormous ropes of palmfiber or reed. If, as a tomb painting indicates, 172 men could move a60-ton statue, 8 men should have been able to move an ordinary2.5-ton pyramid block, at least on the level. Sometimes oxen were usedinstead of men.

While some men were quarrying the stones for a pyramid, others were clearing and leveling the site of the tomb. The sides of the base weremeasured off with cords to form a square. There were several possibleways to check the trueness of the square, such as measuring the diagonals. For leveling, a long narrow trough of clay, into which water waspoured, served just as well as a modern spirit level.

It is not known for sure how the Egyptians found the true north so accurately. The star nearest the north celestial pole in Khufu’s time was Alpha Draconis, and that may not have been close enough to be veryhelpful.16 While it is possible to mark the directions of the sun’s rising and setting and bisect the angle between these directions, the sun is too large an object to sight on accurately.

A likelier method is to build an artificial horizon—that is, a circular wall, high enough so that a person seated in the center cannot see anyearthly objects over the top of the wall. The seated observer, with hishead at the center of the circle, watches a star rise and directs anothersurveyor to mark the place on the wall where the star appeared. Whenthe star sets, he causes another mark to be made.

By lowering a plumb bob from the marks on the wall, the places at the foot of the wall, inside, and directly below the marks are found.Lines are drawn to the center of the circle. By bisecting the angle between these lines with cords and markings, the true north is found. Thesurveyors probably made a number of tries to be sure of getting thecorrect direction.

In building a pyramid, the stones were sledded to the site, levered off their sleds, and shoved into place with much prying and grunting. Probably the masons spread a layer of thin mortar or mud on the rock overwhich the stone was to be slid, to make the job easier.

As the pyramid rose, the builders raised an earthen mound on all sides of it, with one or more long ramps for hauling up the stones. Remains of such ramps have been found near some of the pyramids andother monuments. As each course was laid, the mound and the rampwere raised to another level. When the job was done and the gildedcapstone had been set in place, all this vast mass of earth had to behauled away.

The core stones of common limestone were only roughly fitted together, but the fine limestone blocks of the casing were fitted so carefully that a knife blade could hardly be thrust between them. The joints between adjacent blocks are all more or less askew, which implies thateach row of casing stones was lined up on the ground and trimmed tofit one another before being hauled up the ramp and pushed into place.And Ptah help the foreman who tried to insert Block Number 6 whereNumber 5 was supposed to go!

Lastly, during the removal of the mound and the ramp, masons standing on the mound trimmed away any irregularities left in the facingof each side.

Ancient and modern critics alike have berated the kings of Egypt for spending the kingdom’s wealth and their subjects’ labor on such uselessmonuments. Of course, the kings who built the pyramids did not regardthem as useless, but as a sure means of gaining a pleasant and everlasting afterlife. As things turned out, the pyramids were not all wasted effort. In building them, Egyptian engineers learned much about quarrying, shaping, and moving heavy stones. This knowledge became a partof the world’s general fund of technological wisdom.

Egypt was a land of vast social distances between noble and commoner, between king and subject. It was a land of rigid class lines not easily crossed. Still, engineers succeeded in crossing them, because engineering ability is not a common gift. The architect Nekhebu (—XXVI)told on his tomb the story of his rise from humble beginnings:

His Majesty found me a common builder; and His Majesty conferred upon me the offices of Inspector of Builders, then Overseer of Builders, and Superintendent of a Guild. And His Majesty conferred upon me the offices ofKing’s Architect and Builder, then Royal Architect and Builder under theKing’s Supervision. And His Majesty conferred upon me the offices of SoleCompanion, King’s Architect and Builder in the Two Houses.17

Nekhebu goes on to boast of how he built mortuary chapels for King Pepi I, dug two canals, and executed other royal commissions. For theselabors, the king conferred additional titles upon him and rewarded himwith gold, bread, and beer.

When Third Dynasty kings first began to build structures in stone, they proceeded with a kind of nervous caution. To be on the safe side,they adhered to architectural forms as much as possible like the earlierforms of brick, wood, and other materials.

Joser’s pyramid and the other buildings of its temple compound are full of such imitations. Stone walls are carved to look like reed matting;a stone roof is carved on the underside to resemble a roof of roundedlogs.

Columns imitate supporting members gathered from the plant world. They mimic the palm trunks, the bundles of reeds and saplings, thepapyrus stems—singly and in bunches—with which Egyptians had beenholding up their flimsy dwellings. The ribbing of columns indicatesbunches of slender stems lashed together. Foliage of the appropriate kindis carved in stone at the tops of the columns.

After all, such slavish imitation of plant forms might not make any difference in the strength of the column. But then again it might, andwhy take chances? Stress analysis was undreamed of, and no architectwanted his temple to collapse because he had dared to break away fromknown shapes.
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Fig. 1. Ancient capitals (after Brown, Daremberg & Saglio, and Edwards').

By the time of King Khafra, architects no longer thought that a stone supporting member had to look like a tree trunk. Khafra had his so-called “valley temple” near the Sphinx built with plain square columns,as starkly functional as anything in modern architecture.

Not long after Khafra’s time, the architects also began to make the tops of their columns in the forms of lotus blossoms—that is, waterlilies. This is certainly no imitation of any real wooden column, becausethe stem of a water lily has no more structural strength than a piece ofspaghetti. Therefore, these lotus capitals must have been used for religious or artistic reasons.

Withal, the habit of carving imitation tree trunks in stone to hold up the roofs of public buildings persisted. The familiar three orders of classical Greek temple columns—Doric, Ionic, and Corinthian—probablyevolved from Egyptian temple columns with their lotus, papyrus, anddate-palm capitals. In other parts of the world, the capitals of columnswere derived from other plant and animal forms. Just remember, nexttime you pass a bank with conventional Greek columns before it, thatyou are beholding an imitation in concrete of an imitation in stone of asimple wooden log.

After Ahmose I, the kings of Egypt ceased to make artificial mountains for sepulchers. Perhaps costs of construction rose, as they seem to have been doing from that day to this. Perhaps the liberalization ofEgyptian religious doctrines, which at last allowed common men to hopefor immortality without benefit of pyramids, had an effect.

In any case, the subsequent kings drove tunnels into real mountains, mostly on the west bank of the Nile opposite the city of Opet (theEgyptian Thebes of the Greeks, and the modern Luxor), which was thecapital of the New Empire. Although these Pharaohs tried to hide theirtombs, grave robbers gained access to all but one: that of the boy-kingTutankhamon (—XIV). The entrance to this tomb was covered bydebris thrown out in digging the tomb of the later Rameses VI (—XII);and thus it was buried, forgotten, and saved for posterity.

Relieved of the staggering costs of pyramids, the kings put more of their wealth into temples and monuments, like the obelisks. Obeliskswere monuments to the sun god Amon-Ra, in the form of a tall taperingshaft of Aswan granite, surmounted by a pyramidion (little pyramid)originally plated with metal—copper, gold, or electrum—to reflect the raysof the divine sun. On these shafts the kings usually included, besides thededicatory inscription, boasts of their own virtues and feats. A 90-footerstill lies in the quarry at Aswan where it was abandoned after flawsappeared in the rock. To raft the obelisks down the Nile, Egyptian rulersbuilt 200-foot barges, the largest ships that the world had yet seen.

At one time several score of these monuments dotted the land of Khem, but only five remain. Some were felled and broken by earthquakesor settling. Many were carried off by Roman emperors to decorate Romeand Constantinople.

Others were given away to foreigners by the nineteenth-century rulers of Egypt, especially Mehmet Ali, the crafty and energetic Albaniantyrant. Mehmet Ali cared nothing for monuments and everything formoney and power. Having demolished several ancient temples to makefactories of the stones, he proposed to take the Great Pyramid apart forits stone and was only dissuaded when told that it would be more efficient to use a quarry nearer Cairo. As a result of the Albanian’s open-handedness with the relics of the Days of Ignorance, Paris, London,and New York have one obelisk apiece.

The largest obelisk of ancient Egypt was the 105-footer made by Thothmes III (—XV) now at the Church of San Giovanni in Lateranoin Rome. The largest still standing in Egypt is one of four erected forthe famous Queen Hatshepsut, the aunt of Thothmes III, by her architect and favorite Senmut.

It is likely that Senmut was named Royal Architect because he was Hatshepsut’s favorite, not that he became her favorite because he wassuch a good architect. In lowering Hatshepsut’s surviving obelisk intoplace, Senmut’s crew missed the groove along the upper edge of oneside of the pedestal. Such a groove was cut in all obelisk plinths to insure that the monument should settle into place squarely centered onthe pedestal. As a result of Senmut’s blunder, this obelisk is severalinches off-center and slightly askew. Poor Senmut was probably liquidated, along with Hatshepsut’s other supporters, when Thothmes IIItook the throne and tried to obliterate the memory of his hated auntby chiseling her name off all her monuments.

For moving these shafts, the Egyptians used methods like those employed in moving pyramid blocks. To erect an obelisk, they probably hauled it up an earthen ramp and dug the earth away under the buttuntil the obelisk had tipped up to an angle of about 45°. When the lowest edge was seated in the groove along the upper edge of the pedestal,they hauled the obelisk upright with ropes and shear legs.18 We canimagine their taking many precautions with guy ropes, braces, andcushions of brushwood to make sure that the stone did not get awayfrom them.

In 1961 the archeologist Millet watched an Egyptian crew erect an obelisk of Rameses II in a park in the Gezira (“Island”) of Cairo bymuch the same methods, except that two modern steel winches took theplace of “the huge gangs of men who had erected the monolith in itsoriginal setting in the great temple at Tanis.” Millet adds: “I went offhome in the snug glow that affects every self-respecting archaeologistwhen he sees a survival of the past holding its own in the present. Itproves what he has always secretly believed—that they did things betterin those ancient days.”19

Similar methods were probably used by the primitive Britons at about the time of Thothmes III in setting up the circle of upright twenty-six-ton stones for their outdoor temple at Stonehenge. In prehistoric times,thousands of similar stones were also set up in long parallel rows nearCamac, in Brittany.

Of the later Egyptian temples, the most impressive is that of Amon of Opet, usually called after the modern village of Karnak. Parts of it goback as far as —2000. Some of the early buildings were demolished tomake room for grander structures, whereas others were allowed to standwhile later buildings rose around them. In the course of the centuries,the temple acquired the form of a long rectangle, about 400 by 1,200feet.

However, the symmetry of this rectangle was spoiled by kings who haphazardly added more buildings and monuments, until the vasttemenos became a chaos of walls, columns, pylons, courts, temples,statues, obelisks, and shrines. Small detached temples stood here andthere outside the main mass or inside the courts of the larger temples.The walls were covered with painted reliefs, showing the kings dispatching their foes and adoring their gods.

The most impressive part of the Temple of Amon is the Hypostyle Hall built by Rameses II (—XIII). Rameses was one of the ablest, mostaggressive, and most self-conceited of all the kings—nearly 300 of them—who ruled the land of Khem before the Persians came. He had a maniafor statues of himself, the bigger the better. After his time, Egypt wasdotted with colossi displaying idealized versions of Rameses’ lanky formand large hooked nose.

One colossus, dug up near Saqqara, now stands in front of the railroad station in Cairo. Remains of another, fallen and broken into three piecesat Rameses’ mortuary temple in the City of the Dead, across the Nilefrom Opet, inspired Shelley’s Ozymandias:

I met a traveller from an antique land

Who said: Two vast and trunkless legs of stone

Stand in the desert . . . Near them, on the sand,
Half sunk, a shattered visage lies, whose frown
And wrinkled lip, and sneer of cold command,
Tell that its sculptor well those passions read
Which yet survive, stamped on these lifeless things,
The hand that mocked them, and the heart that fed:
And on the pedestal these words appear:
‘My name is Ozymandias, king of kings:
Look on my works, ye Mighty, and despair!’
Nothing beside remains. Round the decay
Of that colossal wreck, boundless and bare
The lone and level sands stretch far away.20

The fact that the real Ramesseum and its fallen colossus do not answer at all well to Shelley’s description does not detract from the beauty of the poem, which across the gulfs of time and space has awakened inthe minds of millions a sense of the mighty stream of human history.

The most astonishing feature of the Hypostyle Hall is the forest of 134 immense columns. Of these, the columns of the two central rows, twelvein all, are 69 feet tall and almost 12 feet in diameter. They are toppedby 11-foot foliage capitals. The remaining 122 columns are smaller. Allare carved with reliefs and inscriptions. Whereas most ancient columnswere built up of drums—cylindrical stones fitting one above the other—the columns of the Hypostyle Hall are made of half-drums, as wholedrums would have been so large as to be awkward to handle.

Although the Hypostyle Hall is one of the world’s most celebrated buildings, a closer look shows it to be more an expression of Rameses’megalomania than a worthy house for the gods. The construction isgimcracky. The columns had no foundations other than pavements ofsmall stones. As a result, when the Nile rose to record heights in 1899,eleven columns fell over. Since then the archeologists have reset them,secured them, and erected a concrete roof over them. But the columnsare so massive that a worshiper within could see practically nothing ofwhat was going on at the far end of the temple.

Although to our skeptical age it might seem that the Egyptians devoted undue effort to tombs and temples, Egyptian engineers also worked at more mundane projects. A bas-relief on an ornamental stone maceshows an early king, known only as “Scorpion,” grasping a hoe as heofficiates at a canal-digging ceremony.

From Scorpion’s time on, the construction of canals was a major concern of the Pharaohs and their servants. Among the first duties of aprovincial governor were the digging and repair of canals. These canalswere used to flood large tracts of the country during the Nile’s high water,which occurs in the autumn as a result of summer rains in the lands tothe south of Egypt.

The land to be flooded was cut up by dykes into a checkerboard pattern of small basins. When the basins were full, the dykes were closedup and the water was kept standing until, perhaps a month later, theground was thoroughly soaked. Then the surplus water was drained offinto the canals.

Although the Nile is the world’s most reliable river, an excessively high or low rise of the Nile spelled disaster. If the river did not rise highenough, it failed to flood the tracts laid out for that purpose, and nocrops grew. If it rose too high, it washed away the dykes and nearbyvillages, drowning thousands.

Where fields were not low enough to be flooded directly, the peasants drew water from the canals and from the Nile by means of the swape orshaduf. The swape consisted of a bucket on the end of a cord, whichhung from the long end of a pivoted boom, counterweighted at the shortend. Such swapes, mostly of very rough construction, are still used inEgypt. The posts bearing the axle on which the boom is pivoted aremade of dried mud. The boom is a tree trunk with the branches lopped,and the counterweight is another mass of mud. A farmer in such a rainless land may spend up to half his working time irrigating his little plot.

Canal building continued down the centuries. Senusert III (—XXI) was such a vigorous canal builder that he became known as “the kingwho built the canals,” and later storytellers ascribed to this one king thedeeds of many. At length he became the legendary “Sesostris” of theGreek historians, whose mythical deeds included damming the Fayyumdepression west of the Nile and conquering the whole civilized world.

The Egyptians did in truth know how to build dams. At some time— perhaps as far back as King Khufu’s reign—they built one in the WadiGarawi, twenty miles southeast of Cairo, to store water for the use ofworkers in the nearby quarries. This dam is of rough masonry 33 feethigh, between 200 and 370 feet long, and between 150 and 270 feetthick. Later—perhaps about —1300—Egyptian engineers threw a muchlarger stone dam across the Orontes River in Syria. This dam, a mile anda quarter long, created the Lake of Homs. Lake and dam are both stillthere and still in use for local irrigation.

As a result of Egyptian canal building, Herodotos noted:

. . . whereas Egypt had formerly been a region suited for horses and carriages, henceforth it became entirely unfit for either. Though a flat country throughout its whole extent, it is now unfit for either horse or carriage, beingcut up by the canals, which are extremely numerous and run in all directions.21

This is an exaggeration; the many Egyptian pictures of chariots and the remains of the chariots themselves show that there were always somefairly good roads. Borrowing the idea of the chariot from Mesopotamia,Egyptian wainwrights developed a light, openwork chariot of refineddesign for sport and war.

The most far-sighted of all the canal projects, however, was begun by Nikau II22 about —600. This was a ship canal to connect the Red Seawith the Mediterranean. But it did not run north and south through theSerbonian Swamp, between Egypt and Sinai, as does the present SuezCanal.

Instead, Nikau’s canal ran east and west, from the easternmost branch of the Nile (near modern Zagazig) to Lake Timsah, the mid-point ofthe present Suez Canal. Thence it turned south and followed more orless the course of the Suez Canal, skirting the Bitter Lakes to the headof the Red Sea.

Nikau gave up the project, we are told, when an oracle warned him that he was laboring for the benefit of “the foreigner.” Three-quartersof a century later the foreigner arrived, under the standards of theconquering army of Cambyses23 the Persian. After the conquest ofEgypt, the great Darius I24 completed the canal.

From then on the canal was alternately open and closed, as careless rulers let it fill up with sand and energetic ones dredged it out again.Ptolemaios II (—III) not only restored it but added some sort of lockor water gate. The Roman emperor Trajan restored it again; so did theArab general ‘Amr ibn-al-‘As, who conquered Egypt in the +640s.

In +VIII, however, the canal went out of use for good. At this time, disorderly Arab rule allowed the whole Egyptian canal system to fallinto disrepair, with the result that the teeming population of Egypt washalved by starvation. Communication between the Mediterranean andthe Red Sea was not reopened until the completion of the Suez Canal in1869, with bands, fireworks, and Empress Eugenie. Verdi composedAida for the event but was two years late.

So ends the story of engineering in the days of independent ancient Egypt. To learn more about the great public works of ancient times, wemust turn to that other great watershed culture, the civilization of Mesopotamia. For, if the Egyptians surpassed all other pre-classical peoplesin the art of building in stone, the Mesopotamians excelled in manyother aspects of civilization. We derive much more of our science, religion, and commerce from ancient Iraq than from Egypt; and in engineering, too, the ancient Mesopotamians were second to none.


THE MESOPOTAMIAN ENGINEERS
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THREE

Save in the extreme north, Iraq is an enormous flat plain, fading off into the Arabian deserts. It is barren and desolate except whereirrigation brings in the waters of the Tigris and Euphrates rivers, whichwander placidly over its level surface. The Greeks called this land Mesopotamia—“the land between the rivers.”

So vital is irrigation to Mesopotamia that an ancient Babylonian curse was: “May your canal be filled with sand!”1 Many of the ancientlaws dealt with canals and water rights, like this one from about —VI:

The gentleman who opened his wall for irrigation purposes, but did not make his dyke strong and hence caused a flood and inundated a field adjoining his,shall give grain to the owner of the field on the basis of those adjoining.2

The great Khammurabi, called the Law-giver, who lived about —1700, was constantly writing his governors about the repair of canals:

Unto Governor Sid-iddinam say: Thus saith Khammurabi. Thou shalt call out the men who hold lands along the banks of the Damanum-canal that theymay clear out the Damanum-canal. Within the present month shall they complete the work . . .3

Khammurabi also let the thirty-third year of his reign be known as the year in which he “redug the canal called ‘Khammurabi-spells-abundance-for-the-people, the Beloved-of-Anu-and-Enlil,’ thus he provided Nippur, Eridu, Ur, Larsa, Uruk, and Isin with a permanent andplentiful water supply . . .”4 after these cities had been threatened withdestruction by the drying up of the Euphrates.

In southern Mesopotamia, at the beginning of recorded history, the Sumerians—a people of unknown origin—built the city walls and templesand dug the canals that comprised the world’s first engineering works.Here, for over two thousand years, little city-states bickered and foughtover water rights.

The Sumerian element in the population was gradually swamped beneath a tide of Arabian nomads, who drifted in from the desert to take up the lives of farmers and city dwellers. The Semitic Akkadian tonguereplaced Sumerian and spread all over the Near East as a trade language.Lugalannemundu of Sumer, Sargon of Akkad, Ur-Engur of Ur, Khammurabi of Babylon, Gandash the Kassite, and Nebuchadrezzar I ofBabylon founded short-lived empires until the Assyrians overcame themall (-XII).

Before the rise of cities, the Sumerians lived in round huts built by the stud-and-mud or wattle-and-daub method. A number of slender rods—canes, saplings, or withes—were stuck in the ground in a circle. Thesewere then plastered over with clay or mud to form a wall. Similar houseswere built in Egypt and are still made in Iraq today.

When cities arose and wealth accumulated, city-dwellers changed from these circular huts to rectangular houses of brick. The Sumerianbrick mold, still in use there, may be called the world’s first massproduction device. Asphalt from the natural oil well of Id5 was usedfor mortar. A house might be whitewashed or, if pretentious enough,might be coated with plaster.

Instead of hinges like ours, the door had a pair of vertical pins at the hinge corners. The bottom pin rested in a stone door socket, usually theonly piece of stone in the house. The upper pin was held in place by astrap, and the door frame was painted red to scare away demons. Windows were often barred by a grille or shutter of brick.

Most of the roofs were made of palm logs laid in a row from wall to wall. Over the logs was spread a layer of palm fronds and, overthat, a layer of earth, rolled flat with a stone roller. After every rain,the Mesopotamians climbed up to their flat roofs to re-roll them, assome still do today. Many householders even raised vegetable gardensin the earth of their roofs.

Some houses had, over one or more rooms, roofs in the form of corbelled domes. These domes, like clusters of magnified beehives, are still seen in Syrian villages.

As houses grew larger, they took on the shape that ever since has been popular in southwestern Asia and the Mediterranean region. Therooms formed a hollow square; the doors and windows faced the opencourt or garden in the middle of the square. The larger homes oftenhad two stories, the upper one being of flimsy mud-and-reed construction for lightness. The outside of the house, except for the front door,presented a blank brick wall to the outer world.

There were several reasons for this outside-in construction. One was the intense summer heat of the region. A learned man who went eastwith Alexander the Great wrote that at Susa,6 “when the sun is hottest,at noon, the lizards and snakes could not cross the streets in the cityquickly enough to prevent their being burnt to death in the middle ofthe streets” and “barley spread out in the sun bounces like parched barley in ovens.”7 The hollow square allowed the house owner to sit outdoors in the shade at all times of day.

Moreover, such a house was less vulnerable to burglary than one with windows opening to the outside.

Finally, a blank wall shielded the householder from the eager eyes of tax gatherers and other royal agents. Some men living under a despotismmanaged to get rich, even though they were not members of the governmental apparatus. Such men—merchants for example—were careful tohide their wealth from the despot’s agents, lest they be beggared by sudden tax claims or slain on some trumped-up charge to give the autocratan excuse for taking all. An Iranian proverb expressed it: “If you arebeing fattened by someone, you may expect very quickly to be slaughtered by him.”8

Because of the scarcity of fuel in Mesopotamia, kiln-dried bricks were rarely used in private houses. As a result, the householder was keptbusy during the winter trying to patch up his house as fast as the rainsdissolved it away. When, once in a generation, the task became hopeless,he brought out his movables, knocked down the walls, leveled andsmoothed off the debris to make a new floor, and built another houseon the ruins of the old.

As the early cities of the ancient watershed kingdoms had neither sewers, garbage disposal, nor trash collection, rubbish accumulated andconstantly raised the level of the streets. Older houses could be distinguished by the fact that their entrances were below street level.

This was particularly true of temples. Most large temples stood in a sacred precinct, the temenos, surrounded by a wall. Because the temple was more substantially built than private houses, it lasted longer. Also, as the temenos was holy, it was kept free of rubbish, so that the levelof its grounds did not rise with that of the street outside. In time atemple and its inclosure might be almost buried from sight as the streetlevels rose around them.

Thus cities originally built on the plain slowly rose on hills of their own debris. Today Iraq is dotted with these hills or tells,9 scores ofwhich still await the picks, shovels, and whisk brooms of archeologists.

When men first began to build large numbers of houses close together, two methods of arranging them grew up. If a city grew out of a village,the dwellers were likely to continue to let everybody put his house wherehe pleased.

The result was a city laid out like the oldest parts of Paris or Boston today. Narrow, winding alleys, hardly wide enough for two men to passand unusable by large beasts of burden or vehicles, ran every whichway. This was no great fault in a village, where too few people wereabroad at any one time to constitute a traffic problem.

But, as the population grew, traffic congestion grew faster. Hence the ancient metropoleis were forced, like modern cities, to regulate traffic.The winding-alley village layout also aggravated the problems of wastedisposal, fire protection, and law enforcement as the city waxed larger.

So when, as sometimes happened, a group of people came to a likely place and said: “Let us build a city here,” their leaders often hadthe wit to plan the city from the start. They laid it out with straightstreets, some of them wide avenues, in a regular pattern. They kept atleast one area clear of buildings for a marketplace, and reserved anotherspace for temples and palaces.

The usual pattern was a gridiron or checkerboard with streets crossing at right angles. The cities of the Indus Valley showed this plan, as did some Mesopotamian and Egyptian cities. Peoples much given tosending out colonies, such as the Phoenicians, the Greeks, and the Romans, had many occasions for laying out cities in this manner.

A ceremony marked the founding of a city. The head man traced out the line of the wall, often by plowing a furrow with gaps for the gates.This line then became invested with magical properties.

The simple gridiron plan is not always the best possible, according to modern city planners, who like to include a few diagonal streets to carryheavy traffic and a winding layout for residential sections. But the gridiron was the best that ancient city planners could envisage.

In locating a city, ancient town planners were often torn between two choices: to put the city at the bottom of a valley for nearness to water, or to place it on a hilltop to make it easy to defend. The choice depended upon the likelihood of attack.

The survival of the hilltop city or fortress depended on getting water when besieged. Some cities solved the problem thus: When a springflowed from the hill below the walls, the builders drove an inclined tunnel from inside the walls down through the rock to the spring, whichthey then walled in so that it could be approached only by this tunnel.Sometimes another tunnel carried the water inwards, under the fortifiedplace, where it filled an underground cistern.

The kings of Mycenae in Greece, reigning at the time of the legendary Trojan War (—XII), took this precaution. So did the Jebusites, wholived in Jerusalem before the Israelites captured it. The Jebusites ran atunnel from the spring of Gihon, southeast of the city, to a natural cavebeneath the city. Then they excavated a 40-foot vertical shaft from thiscave up to the surface, so that women could lower their vessels fromthe surface down to the reservoir thus created.

When David attacked Jerusalem (about —1000) the warrior Joab led a party of Israelites up the shaft, captured the city, and thus madehimself David’s commander in chief. About 300 years later, KingHezekiah of Judah blocked off the Jebusite tunnels and made a tunnelof his own, leading to the Pool of Siloam at the southern end of the Valley of Cheesemongers. An inscribed tablet marked the place where thetwo tunneling gangs, starting from points a third of a mile apart andboring from opposite directions, met.

The two great Mesopotamian rivers meander southeastward across the Euphratean plain, approaching to within twenty miles of each othernear Baghdad. Then they diverge for another 300 miles. At last theyjoin and flow together for fifty miles into the Persian Gulf. According toone theory (with which not all students agree) this gulf in ancient timesextended farther to the northwest than it now does, and the rivers entered it separately. Silt from these rivers has since filled up the head ofthe gulf.

Both rivers, like the Mississippi and other large flood-plain streams, have changed their courses many times, often leaving prosperous citiesstranded, to decay and die in the midst of a desert. In the upper partof its course, where the slope is steep and the current swift, a river picksup silt from the bottom. Then farther down, as the river nears the sea,its slope becomes gentler and its current slower, so that it drops the siltit carried. Therefore the bottom in this part builds up higher and higher.

In time, during the high-water season, the river overflows its banks.

Sometimes it makes a whole new channel in some other part of the flood plain. Because men try to keep the river in one place by building up thebanks with levees, the river rises higher and higher above the surrounding country, and a flood is more destructive when it does come.

Flood problems were more acute in Mesopotamia than in Egypt. For one thing, the Tigris and Euphrates carry about five times as much siltfor a given volume as the Nile. Hence the bottoms of these rivers risefaster, and they change their courses more often.

For another, they are less regular than the Nile in the date and degree of the rise of their waters. Their high level occurs in the spring at an awkward time, too late to help with winter crops and too early forsummer crops. Therefore, much storage of water is needed to raise goodcrops on this fertile flatland.

Although the Euphrates is much the longer of the two rivers, the Tigris carries over twice as much water as its sister. It is also swifter andmore unpredictable. Moreover, being faster, it digs a deeper trench andso is less easily used for irrigation.

Because the leading civilizations of antiquity arose in broad river valleys, and because floods are the deadliest natural catastrophes in such valleys, these civilizations all developed flood legends as part of theirmythology. The Sumerians had a legend about the pious Ziusudra, whoby building an ark saved himself and his family from a great flood sentby the gods. The legend evolved down the centuries and passed fromfolk to folk, so that Ziusudra became the Utnapishtim of the Assyrians,the Noah of the Hebrews, and the Deukalion of the Greeks.

Across the yawning gulf of 5,000 years, we see the sun-browned Sumerians beginning the endless task of breaking the rivers and theplain to the use of man. As century followed century, Mesopotamiacame to be damascened by an azure web of canals, which tamed themighty Euphrates, clothed the desert in rippling fields of golden grain,and moistened the roots of date palms planted along their banks in endless rows.

In the third millennium b.c., for example, King Entemanna of Lagash built an especially large canal, which ran from the Tigris south alongthe 46th meridian to the Euphrates. This canal can still be traced by aline of lakes, streams, and marshes. Later an even larger canal, theNahrwan, over 200 miles long and 400 feet wide, paralleled the Tigrisalong its left bank from Baghdad (then a mere village) to a place nearmodern Kut al-‘Amara.

Keeping up such a canal system in Mesopotamia presented special difficulties. Because of the lack of timber and stone, there was no easyway to reinforce the canal banks. When these banks were simply madeof piled-up mud, they easily fell into disrepair.

An irrigation canal must be carefully planned and maintained. It must be a little above the surface to be irrigated, and it must have a slightbut constant slope to keep the water flowing. If the slope is too steep,the water flows too fast and eats away the banks. If it is too gentle,weeds and silt block the channels. The domestic goat, that ancientscourge of the Near East, breaks down the banks by scrambling up anddown them. Constant repairs are therefore needed. As soon as a sectionbegins to silt up, it must be dredged out lest it ruin the circulation ofthe area.

Lacking stone and wood, the Mesopotamians used cane reeds, tied in bundles or woven into mats, as reinforcing material. They used thesereeds not only in their canal work but also in house building. ThereforeMesopotamian towns maintained a curious institution: the municipalmarsh, a patch of swamp deliberately kept as a wetland where the useful reeds could grow.

Mesopotamian irrigation was of the basin type, like that in the Egyptian Delta. As such basins do not have mechanical gates or sluices, they are opened by digging a gap in the surrounding embankment and closedby shoveling mud into this gap again. Hence Mesopotamian irrigationfarming was a very laborious business.

For hoisting water, the Mesopotamians used a swape like that of Egypt. Sometimes they employed a battery of these swapes, the first onehoisting water to a certain height, the next hoisting it still farther, andso on. They also devised the first advances on the simple bucket hoist.One was the pulley, which appeared before —1500 and which mademuch easier the task of drawing water from a well.

A main form of engineering advance is the substitution of continuous for intermittent motion, and rotary for back-and-forth motion. TheMesopotamians attained this stage by about —1200. A legal documenton clay orders a man to replace a water-raising treadwheel, 20 feet longwith seventeen steps, which he had borrowed and lost.

Mesopotamian laws not only required farmers to keep their basins and feeder canals in repair but also called upon everybody in the kingdom to turn out with hoe and shovel in times of flood, or when a newcanal had to be dug or an old one repaired. Times of trouble causedthe canal system to decay, so that extra effort was required to put itback into good condition.

With the best of care, however, canals would last only about a thousand years. Then they were abandoned and others were built. Today, four or five thousand years later, Iraq is still ridged with the embankments of these abandoned canals, crisscrossing the country in parallellines.

For four thousand years the Mesopotamian canal system supported a denser population than lives there today. Then in 1258 the Mongols ofHulagu Khan conquered Mesopotamia, sacked Baghdad, and killed thelast of the Khalifahs of Baghdad. Looking upon all sedentary peoplesas vermin to be wiped out, the Mongols destroyed the irrigation systemand allowed a famine to reduce the population to a fraction of itsformer size.

Iraq remained under Mongol rule for about a century. As nothing was done to rebuild the canals, the land went back to desert and swamp.Subsequently plundered by Arabs, Turks, and Kurds, the region was almost depopulated, as happened to many other lands in ancient times asthe result of barbarian raids and conquests. Iraq never even began torecover until it became independent in +XX.

However, the ruin of Mesopotamian irrigation may not have been due solely to the Mongols. There is reason to think that agriculture inthis region had been decaying for centuries before the Mongol invasion.The reason for this decay has to do with salt.

In the lower strata of the alluvial soil of Mesopotamia lie thick beds of salt. This salt may be a relic of a prehistoric time when the sea covered the whole Euphratean plain. When such a soil is irrigated againand again for thousands of years, capillary action draws salt water tothe surface. As the water evaporates, the salt remains and little by littlemakes the land useless for farming. So perhaps, even with modern agricultural methods, Iraq will never again be the teeming farmland it was inancient times.

Once the Mesopotamians had learned to irrigate their land and wall their cities, they could turn their attention to building temples and palaces—the only gay and handsome structures in this almost treeless flatland of brown mud-brick villages.

The modern ceremony of breaking ground for a public work, with some puffing politician turning the first spadeful of earth, goes back toancient Mesopotamia. A relief from the third millennium b.c. shows theSumerian king, Ur-Nanshe of Lagash, in the unkingly pose of bearing abasket on his head. Presumably the basket contains the first bricks fora temple or other public work, because a similar relief shows thedreaded Ashurbanipal of Assyria (—VII) carrying a similar basket forthe rebuilding of the great temple of Marduk in Babylon.

The first temples of Mesopotamia were built in the fourth millennium b.c. with starkly rectangular lines. They had blank brick outer walls,pierced high up by a few small triangular windows. The austere aspectof these temples gives the impression that they were designed, by sometrick of time travel, by twentieth-century architects of the functionalistschool. Strict symmetry and right-angled corners, however, the Mesopotamians did not especially admire.

Later Mesopotamian temples were brightly decorated. This was done by pressing cones of colored brick, about the size of a finger, into thewet plaster that covered the walls and pillars, so that only the bases ofthe cones could be seen. The walls and pillars of the temples of Uruk10and Uqair were gay with mosaics formed by these cones, placed in gaudypatterns of colored polka-dots. Even richer effects were obtained byaffixing wafers of copper plating or colored stone to the bases of thecones.

To make them more impressive, temples were sometimes raised upon pyramidal platforms of brick. These pyramids became larger and largeruntil two distinct types of sacred structure evolved. The first was thetemple proper: a massive, pillared hall on the ground. The other wasthe ziggurat,11 a lofty pyramid of brick, with setbacks, staircases, anda shrine on top. The only ziggurat that still survives in anything like itsoriginal form stands at Ur in the South, amid what is now a desolatewilderness.

There are several theories about the purpose of ziggurats. The theory that most persuades me is that these towers were used like the Palestinian“high places” mentioned in the Bible, or the large wooden pillars onthe grounds of Syrian temples. In Syria, a priest would climb to the topof such a pillar. Another priest at the foot of the pillar collected offeringsfrom the faithful as they asked him questions.

This priest shouted each question up to the priest on the pillar, who in turn shouted it up to the gods. The pillar brought the petitioningpriest nearer to heaven so that the gods could hear him more plainly.So, I suspect that ziggurats likewise furnished Mesopotamian priestswith an elevated platform whence to address the powers above withthe needed audibility.

The most famous ziggurat was raised at Babylon in honor of Marduk, the Babylonian Jupiter. The Bible calls this ziggurat the Tower of Babel.To the Babylonians it was Etemenanki, the Cornerstone of the Universe,originally built by the gods themselves. After several destructions andrebuildings, it reached its final form under Nebuchadrezzar II, around—600. Then it towered skyward for nearly 300 feet and was coveredwith enameled bricks in colorful patterns, as if it were clothed in thescaly skin of some monstrous reptile. Could the legend of the Confusionof Tongues be an echo of labor troubles during the building of Etemenanki? It is a tempting speculation, but—alas! no evidence supports it.

Although the ziggurats of Mesopotamia look a little like the pyramids of Egypt, there is no reason to think that there is any real connectionbetween the two types of structure. The ziggurats evolved from templeplatforms, whereas the Egyptian pyramids were never anything buttombs.

The seeming similarity of Mesopotamian ziggurats to Egyptian pyramids, and for that matter to the pyramids of Central America, is explained by the state of engineering in these lands when these structures were made. If you set out to build an edifice several hundred feet highwhen architecture is in its infancy, the arch and vault are practicallyunknown, and metal reinforcement is undreamed-of, you have to adopta pyramidal form for the sake of stability.

In —XII, this teeming farmland with its web of blue canals and its looming ziggurats resounded to the tramp of the dreaded soldiery ofAssyria—burly, bearded, hooknosed men in heavy boots and crestedbronzen helms. For 500 years, one of the most ferociously militaristicgovernments known to history held the Land Between the Rivers in itsmerciless grip. Assyrian kings were always putting up monumentsboasting:

I destroyed them, tore down the wall, and burned the town with fire; I caught the survivors and impaled them on stakes in front of their towns . . .Pillars of skulls I erected in front of the town ... I fed their corpses, cut intosmall pieces, to dogs, pigs, vultures ... I slowly tore off his skin ... Of someI cut off the hands and limbs; of others the noses, ears, and arms; of manysoldiers I put out the eyes ... I flayed them and covered with their skinsthe wall of the town . . ,12

Other ancient kings played rough, too, but without quite such fiendish gusto. Most Egyptian and Babylonian kings preferred to boast of theirjustice, piety, and public works, rather than of their cruelties andatrocities.

There is, however, another side to the Assyrians. They were gifted and energetic inventors and engineers. Some of their inventions stemmed from their militarism. For, despite the harm that it does in other directions, war certainly stimulates technology.

Thus the Assyrians were the first to equip armies with weapons of iron (—VIII). Iron had been known for seven or eight centuries. According to tradition it was discovered by a tribe in Asia Minor, theChalybes, but for several centuries it was too precious for mass armament.

The Assyrians also developed remarkable new wheeled war machines. The wheel had already been known for several thousand years; thereis a picture of a chariot on a Mesopotamian vase that may have beenpainted before —4000. In the 1920s Sir Leonard Woolley excavated thegrave of the Sumerian king, Abargi of Ur (about —2500). In the tombWoolley found, along with the skeletons of sixty-five attendants slainto serve the king in the next world, the remains of two wagons.

Each wagon was drawn by three oxen, which had been killed with the attendants. Each wagon had four wheels, as did the war chariotsshown on an inlaid panel found in the same tomb. As the horse hadnot yet been tamed, each chariot was drawn by a pair of onagers—thatis, Asiatic asses. This animal, however, did not prove well suited todomestication. Hence the modern domestic ass is descended from thesmaller, African species.

The wheels of these vehicles were solid, built up of two semicircles of wood fastened together. To protect the rim from wear, they probablyhad tires of leather straps, through which large-headed copper nails weredriven. Much later, in Assyrian times, tires of copper or bronze cameinto use, and later still iron tires.

Historians of technology suppose that the wheel evolved from the roller and that the first wheels were rigidly fastened to the axle, whichturned with them. This seems logical, although there is little real evidence. The revolving axle, however, had the disadvantage that bothwheels, forming an integral part of the axle, had to turn at the samespeed. Therefore, when the vehicle rounded a corner, one wheel wasbound to skid or drag. By King Abargi’s time, the axle was fixed to thevehicle and the wheels rotated loosely and independently on the axle.

In Abargi’s four-wheeled wagons and chariots, both axles were rigidly fastened to the body. Neither axle was pivoted, as is the front axle ofany modern wagon so that it can follow the team around corners.Therefore these vehicles had to be manhandled around turns. Moreover, as anybody who has pushed a baby carriage knows, a four-wheeled vehicle with fixed axles tends to zigzag.

To make a wagon turn easily as the draft animals draw it around a bend, the front axle must be pivoted on a king bolt. This improvement,however, took a long, long time—perhaps twenty or thirty centuries. Inthe days of the Persian Empire, a four-wheeled carriage called aharmanaxa came into use, it may possibly have had a pivoted frontaxle. But, even after this mechanism was known, four-wheeled vehicleslong remained rare. The simpler two-wheeled carts and chariots weremore commonly used throughout ancient times. A shortcoming of ancient four-wheelers was that, even after they had pivoted front axles,their front wheels were made as large as their rear ones. Thereforethey could not turn sharply because, if they tried to do so, their frontwheels scraped against the sides of their bodies.

The Assyrians also exploited the wheel by inventing the belfry, or helepolis, or movable siege tower. Fierce fighters though the Assyrianswere, climbing a scaling ladder was always a desperate business. Therewas an excellent chance that the defenders would either drop a heavystone or beam on the attacker or push the ladder over backwards.

Therefore some clever Assyrian engineer fixed the ladder to a wooden framework, too heavy to be pushed over, and put wheels under theframework. As the defenders could still pepper the attackers with arrows and other missiles, the next step was to board up the sides andfront. Untanned hides were nailed to the structure to keep it from beingset afire. The resulting wheeled tower or belfry remained a standardsiege engine for over 2,000 years, until cannon made lofty walls uselessfor defense.

A further Assyrian improvement was to combine the belfry with a battering ram. A small ram was simply a log carried by a number ofmen. But, for breaching the walls of a real city, something larger wasneeded. Hence a tree trunk was shod on one end with a mass of metaland hung by chains from the roof of a shed on wheels called a tortoise.

The fully developed Assyrian belfry had six wheels and a ram working through a hole in front. Over the forward part of the tortoise rose the tower, as high as the wall to be attacked. During the approach,archers on the tower tried to clear the wall of defenders so that the attackers could scale it in safety. In several lively bas-reliefs, the defendersshower the belfry with torches, while a man in the tower hastily putsthe fires out by pouring water on them from a dipper.

Sometimes, instead of a ram, the belfry was equipped with a bore. This was like the ram except that it had a sharp spearlike head. In attacking a wall of soft mud brick, such a tool might be more useful thana ram.

The Assyrians also exploited a new military arm, horse cavalry. Around —2000 or earlier, on the great grassy plain that stretches fromPoland to Turkestan, a wandering tribe of cattle-raising nomads tamedthe most important of man’s working animals. This was the horse, whichthen ran wild from the forests of Germany to the deserts of Mongolia.

This feat of domesticating the horse had momentous results. The horse tamers set out in their rattling chariots and easily conquered their neighbors. They imposed their language upon their subjects and intermarriedwith them. These mixed peoples set out in their turn and conqueredmore neighboring nations. Thus the horsemen spread their speech fromPortugal to Bengal. The family of tongues derived from that of theoriginal horsemen is called Indo-European. The horsemen who conquered Iran and India called themselves Arya, “noble ones.” Therefore,the original conquerors and their descendants are sometimes called Indo-Europeans and sometimes Aryans.

However, there is no “Aryan race.” Whatever the race of the first horsemen, it has long since disappeared by intermarriage and dilution.The words for certain plants and animals, common to widely separatedIndo-European languages, suggest that the original point of dispersionwas south of the Baltic Sea—that is, on the plains of Poland.

For over 2,000 years, waves of Aryan barbarians—Kassites, Hittites, Cimmerians, Scythians, Medes, Persians, Dorians, Thracians, Celts, Germans, and Sarmatians—washed over the more cultured lands to the east,south, and west of their northern homes. Sometimes they were drivenback; sometimes they set up mighty empires.

Their horsemen both rode and drove horses. For fighting, they drove chariots. Although they rode to carry messages or to travel fast, theydid not usually fight on horseback. For one thing, the early horses werenot big enough to carry an armored man very far. For another, havingno stirrups and being topheavy from the weight of their armor, the riderswere in constant danger of falling off.

One Indo-European tribe, the Medes, settled in western Iran. Here, on the Nisaean Plain, they bred horses for size until the horses were asbig as modern riding horses. These could bear a man even when wearing armor. For centuries the Medes, the Persians, and the other Iranianshad the world’s best cavalry, not only because they were skillful ridersbut also because they had the largest horses.

The kings of Assyria, however, soon copied the Medes. Again and again they sent marauding armies over the mountains into Media tocapture some of the famous horses for their own breeding stock.

In the ancient world, the chariot was built in many sizes and shapes and was pulled by one to four horses, mules, or asses. The maximumload was limited by the fact that the animals were always harnessedabreast, never in tandem. Therefore the number that could be hitchedto a given vehicle was restricted by the width of roads and gates. Thus,although four-horse chariots were sometimes used for war and racing,cars for ordinary transportation were usually drawn by one or two beasts.

The Persians and the ancient Britons fastened scythe blades to the hubs of their war chariots to mow down foot soldiers. The people ofthe south and east of the Mediterranean preferred a chariot high infront and open in back, while those to the north and west made chariotshigh in back and low in front, with a seat across the back. In latercenturies, the open-rear chariot, in which the driver stood up, was preferred for fighting, hunting, and racing, whereas the open-front chariotwas preferred for pleasure riding and simple transportation.

As a chariot needed smooth ground to run on, its military use was limited. Once men had the fine Median riding horse, chariots becameless effective than the same number of men mounted on horses. Afterthe time of Alexander the Great, chariots went out of use for fighting,albeit they were kept for private carriages, governmental mail carts, andracing vehicles.

In addition to developing engines of war and cavalry, the Assyrian kings found time for peaceful public works. When Sargon II invadedArmenia in —714, he saw an irrigation system not yet known in Mesopotamia. This system, also used in Iran, can be called either by theArabic name qanat or the Persian kariz.

A qanat is a sloping tunnel that brings water from an underground source in a range of hills down to a dry plain at the foot of these hills.It has an advantage over an open-air aqueduct, in that less water is lostby evaporation on its way from the hill to the plain.

To build a qanat, a line of vertical shafts is dug along the course of the conduit, and the bottoms of these shafts are joined by a continuoustunnel. At various points, other shafts are dug at a slant from the surface to the tunnel, to allow men to go down to maintain the tunnel orto draw water. Finally, when the tunnel reaches its destination, the wateris distributed into a system of irrigation channels.

Sargon admired the Armenian qanawat. Although he destroyed them, he brought the secret back to Assyria. In later centuries, qanat irrigationspread over the Near East as far as North Africa and is still used inmany places.

Sargon’s son Sennacherib13 proved less aggressive than most Assyrian kings, although he suppressed revolts just as fiercely. The most remarkable thing about Sennacherib was his technical bent.

Sennacherib’s empire included not only Assyria proper (northern Iraq) but also Babylonia (central Iraq) and Chaldea (southern Iraq).It included Syria and Phoenicia as well. Palestine was usually tributary,and Assyria for a time ruled Egypt.

The Assyrian kings ruled most of this area through native kings whom they had conquered but left in power on condition that they pay tributeand furnish troops to the King of Kings. The Assyrian kings tried togovern Babylonia through such puppet kings, but the puppets often revolted. In the —690s, Sennacherib deposed one restless Babylonian kingand put one of his own sons, Ashur-nadin-shum, in his place. The leaders of the anti-Assyrian faction fled south into the marshes of Chaldea,14where they thought they would surely be safe.

However, they reckoned without Sennacherib’s engineering genius. He called upon the tributary Phoenician cities, far to the west, for ships.The ships, built in sections, were hauled overland and assembled on theEuphrates. They sailed down the mighty river to Chaldea, where theyhelped to rout the anti-Assyrians.

But not for long. The Babylonians soon rose again and drove out Ashur-nadin-shum. When the wrathful Sennacherib recaptured Babylonin —689, he massacred the people and sacked and burned the world’sgreatest city. Not yet satisfied, he dug canals through the city, dammedthe Euphrates, and sent the river coursing through these canals. Hedumped the temples into the canals and made such a vast muddy morassof the whole area that, for a time, Babylon became a wilderness.

Later, Sennacherib had second thoughts and began to restore the city. His son Esarhaddon continued the work. After the fall of Assyria,Babylon again became the largest city in the world.

The old capital of Assyria had been Ashur on the Tigris, but some early Assyrian kings made Nineveh,15 farther up the Tigris, an alternatecapital. Although Sargon II built a new capital still farther north,16Sennacherib abandoned his father’s city and adopted Nineveh for hishome.

Here a huge wall, faced with stone and pierced by fifteen gates, surrounded the two mounds on which the temples and palaces stood. The rest of the area, an irregular quadrangle about one mile from east towest and three miles from north to south, was occupied not only by thedwellings of the common folk but also by public parks and the orchardsof private citizens. For his private garden, where storks clattered andpet lions prowled, Sennacherib designed an improved swape, with a copper bucket and posts of timber instead of dried mud.

To water all his fine plantings, Sennacherib undertook a vast scheme of waterworks. He personally toured the countryside near Nineveh, striding over plains and toiling up mountains, to choose the sites for hisconstructions.

Ten miles north of Nineveh he dammed the river Tebitu,17 which descended from the north to flow through the middle of Nineveh andempty into the Tigris. From the reservoir thus created he brought a canaldown to the city. Since the grade of the canal was less than that of theriver, the canal water arrived at Nineveh high enough to be used forirrigation without hoisting.

To take care of the overflow during the high-water season in spring, Sennacherib installed, northeast of the city, a municipal canebrake, likethose of Babylonian cities. He made this marsh into a game preserve,loosing deer, wild boar, and game birds to breed there.

In addition to planting reeds and timber trees, Sennacherib imported from India another novelty: the cotton tree. His inscription proudlyannounced that: “The mulberry and the cypress, the product of the orchards, and the reeds of the brakes which were in the swamp I cut downand used as desired, in the building of my royal palaces. The woolbearing trees they sheared and wove the wool into garments.”18

Sennacherib’s first canal sufficed for several years. When the city outgrew it, the king dug another canal to the northwest, where it tapped another stream. He also built over a dozen small canals connected withthe Tebitu River and a 12-mile tunnel to bring water to Arbela,19 acity east of Nineveh.

When these schemes, too, were outgrown, Sennacherib undertook his most ambitious project. He went more than thirty miles from Nineveh,to the watershed of the Atrush or Gomel River. Thence a canal was dugoverland to the headwaters of the Tebitu, carrying new water downstream to Nineveh.

Where the canal crossed a tributary of the Atrush-Gomel, near modern Jerwan, Sennacherib built an aqueduct. This was a remarkable piece of construction for its time. It was made of cubes of stone, one cubit(20 inches) on a side. In the actual channel, a layer of concrete or mortar under the uppermost course of stone prevented leakage. The aqueductcrossed the stream on a 90-foot bridge of five pointed corbelled arches,over 30 feet high.

Sennacherib prided himself on completing this canal and aqueduct in a year and a quarter. As work neared completion, he sent two prieststo the upper end of the canal to perform the proper religious rites atthe opening.

Before the ceremony, however, a minor mishap occurred. The sluice gate at the upper end of the canal gave way, and the water of theAtrush-Gomel poured down the channel without awaiting the king’scommand.

Sennacherib at once looked into the occult meaning of this event and decided that it was a good omen. The very gods, he believed, were soimpatient to see the canal in use that they had caused the breach inthe sluice gate.

So King Sennacherib went to the head of the canal, inspected the damage, gave orders for its repair, and sacrificed oxen and sheep to thegods. “Those men,” he wrote, “who had dug that canal I clothed withlinen and brightly colored woolen garments. Golden rings, daggers ofgold I put upon them.”20

This was no doubt a delightful surprise to the engineers and workmen, who had probably been shaking in their sandals ever since the mishap for fear that the Great King would order all their heads choppedoff. He was, indeed, quite capable of it.

In —681, Sennacherib’s sons conspired against him. The great engineer-king was lured into a temple in Nineveh and beaten to death with statuettes of the gods. One son, the grimly able Esarhaddon, succeeded Sennacherib and conquered Egypt. He it was who modestly began an inscription:

“I am powerful, I am omnipotent, I am a hero, I am gigantic, I am colossal!”21

After Esarhaddon came the melancholy Ashurbanipal, patron of arts and letters, under whom the empire reached its peak. Thereafter itswiftly declined as more and more of the subject peoples revolted andnomadic barbarians, the Cimmerians and Scythians, swept down fromthe north.

In —612, an alliance of Scythians, Medes, and Babylonians conquered Assyria. In assailing Nineveh, the Medes took advantage of a flood onthe Tigris to mount battering rams on rafts. The allies captured the capital and blotted it out. A ferocious yell of triumph went up from theAssyrians’ victims:

“Woe to the bloody city! . . . Nineveh is laid waste: who will bemoan her? . . . Thy shepherds slumber, O king of Assyria: thy nobles shall dwell in the dust: thy people is scattered upon the mountains, andno man gathereth them.”22

Two centuries later, when Xenophon’s ten thousand Greek mercenaries passed that way, Nineveh lay in ruins, and the memory of the scourge of Assyria was already fading from the minds of men.

At the time of Assyria’s fall, a Chaldean adventurer named Nabopolassar23 had seized the rule of Babylonia. Under him and his son, the second Nebuchadrezzar,24 the dynasty ruled much the same areaas the former Assyrian Empire. This new empire is sometimes calledthe Neo-Babylonian Empire, because its capital was at Babylon, andsometimes the Chaldean Empire, because of the nationality of its rulinghouse.

As Nabopolassar was a usurper, he and Nebuchadrezzar were careful to keep on the good side of the powerful priesthood, who might otherwise have stirred up revolts against them. Hence they lavished vastsums on temples, in Babylon and elsewhere. When Nabopolassar beganone of the many rebuildings of Etemenanki, the great ziggurat of Babylon, he made his sons haul bricks like common workmen to show theirpiety.

Under the energetic rule of Nabopolassar and Nebuchadrezzar, Babylon reached its greatest size and splendor. Nebuchadrezzar came to the throne in —605 and reigned forty-three years. He was the outstandingsoldier, statesman, and builder of his time. The indign tales about himin the book of Daniel—how he demanded of his wise men the interpretation of a dream that he himself had forgotten, and how he wentmad and ate grass—should not be taken seriously. They are the Judaeanscribes’ way of getting even with the man who thrice sacked Jerusalemand deported thousands of Jews to Babylonia.

In Nebuchadrezzar’s Babylon, the inner city was a slightly distorted rectangle, about a mile and a half from east to west and four-fifths ofa mile from north to south. The Euphrates flowed diagonally throughthe city from north to south, dividing it into the smaller New City onthe west and the larger Old City on the east. Moats carried the dividedwaters of the Euphrates around the inner city, making two triangularislands of it.

Both parts of the city were cut up by a number of broad avenues, crossing almost at right angles and named for the gods—Marduk Street,Shamash Street, and so on. The most important street was the so-calledProcessional Way, running north and south through the Old City fouror five hundred yards from the river. Its true name was “The Street onWhich May No Enemy Ever Tread.”

Processional Way embodied a marvelous Mesopotamian invention, paving. It was paved with limestone flags and, under these, large flatbricks set in a mortar of lime, sand, and asphalt. Along this street, wagons bearing the images of the gods were wheeled during religious processions. These parades seem to have been the Babylonians’ chief publicamusement, although they also attended boxing matches.

Such paved processional ways were a regular feature of Near Eastern cities. The Hittite capital of Hattusas25 had one as early as —1200. AtAshur, the processional way had a pair of grooves in the pavement forthe wheels of the sacred wagons, to assure the gods a smooth, safe ride.This was perhaps the world’s first railroad. After all, it would not do tohave a god’s wagon get stuck or his statue be jostled. He would not likeit, any more than a modern mortal likes a flat tire; and there is no tellingwhat an angry god might not do.

Because these streets were sacred, special rules governed their use. Sennacherib, the Assyrian engineer-king, placed posts along the processional way in Nineveh, inscribed: Royal Road. Let No ManLessen It. Sennacherib furthermore decreed that any violator shouldbe slain and his body impaled on a stake before his house. Sennacherib’s posts sound like the first no-parking signs; but their purposewas probably to stop owners of adjacent lots from extending theirhouses into the right of way.

For centuries, paving seems to have been confined to processional ways. Little by little it was applied to other important thoroughfaresand then to heavily traveled stretches of road outside the main cities.But not until Roman times did any government undertake to pave intercity roads over their entire lengths.

The roads of the earlier empires were for the most part not paved, merely graded. These dirt roads had an advantage over paved roads:they were easier on the hooves of horses than paved roads would havebeen. When the condition of such roads became bad enough, the officials rounded up corvees of grumbling peasants and compelled themto fill in the holes.

The minor streets of Babylon were probably a tangle of alleys, in which mud-brick houses were jumbled every which way. The Chaldeankings may have entertained advanced ideas of city planning, but theymet the same difficulty that has plagued municipal authorities eversince: that it is easy to proclaim a fine city plan but much harder tomake people obey this plan when it does not suit them.

An enormous double brick wall surrounded the inner city. The outer wall was 20 to 25 feet thick and probably two or three times as tall as it was thick. The inner wall was thinner but loftier.

These walls were of a type that builders of cities and castles standardized back before —1000 and continued to build down to the coming of cannon, nearly three millennia later. The shape of this standard wallwas determined by the availability of stone and brick on the one handand the size and shape of the wall’s human defenders on the other.

The main wall was a solid structure, so thick that attackers could not easily break it down and defenders could move about freely on itstop. Along the outer rim of the main wall ran a much smaller wall calleda parapet. This was a mere foot or two thick and six feet high. Its upperedge formed a square zigzag pattern called a battlement or crenelation.The crenels, or notches in the battlement, were low and wide enoughso that an archer could shoot through them at foes on the ground below; while the merlons, or toothlike projections, were large enough sothat the archer could duck behind them when not actually loosing hisshaft.

Along the east bank of the Euphrates, several square miles of suburbs formed a huge right triangle surrounding the inner city. A pair of mightycrenelated walls protected this area also. Additional walls lined the riverbanks and the fortified areas in the old city, which contained the palacesand barracks. Moreover, seventy-five miles northwest of Babylon, thegreat Median Wall, fifty miles long, stretched from the Euphrates tothe Tigris.

Towers rose at intervals from all these walls. Greek historians who wrote of Babylon’s walls as a Wonder of the World much exaggeratedtheir height and length. Nevertheless, these fortifications made the citypractically impregnable when held by a determined garrison.

Eight fortified gates pierced the inner wall. The center gate on the northern side was the famous Ishtar Gate, the grandest structure of itskind ever built.

This colossal portal comprised a square tower of brick, about 70 feet high and even larger in plan. Cutting through this tower was a loftyvaulted passage, which could be closed off by two pairs of huge woodendoors. On the northward side of the gate proper, flanking the approach,stood two tall, slender towers. North of these, as a first line of defense,rose two smaller towers.

The entire structure was finished with enameled bricks, blue on the towers and green and pink on the connecting walls. On each tower inlow brick relief were several vertical rows of brightly colored bulls anddragons, repelling hostile supernatural forces by their frowning glare.

The traveler who strolled into Babylon through the Ishtar Gate found himself on the paved Processional Way between two high brick wallsdecorated with life-sized lions in bright enameled brick relief. Redmaned yellow lions alternated with yellow-maned white lions. To theright of the stroller rose the walls of a fortified area, extending fromthe Processional Way to the Euphrates. Here stood palaces, barracks,and administrative offices.

As the traveler emerged from the Ishtar Gate, he might catch a glimpse, over the wall on his right, of greenery. For here were the famous Hanging Gardens, another Wonder of the World. The HangingGardens were a splendid roof garden, planted with trees and shrubsatop a princely pleasure house. The roof that upheld the garden waswaterproofed by layers of asphalt and sheet lead. The word “hanging,”which classical writers used,27 gives the misleading impression that thegardens were suspended by chains or cables. The words “raised” or“elevated” would give a more correct picture.

Greek and Roman historians attributed the Hanging Gardens to Semiramis, a legendary Assyrian queen supposed to have conquered thewhole Near and Middle East and invaded Kush and India. The slenderbasis for these legends is the fact that for a few years the Assyriandowager queen Sammuramat (—IX) acted as regent for her son. WhileSammuramat may have been an able and forceful ruler, she certainlynever did any of the deeds credited to Semiramis.

Diodoros the Sicilian even claimed that Semiramis had built a pedestrian tunnel under the Euphrates at Babylon. It is a pity that archeologists have found no trace of any such tunnel. Think how useful it would be to historical novelists! But, even if Semiramis could have built sucha tunnel, she could not, before the invention of pumps, have kept itfrom filling up with water.

One tale, which may have a foundation of fact, is that Nebuchadrezzar’s favorite wife Amytis pined in the Euphratean flatlands for the mountains of her native Media. So the king built the Hanging Gardensas a kind of artificial mountain to please her.

Of Nebuchadrezzar’s pleasure dome, only the basement survives. Hence nobody really knows how the Hanging Gardens looked whennew.

When Koldewey dug up the basement in the early 1900s, he found the remains of fourteen large stone barrel vaults—true arched vaults.The purpose of these vaults is not known. They may have been usedfor storage of supplies against a siege, or as summer reception rooms orbanquet halls. Being partly underground, they would be cooler thanmost places in the baking Babylonian summer. Such lavish use of imported stone shows that the building was carefully designed to withstandthe effects of time and weather.

In the basement, Koldewey found a peculiar structure:

... a well which differs from all other wells known either in Babylon or elsewhere in the ancient world. It has three shafts placed close to each other,a square one in the centre and oblong ones on each side, an arrangement forwhich I can see no other explanation than that a mechanical hydraulic machine stood here, which worked on the same principle as our chain pump,where buckets attached to a chain work on a wheel placed over a well. Awhim or capstan works the wheel in an endless rotation. This contrivance,which is used to-day in this neighbourhood, and is called a dolab (waterbucket), would provide a continuous flow of water.28

If Koldewey is right, the chain bearing the buckets extended up through the building to the roof garden. Servants, heaving on the windlass bars, kept water flowing up night and day from the well to the king’sprecious plants.

West of the Hanging Gardens, filling the space between this edifice and the river, stood a building with brick walls having the extraordinarythickness of 70 feet. This was evidently a fortress or keep for a last-ditch stand.

If our traveler continued south on the Processional Way, he would pass on his right the towering, rainbow-hued ziggurat Etemenanki, rising as high as a modern thirty-story building. On his left stood apartment houses up to four stories high.

Turning right on Adad Street and walking towards the river, the stroller would find himself between two great sacred inclosures: Etemenanki on his right and Esagila, the temple of Marduk, on his left.As enlarged and rebuilt by the Chaldean kings, the temple was anL-shaped building that occupied a square about 500 feet on a side.

This temple housed an 18-foot golden statue of Marduk. Although Herodotos says the statue was of solid gold, we may doubt it. Suchstatues were designed to be carried through the city in carriages duringreligious festivals, and a solid gold statue of that size would have weighedover fifty tons. Besides being immovable, it would have cost the equivalent of about a hundred million dollars. It is not likely that so muchgold was available in ancient times for such purposes. Probably thestatue was of wood, covered with gold foil.

From many representations in Babylonian art, we can form an idea of this statue. The bearded, benign-looking king of the gods wore along robe and a tall crown topped by a circle of feathers, somewhatlike those of a Sioux war bonnet. In his left hand he held a scepter anda ring, while his right grasped a scimitar.

At Marduk’s feet lay the animal that symbolized him, as the bull symbolized Adad and the lion Ishtar, the Babylonian Venus. Marduk’sbeast was the dragon or sirrush. This was a composite animal, coveredwith scales, with a snakelike head and neck; the body, forelegs, andtail of a cheetah; and the hindlegs of a colossal bird of prey.

The two great temenoi of Marduk contained many other buildings besides the temple and the tower. There were living quarters for thepriests and for pilgrims from out of town, paddocks for the animalsused in sacrifices, and so on.

Passing between these two inclosures, the traveler reached another wonder of Chaldean Babylon: the bridge over the Euphrates. Exceptfor Sennacherib’s aqueduct at Jerwan, this is the oldest stone bridge ofwhich there is any record. But, whereas Sennacherib merely crossed abrook, Nabopolassar, who built this bridge, spanned one of the world’sgreatest rivers. Built at a time when the world’s few bridges were flimsyaffairs of tree trunks, reeds, or inflated goatskins, this bridge was almostas celebrated in the ancient world as the Hanging Gardens. For centuriesit was the only structure of its kind in the world.

Since the river has long since shifted its channel, the bases of the piers have been dug up in recent times. The bridge was 380 feet long andrested on seven streamlined piers of baked brick, stone, and timber, 28by 65 feet in plan. The superstructure was of timber. According toHerodotos it was a drawbridge; one or more of the wooden platforms,which crossed from pier to pier, were taken up at night to keep evil-doersfrom using the bridge.29

The Euphrates bridge had a shortcoming shared by most large ancient bridges. The massive piers took up half the width of the river at that point, seriously impeding the flow of water. At flood time therewas danger that the swift current, speeded up still more by this constriction, might scour away the river bottom around the piers until they collapsed, or that debris might gather on the upstream side. Nevertheless,this bridge may be counted the most signal engineering advance of theChaldean Empire.

After Nebuchadrezzar, the Chaldean Dynasty petered out in faction and incompetence. In —539, Cyrus30 the Persian wrested Babyloniafrom the feeble grasp of the aged Nabuna’id,31 a scholarly king withintense interests in religion and archeology but little in government. Babylon gave up with only token resistance.

Yet the city throve for several centuries more. In fact, under the Persians, Babylonian savants accomplished some of their greatestachievements in astronomy and mathematics.

In —482, Babylon revolted against King Xerxes.32 The Persian sent his best general, who swiftly retook the city and harshly punished it.Nebuchadrezzar’s great walls were partly torn down to make them uselessfor defense, and Xerxes carried off the eighteen-foot statue of Mardukand melted down the gold for his treasury.

Xerxes is also said to have demolished the temples. Later historians wrote of the temple Esagila and the ziggurat Etemenanki as ruins andblamed Xerxes. Alexander, they said, when he entered Babylon a centuryand a half later, “commanded the Babylonians to rebuild all the templeswhich Xerxes had destroyed.”33 He ordered the mountainous piles ofbrick that marked the ruin hauled away to clear the ground. This wasdone; but then Alexander died and the work stopped. Since these historians confused the temple and the ziggurat, it is hard to know justwhat Xerxes is supposed to have done.

Herodotos has another tale to tell. When he visited Babylon thirty-odd years after the revolt against Xerxes, he found both Esagila and Etemenanki standing. A later historian, Diodoros, says merely that thePersians robbed the temples of their golden statues, altars, vessels, andother accessories, and that the ruinous condition of the sacred buildingswas due to the action of time.

The best explanation seems to be that Xerxes demolished no temples or ziggurats—to tear down Etemenanki would have been an exceedinglycostly project—but that he merely seized all the gold in sight. Later,when grinding Persian taxation caused Babylon to decay, or later stillwhen the city was largely abandoned under the Macedonian Seleucidkings, the priests could no longer afford to keep their buildings in repair.Thereupon they crumbled and dissolved into mud, as do all such structures when left to the elements.

But, to Greek writers, Xerxes—in real life no worse than most despots and better than some—was one of the world’s greatest villains because hehad attacked Greece. Hence the writers were eager to blame him notonly for the misdeeds that he committed but also for many that he didnot commit.

Cyrus the Great founded the Persian Empire around —550, and for a little over two centuries the Achaemenid dynasty (named for Achaemenes,34 an ancestor of Cyrus) ruled the Near and Middle East. Thisempire followed the usual course of such realms. Periods of peace andprosperity alternated with revolts of the provinces and civil wars betweenrival claimants to the throne.

The Persian Empire was neither so bad as Greek historians were wont to consider it nor so good as some of its modern apologists say. It was,like all empires, founded on force majeure—but it was less oppressivethan its predecessors. It was also a despotism—but no other form oflarge-scale government was then possible. The kings could be fiendishlycruel to their defeated foes—but there were few wholesale massacres anddeportations such as the Assyrians had practiced.

Under the Persians, ideas spread hither and thither around the Near and Middle East. The qanat system of irrigation, for instance, spread farand wide from its Iranian homeland. The domestic camel spread fromArabia to Egypt, where it made possible travel and trade across thewaterless North African deserts.

The Arabs in their turn learned about irrigation. Under the Sabaean kings they built a huge dam at Ma’rib,35 near the southwest comer ofthe Arabian peninsula. This dam, said to have been started by a legendary shaykh,36 furnished irrigation to its valley for about a thousandyears, before it broke down during a great flood.

Although the lordly Persians were not on the whole a technically minded people, they did foster some engineering advances. The GreatKings improved the roads of their predecessors until their whole vastrealm was knit by a system of highways. Over these roads the king’smessengers galloped in relays, covering as much as a hundred miles aday. These postmen rode “on horseback, and ... on mules, camels,and young dromedaries,” and perhaps drove mail carts as well, depending on the condition of the road.37

By far the greater part of the highway system was only graded, not paved. Some of the steepest slopes, however, may have been eased bycuts and fills.

We do hear of a couple of Persian engineers, or at least of Persians placed in charge of an engineering project. When Xerxes led his ill-fatedexpedition into Greece in —480, he decided to dig a canal through theneck of the Athos peninsula instead of sending his fleet around MountAthos. A Persian fleet had been wrecked there by a sudden storm elevenyears before during Darius’ conquest of Thrace; and Xerxes was a cautious, methodical man who had been talked into this rash foray againsthis better judgment.

Therefore, the king placed in charge of the work two of his nobles, Bubares and Artachaees.38 Both men were related to the royal family; Artachaees, moreover, was eight feet tall and had the loudest voice inthe army. Herodotos explains how the job was done:

Now the manner in which they dug was the following: a line was drawn across by the city of Sane; and along this the various nations parceled outamong themselves the work to be done. When the trench grew deep, theworkmen at the bottom continued to dig, while others handled the earth, asit was dug out, to laborers placed still higher up on ladders, and these takingit, passed it still further, till it came at last to those at the top, who carried itoff and emptied it away. All the other nations, therefore, except the Phoenicians, had double labor; for the sides of the trench fell in continually, as couldnot but happen, since they made the width no greater at the top than it wasrequired to be at the bottom. But the Phoenicians showed in this the skillwhich they exhibit in all their undertakings. For in the proportion of the workwhich was allotted to them they began by making the trench at the top twiceas wide as the prescribed measure, and then as they dug downwards approached the sides nearer and nearer together, so that when they reached thebottom their part of the work was of the same width as the rest.39

Evidently the Phoenicians knew about the angle of repose of the earth of an embankment. But nobody else, including the two princelysuperintendents, did.

The Persian kings did not rule from any one single capital. Instead, they maintained four capitals and moved about from one to another inthe course of a year. The kings and their court probably traveled about,as did medieval European kings, because the transportation of foodabout the empire was not yet well organized. If the king, his household troops, and his horde of nobles, officials, servants, women, andhangers-on stayed too long in any one place, they would sweep thecountryside bare of edibles and cause a local famine.

Three of the four capitals were maintained in the great cities of Babylon, Susa, and Hagmatana.40 The kings also built a fourth capital, used mainly for ceremonies, at Parsa in the Persian hills of southwestern Iran.The Greeks called this place Persepolis, “Persian City.” While each capital had palaces and audience halls, those at Persepolis were the mostsplendid.

Here Darius, his son Xerxes, and his grandson Artaxerxes41 labored for decades to make Persepolis a magnificent royal center. The buildings—palaces, audience halls, barracks, treasury, and monumental gatewaysand staircases—stood on a platform of scarped natural rock and limestone blocks, about 300 by 500 yards in area, which towered 40 feetabove the plain and was in turn overshadowed by the Mountain ofMercy behind it.

Of the many buildings on the terrace, the two audience halls were outstanding. Both were square in plan, about 220 feet on a side, withgleaming walls of mud brick covered with gold leaf. The tiles of theroofs, plated with gold and silver, flashed dazzlingly in the clear Iranianair.

Thirty-six columns, 7 feet thick and 65 feet tall, upheld the roof of the older audience hall. These slender columns were of more delicateform than was usual at the time; they made the columns of the HypostyleHall of Rameses II look squat and graceless by comparison. The capitalsof the Persian columns took a form peculiar to Achaemenid art. Eachconsisted of a pair of the forequarters of animals—bulls, lions, or composite monsters—kneeling back to back.

The later building, the Hall of a Hundred Columns, was similar, albeit the columns were smaller and more numerous. These kings put up similar buildings elsewhere. At Hagmatana, “not a single plank was left uncovered; beams and fretwork in the ceiling, and columns in the arcadeand peristyle, were overlaid with plates of silver and gold, while all thetiles were of silver.”42

In —331, Alexander the Great burned the buildings at royal Persepolis. Historians disagree as to whether he did this in a drunken rage, as apiece of adolescent vandalism, or as part of a deliberate policy to proveto the world the end of the Persian Empire. Some think it was an accident, but we shall never really know.

Strangely enough, this destruction helped to save some of Persepolis for us, even though Persepolis is a ruin today. The mud-brick walls havedissolved away, and earthquakes have shaken down most of the stonework. Only a few of Xerxes’ graceful columns still rise against the brightblue Persian sky.

Nevertheless, much more is left of these palaces than of the royal buildings in the other three Persian capitals. After Alexander’s destruction, Persepolis was deserted, since it was at best a small town in asparsely settled, mountainous land. So the ruins remained much as Alexander left them. The other capitals, however, continued as great cities;and over the centuries the local people carried off the stones of thepalaces for their own use, until today almost nothing is left of the royaledifices.

Since the Persians had never produced a class of architects, their kings called upon the subject peoples. Consequently their palaces were built in a mixed style; Scythian gryphons shared the decor with Babylonianwinged bulls. It is likely that Darius and Xerxes, with their intense interest in building, kept a firm hand on the over-all designs.

An inscription of Darius at Susa tells how, in building his palace, he used cedar from Mount Lebanon, teakwood from India, stone fromElam, gold from Lydia and Bactria, and turquoise from Chorasmia.43It also tells how he used Greek and Lydian masons, Babylonian brickmakers, and Median and Egyptian goldsmiths. Each of these kings inturn maintained a studio for the Greek sculptor Telephanes, whose contemporaries ranked him among the leading artists of the time.

The long rows of reliefs on the ornamental stairways at Persepolis furnish priceless information about the costumes of the peoples of theempire. A relief of Darius giving audience, with Crown Prince Xerxesstanding behind him, offers an unexpected dividend in technical knowledge. The throne whereon Darius sits is supposed to be of solid gold.But the obvious turnings of the legs and rungs of this chair show twothings: first, that the lathe had been invented; and second, that thethrone was really of wood with a plating of gold. Nobody ever turned asolid gold chair leg on a lathe!

Another Near Eastern people, who flourished at the time of the Assyrian, Chaldean, and Persian empires, were very active as engineersand technicians. These were the Phoenicians, who dwelt in a chain ofcity-states—petty kingdoms and republics—along the Lebanese coast atthe eastern end of the Mediterranean. They spoke a language very similarto Hebrew, and the present-day speech of Malta is derived from thisPunic tongue.

Herodotos knew what he was talking about when he spoke of “the skill which the Phoenicians exhibit in all their undertakings.” They werequick to learn from others and ready to transmit their knowledge. Theirengineers adopted the Assyrian methods of siege warfare. Their citieswere famed for the stoutness of their fortifications. To avoid a shortageof drinking water during sieges, the island city of Arvad44 took advantage of a fresh-water spring that issued from the sea bottom near theisland. The Arvadites set an inverted funnel over the spring and pumpedthe water to shore through a leather hose.

Phoenician shipwrights also advanced the art of shipbuilding. Egyptian ships of the early dynasties were hardly more than large canoes. When the peoples of the eastern Mediterranean began to sail the sea,they learned that rowing, with the rowers facing aft, was more efficientthan paddling.

Ships split into two types: the war galley, long and narrow with many oars and a small sail; and the merchantman, short and tubby with fewoars and a large sail. All ships had one single rectangular “square” sail.

The warship needed many oars to dart about in all directions during a battle. The merchantman, on the other hand, needed the space the rowerswould otherwise occupy for its cargo and could not afford a large crewof rowers. Most ancient rowers, Ben-Hur to the contrary notwithstanding, were free workers, and fairly well-paid ones at that. The use ofslaves and prisoners as rowers did not become common until theRenaissance.

There were also ships of an intermediate type, with more oars than a regular merchantman but fewer than a war galley. Sometimes calledmyoparones or “mussel-boats,” they were used as naval auxiliaries, aspirate craft, and as merchantmen in pirate-infested waters. An examplementioned by Demosthenes was a twenty-oared trading ship, whichplied the Black Sea.

Galleys were used for commerce only under exceptional circumstances. For example, in —VI the Carthaginians claimed a monopoly of all trade in the western Mediterranean and fed interlopers to the fishwhen they caught them. At this time, certain Greek traders used fifty-oared galleys to run the Carthaginian blockade. They could make aprofit in spite of their horde of hungry rowers because the cargo—silverfrom the mines of Spanish Tartessos—was both compact and precious.Also, such a ship had a fair chance to escape when a Carthaginiangalley came crawling like a colossal centipede over the horizon in pursuit.

Carthage had started as a Phoenician colony, founded (according to doubtful traditions) in —814. The Phoenicians had already sailed androwed their little cockleshell craft the length and breadth of the Mediterranean and set up several other colonies.

During the century following the founding of Carthage, the Phoenicians developed a warship of a new and more formidable type. These may have been the ships that were taken overland in pieces and sentdown the Euphrates to help King Sennacherib to put down the Babylonian rebellion. The new warship had a pointed ram at the waterline andwas specially braced to withstand the shock of ramming. These shipsalso had a solid deck over the rowers’ heads to carry fighting men.

Whereas earlier warships had but one bank of oars on each side— usually making a total of fifty oars, with one rower to each oar—thenew ship had the rowers arranged in pairs on each side. They wereseated in some staggered arrangement, each man of the lower bankbeing inboard of, aft of, or below his seat mate. The exact arrangementhas been the subject of endless argument in modern times, though mostauthorities prefer a vertical stagger. But each rower pulled his own oar.

The new warship came to be known as a diere or bireme.45 Because it packed more muscle power per foot of length than warships of theold single-banked type, it could go faster.

About —704 a Greek shipbuilder, Ameinokles of Corinth, is said to have carried this principle a step further, by placing his oarsmen ingroups of three, also staggered, though nobody knows exactly how. Eachman still pulled his own oar. The resulting triere (“three-er”) or trireme,driven at speeds up to seven knots46 by 170 or more rowers, becamethe standard battleship of the Mediterranean (—VI) and fought the greatnaval battles among the Greeks, the Persians (whose navy was mainlyPhoenician), and the Carthaginians.
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Fig. 2. Four alternative plans suggested for the arrangement of rowers in a classical trireme (after Ucelli). The dotted figure is seated farther aft—away from the reader—than his companions. In another possible arrangement,the lowest man is seated farther inboard, so that his oar is the same lengthas the others.



The Phoenicians also pioneered in large-scale manufacture. Their leading products were woolen goods colored with a deep-red dye obtained from mollusks of the family Muricidae—small sea snails withspiny shells—found along the Phoenician coast. The narrow streets of Old Tyre reeked with the stench of the dye works. The Phoenicians also turned out metal wares, which were snapped up by eager buyers in distant ports.

From Egypt, where it had long been practiced, the Phoenicians borrowed the art of making glass. The Egyptians and Mesopotamians used glass mainly for glazing beads and tiles and for making small bottles tohold cosmetics. The Phoenicians, using the excellent sand found at themouth of the Belos River,47 developed commercial lines of bowls andother vessels. All this glass was cast, built up, or ground; glass blowingcame later.

The Phoenicians and their neighbors, the Syrians and the Jews, were the first to make glass cheap enough so that ordinary folk could affordglass drinking vessels instead of cups of pottery or metal. In earlyAchaemenid times, glass was so precious that only the King of All Kingsand his grandees could afford to drink from goblets of glass. But a fewcenturies later, thanks to the Syro-Phoenician glassmakers, nearly everybody could afford this luxury.

Although the Phoenicians were the leading explorers, seamen, manufacturers, and traders of their time, no people can be good at everything at once. For instance, Phoenician art is of poor quality. The Phoeniciansnever really tried to develop a distinctive style of their own. Instead, theymass-produced cheap copies of the art works of the Egyptians or theGreeks and peddled these gimcracks to the eager barbarians on thefringes of civilization, from Scythia to Portugal and from Senegal toBritain.

Their literature, likewise, does not seem to have amounted to much, so far as we can judge from the few scraps that have come down. Mostof it seems to have perished in the destruction, one after the other, ofthe Phoenician cities. For Sidon was destroyed by the Persians in —345,Tyre by Alexander in —332, Carthage by the Romans in —146, andBeirut by Tryphon, the Seleucid king, in —140.48

Although the Phoenicians were not a particularly warlike people— they were businessmen, not soldiers—they defended their cities withfanatical courage and stubbornness. The Sidonians burned up themselves and their families rather than surrender to Artaxerxes. Naturally,the archives went up in smoke, too.

Other early Mediterranean peoples also accomplished notable feats of engineering before the start of written history. Even though only a fewwritten words have come down from this age in these regions, the silentruins bear witness to the fact that here, too, men asserted their mastery over matter with all the energy, daring, and craft of a modern engineer.

In the second millennium b.c., in Crete, a line of sea kings, ruling from Knossos, built exquisite unfortified palaces with stone walls and post-and-lintel colonnades. Pillars of tree trunks, installed upside down lestthey begin to sprout during the rainy season, supported the lintels.Ceramic drain pipes carried away the water from elegant baths. Thepastel murals with which the walls were decorated still show us youthsand maidens performing perilous gymnastics on the horns of bulls, whilelong-haired Cretan men in loin cloths and ladies in off-the-bosom dresseslook on.

Smaller palaces rose at Mallia on the north coast and at Phaistos on the southern. Whether these cities were parts of one realm or capitals ofrival states we know not. About —1700, an earthquake shook downthese palaces. Soon they rose again, more splendid than ever, and stooduntil the downfall of Minoan civilization about —XV. The likeliestcauses for this downfall are the great eruption of the island of Thera,which blanketed the eastern Mediterranean with volcanic ash; anddeforestation, which deprived the Minoans of timber for their galleys,on which their sea power depended.

Less gorgeous to look upon than the Cretan palaces but just as important from the engineering point of view was the stone-paved road that stretched away from Knossos and possibly linked all three capitals.This was the first stone-paved road in the European area and perhapsone of the first in the world.

During and after the great days of Crete, kings on the Greek mainland built palaces at Mycenae and Tiryns, fortified with thick cyclopean walls. From a distance these structures look not unlike ruined medievalcastles. Up close, you see the crude strength of the massive masonry, ofenormous stones with smaller stones plugging the chinks between them,and realize that here are relics of an earlier, simpler, and ruder world.

The Mycenaean kings also built remarkable beehive tombs for departed royalty. These tombs had the form of huge corbelled domes, which, when finished, were completely buried under tons of earth, making artificial hills. Buried with the dead were quantities of jewelry andmasks of thin hammered gold.

During the same period, the people of Sardinia built no less than 6,500 thick-walled defensive structures, from single towers to complete castles,using the same cyclopean construction. Interior rooms and passages werecorbelled, so that the rooms had a tall conical shape. The prehistoricMaltese, using similar methods, raised nearly a score of huge stonetemples.

So, as far as engineering is concerned, the Golden Age of Greece was a natural outgrowth of the technical methods already worked out byvarious Mediterranean peoples in the days before written history. Whilemighty monolithic empires rose and fell in the river valleys of the East,the Mediterranean folk—lively, garrulous, enterprising, and often irreverent—grew swiftly in technical skills, until they bade fair to overtakethe older cultures of the lands of morning.


THE GREEK ENGINEERS
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Around —1000, when David and Solomon reigned in Israel, the young Mediterranean civilization of Crete and Mycenae sank under theinvasion of the Dorians and other barbarous newcomers. Three to fourcenturies later, the invaders had mingled with the natives of the rockyisles and rugged shores of the Aegean Sea to form a new folk, the Hellenes or Greeks. The Greeks dimly remembered the cultured era beforethe invasions in legends like those of the siege of Troy, the wanderingsof Odysseus, and the reign of King Minos in Crete. No true, trustworthyhistory, however, survived from that elder day, because no writings thatanybody could read came down.

East of the Greeks, four mighty kingdoms throve: the Lydian, Median, Chaldean, and Egyptian, all soon to be engulfed by the rising PersianEmpire. Their influence, brought overland through Lydia and overseaby the Phoenicians, stimulated the Greeks to develop a civilization oftheir own. Authentic Greek history begins about —700. For the firstcentury, however, this history tells us little save that this seafaring folkfounded colonies on many shores of the Inner Seas, from Spain to theCrimea, and maintained a shadowy spiritual unity by athletic meetsevery four years.

The time from the early —500s to the late —400s is called the Golden Age of Greece, because then the Greeks made extraordinary advancesin art, literature, science, philosophy, and democratic government. Butthe Greeks of the Golden Age did not snatch their ideas out of the thinair of Mount Olympos.

Their land is not rich. It is rugged beyond the conception of anybody who has not seen it; the landscape looks somewhat as the Grand Tetonswould look if they were lowered until the sea foamed about their feet.The interior is so cut up by mountain ranges that communication withthe gods must have seemed easier than communication with a townacross the ridge.

The Greeks borrowed ideas from the Egyptians, the Babylonians, and the Phoenicians, much as these peoples in their time had borrowed ideasfrom each other. The remarkable thing about the Greeks of the GoldenAge is that they made so much of their borrowings so quickly.

In Greece we see the first hint of the connection between engineering and pure science, which has become a commonplace of the modernworld. Pure science in Greece, freed for the first time from priestlysupervision, developed haltingly. The first surge in science took place inMiletos, on the western shores of Asia Minor. Here in the —500sflourished the astronomer and physicist Thales; his pupil the geographerAnaximandros; and the latter’s pupil Anaximenes. The mathematicianPythagoras fled from nearby Samos to escape the tyranny of the localpolitical boss. Later, other Ionian thinkers pondered and wrote on nature, geography, and history.

Hardened by incessant warfare among their tiny city-states, some of the Greeks of European Greece sent help to the Greek cities of AsiaMinor when the latter revolted against Persian rule. After crushing thisrevolt, the Persian king Darius I looked sternly across the Aegean Seaat those he considered troublemakers. He had already, in —512, conquered Thrace and reduced Macedonia to a tributary state with the helpof a Samian engineer, Mandrokles, who built a floating bridge acrossthe Bosphorus.

So, in —490, Darius the Great sent an expedition by sea against the Athenians, whom he deemed the worst troublemakers of all. The Persians landed at Marathon, eighteen miles northeast of Athens across thetapering Attic peninsula. The Athenians marched to meet them withtheir hearts in their mouths. For the Persian force, though small, stilloutnumbered the Athenians; the Persians were practically unbeaten; andthe promised help from Sparta had not yet come.

Here luck and technology came to the aid of the Athenians. The invincible Persians depended on foot archers and cavalry. The archers, shooting from behind a palisade of wicker shields, softened up the foe.Then the horsemen swarmed out and cut the enemy to pieces.

But, as a result of some logistical difficulty like that which sent Teddy Roosevelt’s Rough Riders to Cuba without their mounts, the Persians’horses had failed to reach the scene. So the world’s most dashing cavalrywere condemned to stumble about on foot as best they could.

Moreover, Greek bronzesmiths had already developed a new suit of armor for the Greek heavy infantryman or hoplites. A bronzen helm witha towering horsehair crest and projections to guard his nose, cheeks, andneck protected his head. A bronze cuirass, molded to fit his manly form,inclosed his torso. A kilt of leather straps studded with bronze buttonswarded his loins, while bronzen greaves protected his legs. His shield wasa circular structure of wood and leather, a yard across, with a facing ofthin bronze. The Greek soldier’s main offensive weapon was a shortstabbing spear. He used his short broad chopping sword only when hisspear was lost or broken.

The Persians had no such panoply. Later, in Xerxes’ time, they began to fit heavy cavalry with shirts of iron scale mail. But it is unlikely thatany of Darius’ soldiers were so equipped. Most of them, probably, wentinto battle simply in their uniform hats, coats, and trousers, with a spearand a buckler.

In addition the Greeks, like the Assyrians before them, had developed close-order drill. Instead of rushing forward in a disorderly mob, with each captain leading his own little knot of fighters, theGreeks had learned to march in ranks and files to the tune of flutes andto dress their lines, so that a company presented a bristling, impenetrable hedge of spears and shields. They may even have marched in step.

When the Athenian line advanced, the Persian archers loosed their withering blast. The Athenians failed to wither; they plodded ahead,arrows bouncing from their bronze defenses. Then they charged. Onceat close quarters, they had their unarmored foes at a grievous disadvantage.

In the center the Persians drove back the lobster-shelled Hellenes by weight of numbers and fierce fighting. But the Athenian wings closed in;the fight became a massacre; and the Persians fled to their ships, leavingover six thousand on the field.

To the Persians, this was a minor border skirmish. To the Greeks, on the other hand, it was an event of great moment, for it gave them thecourage to face the much greater host that Xerxes led into Greece twelveyears later.

In —480, Xerxes decided to end the squabble with these belligerent Westerners by extending his sway over European Greece. So he ordereda bridge built over the Hellespont. The bridge was built but destroyedby a storm. Xerxes had the engineers beheaded and appointed others,headed by the astronomer Harpales.1

Warned by their predecessors’ fate, the new crew built a bigger bridge with larger safety factors. The engineers anchored 674 galleys in a doubleline. They connected each line by two cables of flax, weighing 50 poundsa foot, and four cables of papyrus. Long planks were laid at right anglesto the cables, brush was piled on the planks, and earth on the brush.Over this bridge Xerxes’ vast army—perhaps more than 150,000 soldiers,with several times that number of noncombatants—passed in safety, mostof them to leave their bones in the stony soil of Hellas.2 After his navywas crushed at Salamis, Xerxes took one of his three army corps backto Asia Minor; another was smashed by the Greeks at Plataia; and, ofthe remainder, many died of starvation during the retreat.

Athens emerged from the struggle as the leading state of Greece. To wage the war against Persia, which dragged on for another thirty years,the Athenians and their allies formed the Delian League. Members sentmoney for ships and arms to the League’s treasury at Delos.

Soon, however, the Athenians moved the treasury of the League to Athens and transformed the League into an Athenian empire. Thusbegan the Golden Age. Perikles, one of history’s greatest statesmen, roseto power in Athens. In his charm, dauntless courage, many-sidedness,high-mindedness tempered by low political cunning, and sagacity flawedby extravagance and a weakness for the grandiose, he reminds one ofFranklin D. Roosevelt.

Now, Perikles was a ruthless imperialist, though that was not then considered wrong. Determined to make his beloved Athens the mostbeautiful city on earth, as well as the world capital of the arts andsciences, he spent the Delian treasury on a huge program of building.When the other members of the League protested, Perikles told themthat so long as Athens protected them it was none of their businesswhat was done with the money.

In —480, Xerxes’ soldiers had burned the old temples on the Athenian Akropolis. During the —440s and —430s, Perikles retained the leadingartists and architects of the time to cover the Akropolis with temples,shrines, and statues, the very ruins of which today provide one of theworld’s most splendid sights.

The Akropolis, a great ship-shaped flat-topped rock, towers over the city. Worshipers climbed the steep western slope along a zigzag pathlined with statues. At the top, this path led through a monumental gateway, the Propylaia, remarkable for the use of wrought-iron bars to reinforce the marble ceiling beams. This is the first known use of metalstructural members in building.

The aperture of the Propylaia framed the Parthenon,3 or temple of Athena, a hundred yards away and a little to the right. The Parthenon,built by the architects Iktinos and Kallikrates, covers an area 101 by228 feet. In building it, the architects deliberately used clever opticalillusions. Many of the lines that one would expect to be straight are not.The columns have a slight bulge and lean slightly inward. The steps surrounding the temple bulge slightly upward in the middle. The columnsat the comers are a little thicker than the others lest, having only the skybehind them, they appear thinner. The architects artfully exaggeratedthe natural perspective to make the temple look even larger and granderthan it really is.

Similar refinements were used in later temples. Impressive as the surviving Greek temples are, however, the emotions to which they give rise are probably due less to the artistic skill of Iktinos and his colleaguesthan to the associations that they conjure up. To an educated modernman, a Greek temple is not just a mass of masonry, of good workmanship if somewhat primitive design. Instead it is Zeus and Aphrodite,Jason and Achilles, nymphs and centaurs, Marathon and Salamis,Homer and Pheidias, Perikles and Plato, and all the other glowingimages that the concept “ancient Greece” evokes, as if it were one ofKeats’s

Charm’d magic casements, opening on the foam

Of perilous seas, in faery lands forlorn.4

For the Parthenon’s statues, Perikles hired Pheidias, the leading sculptor of the age. Pheidias had already made a thirty-foot bronze colossus of Athena Polias,5 which stood about a hundred feet beyond thePropylaia, to the left of the Parthenon.

For the main hall of the Parthenon, Pheidias created a huge gold-and-ivory statue of the goddess. He also executed, for the pediments at the ends of the roof, two groups of statues representing scenes from themyths of Athena. And he supplied the many matchless reliefs for thefrieze around the main wall and for the metopes around the entablature(the structure just above the columns and below the roof).

Later, in Elis, Pheidias made a gold-and-ivory statue of Zeus for the temple at Olympia. This statue was listed among the ancient Wonders ofthe World.

There are various tales of Pheidias’ fate. According to Plutarch, whoseaccount seems the most plausible, Pheidias returned to Athens but wasthere attacked by Perikles’ political enemies. These accused him of stealing some of the gold for the statue of Athena and of impiously carvinghis own face on one of the warriors in the reliefs. The sculptor wasaccordingly put in prison, where a sickness carried him off.

For almost a thousand years, the Parthenon shed its glory on Athens. Then, like many other temples, it was converted into a Christian church.This involved removing statues, cutting doorways through the walls, andbricking up the spaces between the columns to make new walls. Thegold-and-ivory Athena disappeared, so today we can only guess at itsappearance from what we know of the conventions of Greek religiousart.

Later, under the Turks, the Parthenon became a mosque; but it was still in fair repair in 1687. At that time the Turks, at war with the Republic of Venice, stored gunpowder in the temple. A German gunnerwith a besieging Venetian army dropped a mortar shell through the roof,igniting the stored powder and blowing out the whole central part of thetemple.

After the city fell, the art-loving Venetian general, Francesco Morosini, tried to remove the chariot of Athena from the West Pediment. But the workmen, unused to such a task, dropped the sculpture and smashedit.

When the Earl of Elgin was British ambassador to Turkey in 1801, he found that the Athenians of that less artistic age were feeding the remaining sculptures into limekilns. Getting permission from the Turkishgovernment, which cared nothing about such things, Elgin removed mostof the remaining sculptures and shipped them to England. When theship transporting the marbles ran on a rock off Kythera and sank, Elginhired divers to bring up the sculptures and finally got them to theirdestination. There he sold them to the British Museum for £36,000—little more than half of what he had spent in collecting them.

Thirty years later, when Greece became independent, the Greeks demanded the sculptures back, but to this day the Elgin Marbles continue to dwell in London.

In +XX the Greeks, with the help of American donations, began to put the ruins of the Parthenon back together. Reassembly and restoration have continued slowly on the Akropolis ever since. Framed in thedoorway of the Propylaia, the Parthenon, even in ruins, is still a breathtaking sight.

However, the traveler who wants to see Greek temples more or less intact does better to study the temple of Hephaistos (the so-called “Theseum”) in Athens, or the temples at Paestum in southern Italy, and at Segeste and Agrigento in Sicily. But, while these temples are structurally better preserved than the Parthenon, those in Italy and Sicily lackits finish. For the western Greeks, not having the excellent marbles ofAegean quarries, coated their temples with stucco. This has now wornoff, leaving a rough and pitted surface.

Of the other Greek temples, some, like those at Selinunte in Sicily, have been shaken down by earthquakes. Some, like the temple of Zeusat Olympia, were pulled down on orders of the Roman emperor Theodosius II to suppress competitors of the new state cult of Christianity(+V). And many were demolished by Byzantines, Crusaders, or Turkswho wanted the stone for building and fortification.

To recapture the full beauty of the Parthenon when new, you can find faithful small models in museums, such as the Metropolitan Museum ofArt in New York. There is even a life-sized replica of this temple, inconcrete, in Nashville, Tennessee, the interior of which is used as anart museum. The Nashville Parthenon, alas, is defective in two regards.First, the concrete is not very good and is already crumbling. Second,whereas on the side walls of the original Parthenon no two reliefs werealike, the builders of the Nashville replica saved money at the cost ofauthenticity by making the friezes on the two sides duplicates.

Greek temples followed a design that spread all over the Mediterranean world, lasted for centuries, was revived in Renaissance Europe, and is still used in modified form in some modern art museums, banks,churches, and memorials.

The earliest Greek temples were small boxlike buildings of brick or stone, housing a rough-hewn image of a god. Over the temple rose alow-gabled roof of wood, except that in a few temples the center was leftopen to the sky.

The Greek temple was strictly a god-house; only the priests were allowed inside. To shelter worshipers from the rain, the side walls androof extended forward to form a small porch. A pair of posts cut fromtree trunks held up the roof over this porch. The Greeks never inventeda true roof truss, wherein a series of beams are joined together to form arigid structure made up of triangles. Instead, they relied upon an elaborate system of posts and lintels.

As time went on, the Greeks built more splendid temples. Marble columns took the place of wooden posts. Stone replaced brick in thewalls. Stone architraves—the long horizontal members resting on top ofthe columns and holding up the roof—took the place of wooden lintels.

Statuary filled the pediments—the triangles formed by the gables at the ends of the building. Roof tiles were substituted for wooden shingles.The roof, now upheld by rows of columns running clear around thebuilding, extended out in all directions.

Temples grew larger and larger. The Didymeion near Miletos covered an area 160 by 360 feet and was surrounded by a double row of 60-footcolumns. Of about the same size was the Artemision of Ephesos, betterknown from the Bible (Acts xix) as the temple of Diana of the Ephesians.

This temple began as a small shrine (—VIII) and grew by successive rebuildings. For the rebuilding of —600, the architect Chersiphron devised an ingenious scheme for moving column drums to the site. Fearingthat if he loaded them on carts, the carts would get stuck, he fitted awooden frame around each column drum with a pivot on each end.Then he had each drum pulled by a team of oxen, rolling along on itsside like a lawn roller.

A still larger version of the Artemision endured from —540 to —356, when a youth named Herostratos, craving eternal notoriety, set fire to it.The final version, with one hundred 60-foot columns, remained intactuntil the Goths destroyed it in +262.

In such major structures, Greek architects avoided the use of mortar. Instead, they trimmed their stones to an extremely accurate fit andbonded the marble blocks together with I-shaped iron cramps. Afterchiseling slots in the adjacent parts of the blocks, they inserted the crampsand poured molten lead into the space between the iron and the stoneto make all secure. Ancient buildings from classical times are often pockmarked where greedy men of later ages chiseled out these cramps to sellthe metal.

Like the Egyptians, the Greeks persisted in using the architectural forms that they were accustomed to from the days of wood. All thedetails of the entablature, with its cornices, friezes, and so forth, werecopies in stone of wooden structural elements. Greek builders even imitated the pegs that held the ancestral wooden structure together by addinglittle stone knobs called “drops.”6

In spite of the emotional effect that Greek temples have on the modern beholder, from the strictly engineering point of view Greek temple design remained comparatively static and unprogressive. The architectsnot only failed to invent the roof truss, but they did not, until late Roman times, try out the arch, long known in the East.

The earlier Greek architects developed two styles of temple, distinguished mainly by the shape of the capitals at the tops of the columns. The Doric capital, much used on the Greek mainland, had a simple,bulging, cushion-shaped surface.7 The supreme example of the Dorictemple was the Parthenon.

The Ionic column, first used in Ionia, had a more ornate capital, with a pair of spiral ornaments on each side. These spirals, called volutes,are probably derived from some of the leafy forms that the Egyptiansgave the tops of their columns. Each style of temple had elaborate rulesof proportion and detail. Doric columns, for instance, were supposed tobe about eight diameters tall, while Ionic columns were nine times astall as their diameter.

At last the architect Kallimachos (—V) got bored with endless minor variations of the same two orders of Greek temple and invented a neworder, the Corinthian. Vitruvius tells a charming story about this invention:

A girl, a native of Corinth, already of age to be married, was attacked by disease and died. After her funeral, the goblets which delighted her when living, were put together in a basket by her nurse, carried to the monument, andplaced on the top. That they might remain longer, exposed to the weather,she covered the basket with a tile. As it happened the basket was placed uponthe root of an acanthus. Meanwhile about spring time, the root of the acanthus, being pressed down in the middle by the weight, put forth leaves andshoots. The shoots grew up the sides of the basket, and, being pressed downat the angles by the force of the weight of the tile, were compelled to formthe curves of volutes at the extreme parts. Then Callimachus, who for theelegance and refinement of his marble carving was nick-named catatechnos[“artificial”] by the Athenians, was passing the monument, perceived thebasket and the young leaves growing up. Pleased with the style and novelty ofthe grouping, he made columns for the Corinthians on this model and fixedthe proportions.8

In actual fact, the Ionic capital evolved into the Corinthian by gradual stages, by the addition of more and more plant elements. In time the ornate leafy splendor of the Corinthian diffused about the Greekworld. Later, the Romans took it up and spread it from Spain to Lebanon; and men of the Renaissance, loving its showy intricacy, brought itdown to the world of today.

Meanwhile, inside the temples, the crude wooden eidolon of the earliest temples became a beautiful statue of marble, bronze, or a combination of materials. Marble statues were painted to look lifelike; leaving a marble statue in its natural corpselike pallor is a modern idea.Starting with crude imitations of stiff Egyptian statuary, the Greeks ofthe Golden Age produced the greatest sculptors of all time.

Never has any people gone in for statuary with such enthusiasm. At first their sculptors made statues of gods and heroes, then statues ofeverybody of importance, until each small town was decorated withhundreds of statues and every city with thousands. Roman generalsplundered Greece of thousands of statues, but there were still thousandsleft.

Only a handful of these statues, however, have come down intact. What we have, with few exceptions, are fragments and late Romancopies. Those Greek originals that have survived whole usually did soby being buried—accidentally or on purpose—or being sunk to the bottom of the sea. What Greece still has in abundance are the marble basesof statues. In the upper surface of such blocks appear a pathetic pairof footprints, where the statue’s feet once rested.

Most of the statues disappeared during the Dark and Middle Ages, when Christianity taught people to despise pagan art. Rulers melted thebronzen statues for money, while peasants broke up the marble oneswith sledge hammers and cooked the pieces in limekilns to make mortar.

Another characteristic Greek public structure was the theater. The Cretans of the Minoan Age seem to have devised the first places wherepeople sat on tiers of benches to watch a public performance; in thiscase bull-grappling. All that we know of this perilous procedure is whatwe can infer from Cretan paintings. We do not know whether the Minoan bullfight was mainly a religious ceremony, a sport, or a means ofgetting rid of prisoners, criminals, and other unwanted persons.

Theaters in Greece evolved out of simple open spaces for the performance of religious rites. Greek drama developed from these rites. A site in the shape of a half-bowl was soon found to be the most convenient. At first, terraces dug in the hillside served as seats. Then woodenseats were provided, and finally stone seats. In democratic states, thetheater also served as a place for the citizens to meet and ,be stirred towise or foolish action by their orators.

The first theaters had two parts: the theatron or “seeing place,” the sloping semicircular part where the spectators sat; and the orchestra or“dancing place,” the flat section in the middle where the action tookplace.

Later was added the “booth” or skene, whence our word “scene.” This was a building, at first of wood, facing the audience across theorchestra. There the actors kept their costumes and props and thencethey entered the stage.

In the Golden Age, the enlarged skene was equipped with advanced stage machinery for producing special effects. There was a hoist forlowering to the stage an actor dressed as a deity, when the play calledfor a god to step in at the climax and set things to rights, much as theLone Ranger once did on television. Hence the term deus ex machina.

The skene might also have wings on which were mounted triangular wooden prisms, the periaktoi, whereon were painted scenes to correspond to the acts of the play. The prisms were turned to show the appropriate scene. A similar scheme is used in advertising displays today.

The Greeks knew the wave nature of sound and developed a theory of acoustics for use in planning their theaters. The acoustics of thetheater at Epidauros are so good that today tourist guides demonstratethem by striking a match while standing in the orchestra; the scratchis easily heard by tourists on the upper benches. Architects also placedvases of bronze or pottery about a theater, with their open ends pointingtowards the orchestra, to act as resonators.9

In addition to all his building and his fostering of art, Perikles was probably responsible for the Long Walls, a noted fortification at Athens.These walls extended four miles from the city to the Saronic Gulf. Theyare thought to have been as high as those of Peiraieus, the port ofAthens, which were 60 feet tall. Originally two walls were built, onefrom Athens to the harbor just west of the peninsula of Peiraieus, whilethe other inclosed the small seaport of Phaleron. Then a third wall wasbuilt between the other two, close to the Peiraic Wall, and the PhalericWall was allowed to decay.

These Long Walls enabled Athens to hold off the Spartans during the Peloponnesian War. The superior Athenian navy kept the Spartansfrom interfering with Athens’ foreign trade, while the Long Walls prevented the powerful Spartan army, which lacked siege machinery, fromcutting off Athens from its seaport. When the Spartans destroyed theAthenian fleet at Aigospotamoi, they made the defeated Athenians teardown the Long Walls, but the walls were soon rebuilt. Corinth built apair of similar walls to its seaport.

Next, Perikles decided to develop the Peiraic peninsula, with its three excellent natural harbors, as the port of Athens. For this purpose heimported an architect, Hippodamos of Miletos, to lay out a new portcity.

Hippodamos planned Peiraieus on the grid plan, long known in Mesopotamia and India, with straight wide streets crossing at right angles.Whether Hippodamos got his ideas by travels in the East we know not.He was an individualist who dressed eccentrically and wrote one of thefirst utopian tracts, setting forth his constitution for an ideal city. Amongother things he proposed “to honor those who discover anything whichis useful to the state.”10 This might be considered the first proposal fora patent law. In later centuries, grid plans like Hippodamos’ becameusual for new Greek cities.

The Periklean Age, so swiftly progressive in other respects, was a time of anti-scientific reaction in Athens. The initial surge of scientific effortacross the Aegean in Ionia had spent itself. The Ionians’ doctrines hadat best been highly speculative; with few facts to go on and little ideaof experiment, they made so many guesses about the problems of naturethat they were bound to be right sometimes. But at least they soughtrational answers to mundane problems instead of resorting to dreams,oracles, and other supernatural sources.

Not that Perikles himself was anti-scientific. He was a friend and patron of all Athenian intellectuals, scientists included. One of hisfriends was the elderly Ionian philosopher, Anaxagoras of Klazomenai,who had settled in Athens. Here Anaxagoras taught that the sun was“a mass of red-hot metal . . . larger than the Peloponnesos,” and “thatthere were dwellings on the moon, and moreover hills and ravines.”11Because of these teachings, Perikles’ enemies brought a legal actionagainst Anaxagoras on grounds of impiety. Perikles saved his life, butAnaxagoras had to pay a heavy fine and leave Athens.

Periklean Athens harbored plenty of philosophers, but most of these were not scientifically inclined. Even the great Sokrates was anti-scientific, priding himself on “refusing to take any interest in such mattersand maintaining that the problems of natural phenomena were eithertoo difficult for the human understanding to fathom or else were ofno importance whatever to human life.”12

Sokrates’ pupil Plato,13 although an enthusiast for mathematics, was otherwise even more anti-scientific than Sokrates. He sneered at experimental science:

. . . that knowledge only which is of being and of the unseen can make the soul look upwards, and whether a man gapes at the heavens or blinks atthe ground, seeking to learn some particular of sense, I would deny that hecan learn, for nothing of that sort is science ... in astronomy, as in geometry, we should employ problems, and let the heavens alone . . .14

In other words, the “true” astronomer should dredge correct knowledge of the universe out of his inner consciousness, without bothering about stars and planets.

There were, however, some real scientists in the Golden Age besides Anaxagoras, and some of them were engineers as well. One, for instance, was Archytas of Taras (Roman Tarentum, modern Taranto),a Greek city in southern Italy. Archytas was seven times elected president of his city, yet he found time to solve a number of problems inmathematics and mechanics and to make several inventions, including achild’s rattle and a mechanical bird that flew by compressed air. Somehistorians of technology think he invented the screw.

Archytas was a friend of Plato despite the latter’s bias against science, especially science of practical utility. Between —367 and —357, Platotwice visited Syracuse, then under the tyrannos Dionysios the Younger.(The Greek word meant “boss” or “dictator,” whether or not his rulewas oppressive or tyrannical in the modern sense.) Here Plato tried toput into effect his theories of making kings into philosophers and philosophers into kings by preaching to Dionysios (if Plato’s letters thatthe story of the visit is based upon are genuine). At last the tyrannoslost patience, put Plato under house arrest, and would probably havehad him killed had not Archytas sent a galley to rescue him.

While the Greeks took over foreign engineering ideas and improved upon them, Greek engineering was, on the whole, not so remarkable asother Greek achievements. Although the professions of architect (archi-tekton), engineer (technites), and machinemaker (mechanopoios) wererecognized as respectable, Greek technical achievements of the GoldenAge were rather modest. One reason, no doubt, was that no Greekcity-state commanded the wealth or the manpower to execute grandiosepublic works, like those of the watershed empires.

Most Greek roads, for example, were mere tracks. Some of these tracks followed the beds of Greece’s many dry rivers, streams that ranwith water after winter rains but were dry the rest of the year.

Elsewhere, a road was often a pair of ruts—dug, chiseled, or simply worn—in the stony soil. Sometimes the ruts were lined with cut stoneand provided with switches and sidings like those of a railway. Eachrut was about 8 inches wide and 3 to 6 inches deep. The gage—the distance between the centers of the ruts—varied in different places from4' 6" to 4' 11". Hence a Syracusan who brought his chariot to Athensfound that his wheels were too far apart to fit the ruts.

The streets of most Greek cities were muddy, filthy alleys, although a few were paved with slabs of fieldstone, with a dressing of mortar. Therewas no attempt at drainage. The stroller harkened to the cry of exito!(“Coming out!”) which meant that a load of refuse was about to bethrown into the street.

The private houses of even the larger cities were small and undistinguished. They followed the Near Eastern pattern with a blank wall of mud brick toward the street and all the rooms opening on an interiorcourtyard.

Some public works were undertaken to improve the land. The steep, rocky slopes and short, swift, intermittent rivers of Hellas did not lendthemselves to irrigation. But the Greek engineers undertook to drainmarshes, not only because they needed more land for farming but alsobecause they had a vague feeling that bad air or “harmful spirits”15rising from the marshes caused disease. They were not entirely wrong,except that the disease-carrying agent was not air or spirits but themalaria-bearing mosquito.

At the time of the Persian Wars (—V) the leading statesman of Akragas16 in Sicily was the magnate and philosopher Empedokles.This brilliant if eccentric thinker devised the theory that all matter ismade of four elements: earth, air, fire, and water. Empedokles alsoimproved the health of the people of Selinous17 by draining the localmarshes.

About the same time, the architect Phaiax provided Akragas with an elaborate system of water channels and tanks to furnish the citizenswith water from nearby sources. Phaiax’s water mains can still be explored, albeit with some labor and risk.

In Greece proper, marshy Lake Kopa’is in Boiotia presented a difficult engineering problem. This lake had several inlets but no outlet on the surface. The water escaped through underground channels in thesurrounding limestone mountains. From time to time, these channelsbecame blocked by silt, or an earthquake cut them off by faulting. Thenthe lake rose and flooded the towns on the marge.

From prehistoric times, efforts were made to drain the lake by driving two artificial tunnels under it. Later, Alexander sent an engineer toclear the channels, and other engineers continued these efforts into lateRoman times. Then, with the general decay of public works, the lakewas allowed to fill up. In the 1890s the channels were once more opened,so that today the lake bed is solid farmland.

Another pick-and-shovel project, at which several Greek engineers had a try without success, was digging a canal across the Isthmus ofCorinth, which joins the Peloponnesos to the rest of Greece. Several ancient rulers, beginning with Periandros, tyrannos of Corinth about —600, attempted this task, but all found the job too big for them. Instead, small ships were pulled across the isthmus on the diolkos, a kindof tramway, by means of rollers.

Herodotos told of what he considered the three greatest engineering works of the Greeks in his day. All were on the island of Samos. Onewas a temple, and as for the other two, built under the tyrannos Polykrates:

One is a tunnel, under a hill 900 feet high, carried entirely through the base of the hill, with a mouth at either end. The length of the cutting is almost amile—the height and width are each eight feet. Along the whole course thereis a second cutting, thirty feet deep and three feet broad, whereby water isbrought, through pipes, from an abundant source to the city. The architect ofthis tunnel was Eupalinos, son of Naustrophos, a Megarian. Such is the firstof their great works: the second is a mole in the sea, which goes all roundthe harbor, nearly 120 feet deep, and in length over 400 yards.18

This tunnel, explored in the 1870s and 80s, turned out to be smaller than Herodotos had said. It was 3,300 feet long and about 5.5 feet inwidth and depth, with a trench for the clay pipe 3 to 25 feet deep. Thetunnel was cut from both ends. The crews missed making a perfect joinin the middle by 20 feet horizontally and 3 feet vertically. Hence thetunnel has a kink in the middle. But, to make even that close a meeting,Eupalinos must have used surveying instruments, though just what kindis not known.

The Golden Age of Greece was brought to a close by Sparta’s defeat of Athens in the Peloponnesian War (—431 to —404). Sparta was asmall town in a broad flat valley, which lay between towering mountainranges in the southern Peloponnesos.

The original Spartans had conquered various neighboring peoples, made serfs of them, and kept them cowed by terrorism. To make theirrule secure, the later Spartans completely militarized their society. Aftertheir victory over Athens, they ruled all Greece for a time.

We think of the Spartans as brave to excess, grimly dutiful, curt, somber, brutal, and stupid. Yet their smiths are said to have made thefirst locks and keys of the modern type. Earlier keys were simple curvedrods of wood, bone, or metal to be thrust through a hole in the door inorder to tease the bolt back.

Moreover, a recent theory holds that the Spartans owed their success in war to having invented steel, or at least to having been the first toequip all their soldiers with steel weapons (—VII), at a time when everybody else was still using weapons of soft wrought iron or even of bronze.

Now, steel is an alloy of iron and carbon. Wrought iron—soft, malleable, and hard to melt—contains very little carbon, usually less than 0.1 per cent. On the other hand, cast iron—hard, brittle, and easy tomelt—contains 2.0 to 4.0 per cent of carbon. Steel, with an intermediatecarbon content, more or less combines the hardness of cast iron withthe workability of wrought iron, while it is stronger and springier thaneither.

Nearly all the iron smelted by ancient smiths would today be classed as wrought iron. Their method was to dig a pit in a hillside, line it withstone, fill it with iron ore and wood or charcoal, and ignite the fuel.When the fuel had all burned up, a porous, stony, glowing mass wouldbe found among the ashes. This was fished out and hammered, amid ashower of sparks, to compact the iron and squeeze out the impurities.The finished lump, called a “bloom,” was about the size and shape of alarge sweet potato.

In time men learned to make the fire hotter by blowing on it with a bellows and to build a permanent furnace of brick instead of merelydigging a hole in the ground. Steel was made either by smelting iron orewith a large excess of charcoal, or by packing a piece of wrought ironwith charcoal and cooking it for days until the iron absorbed enoughcarbon, or by melting low-carbon wrought iron with high-carbon castiron so that the resulting mixture should have the medium carbon content desired.

Cast iron was invented in China (—IV). In the West, cast iron, though known in classical times, never became easy to make until improved furnaces, either derived from China or invented independently,appeared in medieval Europe, and it never became really cheap andcommon until +XIX.

Although the Peloponnesian War devastated Greece, led to fierce civil conflicts, and brought down the Athenian Empire, scientific progressspeeded up after this war. Pure science took another spurt. This advance was mainly identified with Plato’s pupil Aristotle (—IV) and theschool he founded at Athens. Engineering also advanced and, in —III,science and engineering flowered as never before under the Ptolemies,the Macedonian kings of Egypt.

The Greek armies of the Golden Age did not use elaborate engines of war. Hence walled cities were almost never captured save by treacheryor by a long siege to starve out the defenders.

An armed man atop a wall had a great advantage over another man who tried to climb up. The man above could shoot an arrow, cast ajavelin, thrust with a pike, or drop stones, hot pitch, melted lead, orred-hot sand. If none of these stopped the climber, the defender couldpush the ladder over; defenders kept forked poles handy for this purpose. Therefore, to attack a wall defended by even a meager numberof able soldiers, the attacker needed siege engines.

Towards the end of the Golden Age we begin to hear about such engines in Greece. Perikles is said to have attacked the walls of Samos with battering rams in movable sheds, built for him by Artemon ofKlazomenai (—441). In the Peloponnesian War the Boiotians, fightingon the side of Sparta, attacked the wooden stockade of Delion with ahomemade flame thrower:

They sawed in two and hollowed out a great beam, which they joined together very exactly, like a flute, and suspended a vessel by chains at the end of the beam; the iron mouth of a bellows directed downwards into the vesselwas attached to the beam, of which a great part was itself overlaid with iron.This machine they brought up from a distance on carts to various points ofthe rampart where vine stems and wood had been most extensively used, andwhen it was quite near the wall they applied a large bellows to their own endof the beam, and blew through it. The blast, prevented from escaping, passedinto the vessel which contained burning coals and sulphur and pitch; thesemade a huge flame, and set fire to the rampart, so that no one could remainupon it.19

Siege engines were already old at the start of the Golden Age of Greece; the Assyrians had developed the art to a high degree. There isan old theory that Homer’s “Trojan horse” was nothing but a batteringram, set up at the siege of Troy by the Achaeans’ oriental allies.

The Phoenicians, having learned about siege machinery from the Assyrians, spread this knowledge about the Mediterranean. Classical writers tell of Phoenician engineers who introduced battering rams suspended by chains from the roofs of wheeled sheds. This combination they calleda “ram tortoise.” To withstand the impact of heavy stones, the roofs ofthese engines were braced by timbers as thick as a foot square.

The Carthaginians soon began using such engines against the Greeks of Sicily. Both peoples had colonized this island, and each strove forcenturies to evict the other. This use of engines of war stimulated theSiceliot Greeks to one of the most remarkable engineering efforts ofancient times.

In —399, Syracuse—the New York of the Greek world—was ruled by the shrewd, ruthless, nearsighted Dionysios the Elder. This tyrannos(father of the Dionysios who persecuted Plato) anticipated later dictators by wearing a steel vest. Dionysios planned to attack the Carthaginian colonies in Sicily. To make sure that he had the advantage,

... he gathered skilled workmen, commandeering them from the cities under his control and attracting them by high wages from Italy and Greeceas well as Carthaginian territory ... he divided them into groups in accordance with their skills, and appointed over them the most conspicuouscitizens, offering great bounties to any who created a supply of arms.20

Thus was the first ordnance department launched; and so also was the now notorious “military-industrial complex.”

One task of Dionysios’ research teams was to develop warships larger than the standard triere. The dictator’s “purpose was to makeweapons in great numbers and every kind of missile, and also tetreres[ships with four banks of oars] and penteres [ships with five banks],. . . being the first to think of the construction of such ships.”21

We have no details of the progress of these projects, because ancient shipbuilding seems to have been carried on entirely by rule of thumb.There is very little solid information in all classical literature about shipbuilding and seamanship. Probably, down to early modern times, shipbuilding was in the hands of families or guilds who kept their lore secretand passed it down by word of mouth. Hence the earliest known bookon shipbuilding dates from 1536.

Nevertheless, it is tempting to try to reconstruct details of these superwarships on the basis of today’s knowledge. For instance, the most obvious first step would be to build ships that were simply enlarged trieres, with the oars in four or five banks instead of three. But difficultieswould arise.

In a triere the oars, though worked from different levels, were (by an ingenious arrangement of the rowers) nearly all of the same length.With four or five banks, however, the oars of the uppermost banks musthave been longer than the others. Such oars would have had a differentnatural period and would have been hard to keep in time with the rest.In fact, it probably proved difficult to row at all with such a bristlingmass of oars, no matter how arranged.

Perhaps as a result, the ships of these new types spread but slowly. The records of the Athenian dockyards for the year —330 show 393trieres of the standard type against 18 tetreres and no penteres. Butfive years later, the figures are 360 trieres, 50 tetreres, and 7 penteres.

What probably caused the sudden increase in the use of these new ships was that some forgotten genius suggested putting more than oneman on an oar. We can imagine that various combinations of men andoars were tried, because similar combinations were actually tested by theMediterranean powers in medieval and Renaissance times. These latermariners found that in the smaller galleys, with rowers in groups oftwo or three, it was more efficient to have each man pull his own oar.

In such medieval galleys, however, the rowers were staggered horizontally instead of vertically. The two or three men sat on one bench at an angle to the length of the ship, so that the inboard man was wellaft of the outboard one. Thus his oar passed in front of his seat matesand their oars—as long, that is, as the rowers kept strict time.

In the larger medieval galleys, it was found most effective to range the oars in a single bank and have four or five men pull each oar. Sothat the rowers could handle them, such large oars or sweeps were fittedwith cleats for the rowers to grasp.

Intermediate arrangements, such as four or five men on one bench, pulling two oars, did not work well. Besides being easier to manage,the use of multi-rower oars or sweeps was cheaper. On a sweep, onlyone man had to be a trained, well-paid professional oarsman. The restcould be labor of the cheapest kind.

At any rate, we may assume that in the —340s or —330s, some shipwright—probably a Phoenician, since Phoenicia and Phoenician Cyprus were active in marine invention at this time—began to build ships of awholly new type. These were ships with one or two banks of oarsand two to five men per oar. On each side was a frame or outriggercalled an apostis, in which the oars were pivoted. These new shipssoon took the place of Dionysios’ marine hedgehogs. Thereafter nameslike “tetrere” (“fourer”) or “quadrireme” and “pentere” (“fiver”)or “quinquireme” no longer referred to the number of banks of oarsbut to the number of files of rowers on each side. By the end of—IV, shipwrights were building ships of every rate up to tenners andeleveners.

Another of Dionysios’ teams invented the catapult. This first catapult was essentially a large crossbow mounted on a pedestal. It shot a dartlike a massive arrow, up to six feet long.

Two years later, Dionysios took a battery of his new weapons to the siege of Motya, a Carthaginian colony at the western end of Sicily.When a Carthaginian commander, Himilkon, brought a fleet fromAfrica to help the Motyans, he burst into the harbor and found theSyracusan ships drawn up on the beach.

Himilkon attacked the first ships, but was held back by the multitude of missiles; for Dionysios had manned the ships with a great number of archersand slingers, and the Syracusans slew many of the enemy by using from theland the catapults which shot sharp-pointed missiles. Indeed this weaponcreated great dismay, because it was a new invention at the time. As a result,Himilkon was unable to achieve his design and sailed away to Libya . . .22

So began the story of artillery. Using his catapults to clear the walls of Motya and attacking with battering rams and movable belfries ofthe Assyro-Phoenician type, Dionysios forced an entrance to the city.Although the Motyans fought with bitter heroism, at last the Greeksbeat down their resistance and began to massacre them. Dionysiosstopped the massacre, not from feelings of pity but from motives ofthrift, for he wanted the Motyans alive to sell as slaves.

It took several decades for knowledge of catapults to spread around the Mediterranean. Aineias the Tactician, who about —365 wrote Onthe Defense of Fortified Positions, barely mentions catapults. A fewyears later somebody took a catapult dart to Sparta as a curio. WhenKing Archidamos III saw it, he cried:

“O Herakles! The valor of man is extinguished!”23

Thus Archidamos uttered the first recorded protest against the mechanization of war. Such protests have gone on unheeded ever since. By —350 the arsenal of the city of Athens contained a pair of dart throwers,and in the following decade King Philip of Macedon made liberal useof them.

The early catapults had a sophisticated mechanism for cocking and releasing. On the pedestal was mounted a slanting wooden beam with alarge groove in its upper surface. This was called the syrinx or trough.The bow was fastened by brackets to the forward or upper end of thetrough.

Sliding back and forth in this groove of the trough was a smaller beam, with a smaller groove in its upper surface. This smaller beamwas called the diostra, “projector” or “slide.” At the after end of theslide was a crosshead of metal. This crosshead bore a trigger mechanism,with a hook or finger to hold the bowstring. The hook could be raisedto release the string by twisting a handle, striking a knob, or pulling alanyard.

At the after end of the trough, a windlass provided means for pulling back the slide against the resistance of the bowstring. On the sides ofthe crosshead of the slide were two pawls or dogs. As the slide wasdrawn back to the cocked position, these pawls clicked over the teethof two narrow bronze racks, one on each side of the trough.

To shoot, one started with the slide in the forward position. The bowstring was engaged with the hook. A crew of men then pulled the slide back by means of the windlass, bending the bow. The exact distancethe slide was drawn back depended upon the range desired. When thecommander decided that the slide was back far enough, the windlass wasslacked off. The pawls of the crosshead engaged the teeth of the rack,so that the tension of the bow could not pull the slide forward again.

The dart was placed in the small groove on the upper surface of the slide, either before or after cocking, and the engine was discharged byreleasing the bowstring from its engagement with the hook. The stringsnapped forward, leaving the slide behind and sending the missile on itsway. Then the slide had to be pulled forward by hand or by windlassin order to shoot again.

During the following century, a number of improvements were made in catapults. Some were built in large sizes for shooting balls of stone orbrick, weighing from 10 to 180 pounds. Brick had the advantage thatit usually broke on impact, so that the foe could not readily pick up theballs and shoot them back. Today, near the cave called the Ear of Dionysios in Syracuse, Sicily, you can see a pile of stone catapult balls afoot in diameter, weighing about one talent (60 to 70 pounds) apiece.

Stone-throwing catapults, first mentioned in connection with Alexander’s siege of Tyre (—332), may have been invented in Phoenicia. They were equipped with a pouch or strap in the middle of the bowstring tohold the missile. Dart throwers (oxybeloi) were used against men; stonethrowers (petroboloi or lithoboloi) against structures like ships and siegetowers.

The effective range of heavy, one-talent stone throwers was less than 200 yards, but dart throwers could shoot much farther. We hear ofdart throwers casting their missiles 600 to 800 yards, or twice the effective range of the stoutest longbow. Catapults built in modern timeson the ancient models have failed to exceed 500 yards, but this failuremay be due to lack of experience on the part of the builders.

Another development was a small, portable, one-man dart thrower or crossbow. The earliest crossbow was called a gastraphetes or “bellyweapon” because of the curved crosspiece at the butt end, which thearbalester braced against his chest. It was also called a hand catapultand a scorpion. Although the crossbow was well known from —IV on,
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Fig. 3. Heron’s gastraphetes or crossbow {after Diels & Schramm: Herons Belopoiika).



it never attained the popularity in classical times that it achieved in medieval Europe. The only detailed description of an ancient crossbowthat we have is by Heron of Alexandria (+1), who describes a rathercumbersome device with a bow of horn and the elaborate cockingmechanism of larger catapults.

Almost nothing is known about the inventors of these devices, save that one early catapult engineer was a Pythagorean philosopher of Taras,Zopyros, who may have flourished in early —IV.

Further improvements in catapults appeared in late —IV. Demetrios the Besieger, one of the generals who fought over the pieces of Alexander’s empire, mounted light dart throwers, shooting 27-inch darts, onships.

Another improvement was a change in the motive power of the catapult. Instead of using a solid bow of wood or other springy material, the catapult was built with a massive frame surrounding the trough. Througheach side of this frame was threaded (with a huge iron needle) a braidedrope of hair, up and down until two stout skeins had been built up. Apair of rigid throwing arms, thrust through the skeins, took the placeof the arms of the solid bow.

The skeins could be made either of horsehair or of human hair. Poor women sold their hair for skeins, and during sieges the women of thebesieged city often donated their hair to the defense.

The torsion catapult, with skeins of hair, proved more efficient than the flexion catapult with a solid bow. Because the torsion catapult couldthrow a heavier missile, or could shoot farther, than a flexion catapultof the same size, it largely replaced the latter.

The torsion catapult, however, was more complicated than the flexion catapult and harder to manage. For instance, its skeins would go slackwith long use or wet weather, so the catapult had to have means fortightening them. Therefore flexion catapults continued in use, as laterallusions to them show.

To describe these engines, the ancients used the terms katapeltes (or catapulta) and ballista. These meant simply “thrower” or “shooter”—that is, any missile weapon. These words were applied indiscriminatelyto all catapults. Although some ancient and modern writers have triedto limit one word or the other to some particular class of catapults,they have not done so in any consistent way.

The art of poliorcetics or siegecraft advanced swiftly during —IV. Cities that had been protected by walls of mixed stone, brick, and woodnow built walls of solid stone to withstand the new siege engines anddug deep ditches in front of these walls to keep the engines at a distance.Philip II of Macedon took a corps of siege engineers, headed by Polydosthe Thessalian, on his forays.

Later, Polydos’ pupils Diades and Charias performed the same office for Philip’s son Alexander the Great. Diades wrote the first known book on siege engines and invented the “crow” (korax). This was aflying bridge attached to the top of a belfry so that, when the towerrolled up to the enemy’s wall, the bridge could be lowered across the gap.

The most spectacular display of siegecraft in the ancient world took place in —305, eighteen years after the death of Alexander the Great.Alexander left, to squabble over his empire, two widows and a packof rapacious Macedonian generals. One widow murdered the other;then the generals murdered all of Alexander’s surviving relatives.

These generals, called the Diodochoi or Successors, made themselves kings over various parts of the empire. For over two centuries they andtheir descendants fought one another, none being strong enough to possess himself of the whole but none willing to content himself with less.

In —305 one of these generals, Demetrios called Poliorketes, “the Besieger,” attacked the island of Rhodes because the Rhodians refusedto join him and his father, the fierce and crafty old Antigonos the One-eyed, in an attack on Egypt. At that time, another general namedPtolemaios or Ptolemy ruled Egypt.

Demetrios landed on the island of Rhodes with forty thousand soldiers and a force of pirates who had joined him in hopes of loot. He set up a fortified camp and attacked the city of Rhodes, at the northend of the island, from the seaward side. For this attack he preparedfour floating siege engines, each consisting of a pair of galley hulls lashedtogether. Two of these engines bore four-story towers, while the othertwo carried catapults. He also armed small galleys with catapults inpenthouses.

By a surprise attack at night, Demetrios seized the main mole guarding the harbor. Here his master gunner Apollonios mounted huge catapults throwing 3-talent (180-pound) catapult balls. Demetrios triedto force the defenses of the harbor with troops from landing craft,covered by a heavy bombardment.

Though greatly outnumbered, the Rhodians fought fiercely and countered every move by the attacker. Their own ships broke throughthe spiked log boom with which Demetrios protected his engines andsank two of them. Demetrios prepared a super-tower mounted on thehulls of six galleys, but a storm overturned this engine as it was beingtowed into position, and the Rhodians took advantage of the storm torecapture the mole.

Then Demetrios attacked from the land side. He built eight tortoises or wheeled sheds to be pushed up to the wall to protect the engineerswhile they filled up the ditch and undermined the wall. He built twoenormous ram tortoises, each housing a ram 180 feet long and workedby a thousand men.

Demetrios’ largest war machine was a colossal belfry designed for him by the engineer Epimachos. Different accounts give it different sizes,but it seems to have been 100 to 150 feet high and 50 to 75 feet squareon the base. It had nine stories, each loopholed for catapults to shootthrough. The loopholes were protected by shutters in the form of bigleather cushions stuffed with wool, which could be raised from within.Inside were two sets of ladders, one for traffic up, the other down. Oneach level stood a water tank with buckets for putting out fires. Thewhole contraption was pushed on eight huge iron-tired, castor-mountedwheels by 3,400 of Demetrios’ strongest soldiers.

Demetrios moved his engines forward and attacked the wall, but the Rhodians beat back the efforts of his men to swarm through the gaps.Then the Rhodians moved all their catapults to one section of the walland, by showering the belfry with incendiary missiles in a sudden nightbombardment, set it afire.

By the time Demetrios had pulled his engines out of range, repaired them, and prepared to attack again, the Rhodians had another trick uptheir sleeves.

Before the war began, the municipal architect of Rhodes had been Diognetos. A Phoenician, Kallias of Arados, came to Rhodes and lectured on his wonderful new machine for defending cities. This was arevolving crane to seize hostile siege engines, hoist them into the air, anddrop them down again inside the city. Impressed, the Rhodians firedDiognetos and gave Kallias his job.

So, when Demetrios’ 180-ton monster neared the city, the Rhodians told Kallias to go ahead with his revolving crane. But Kallias had toadmit he was baffled. Then the Rhodians fired Kallias and beggedDiognetos to take his old job back. After holding out for a while,Diognetos agreed to save the city on condition that he should have thebelfry if he could capture it.

One account says that he mobilized the Rhodians to go out at night and pour liquids—water, mud, or sewage—into the ditch in front of thesection of wall at which the belfry was aimed. The adjacent field thusbecame a bog, in which the advancing tower stuck fast. Another storysays he tunneled under the field. When the wheels of the belfry passedover these tunnels, the wheels sank into the ground. In any case, thebelfry was stopped. Demetrios launched more attacks, but without artillery support these were beaten off.

At last, after a siege of more than a year, Demetrios signed a treaty with the Rhodians and sailed away to other battles. At Thebes he builta belfry so heavy that it could be moved only a quarter of a mile in twomonths.

Diognetos brought the captured belfry into the city and set it up in a public place with an inscription:

DIOGNETOS DEDICATED THIS TO THE PEOPLE FROM THE SPOILS OF WAR

Afterwards, the Rhodians sold the timber, bronze, and iron from Demetrios’ war engines and used the money to build the Colossus ofRhodes, a 100-foot statue of the sun god, to whom they had prayed fordeliverance.

Centuries later, a stone thrower of a new type appeared. This had a single arm which, impelled by a torsion skein, flew up in a vertical planeagainst a padded stop. At the end of the arm was a sling or spoon tohold a catapult ball. This engine is called an onager (Latin for theAsiatic wild ass) because of that animal’s mythical habit of kickingstones back at its pursuers. All that is known about the origin of theman-made onager is that it came into use some time in the first threecenturies of the Christian era. In any case, it soon replaced the heavytwo-armed stone thrower.

Under the Roman Empire, armies also used light catapults on wheels as field artillery. They were not very effective, because they were tooheavy and bulky in proportion to their fire power. Such mobile catapults had been tried out as far back as —207 by the Spartan generalMachanidas. But at the battle of Mantinea, the Spartans lost to theAchaean League and Machanidas was slain before the catapults had achance to shoot.

Ancient armies did not usually carry complete large catapults with them, because such bulky objects would have slowed them down toomuch. Instead, the gunners brought along the skeins, slings, metal fittings,and other parts that could not be improvised. Then, when a siege began,they cut down trees and built their engines on the spot.

With the fall of the West Roman Empire in +V, the two-armed torsion catapult drops out of sight. Perhaps the decline of European engineering at this time made the building of so complex an engine impractical. However, the flexion dart thrower, with a solid bow,continued in use through the Dark and Middle Ages. It was used at thesiege of Rome by the Goths in +537 and at that of Paris by the Northmen in +886.

After printed treatises on ordnance began to appear during the Renaissance, and after cannon had already made catapults more or less obsolete, engineers like Leonardo da Vinci and Agostino Ramelli (+XVI) still showed catapults of the crossbow type in their books. One ofRamelli’s designs is that of a compound siege catapult with six bows.Biringuccio, writing in the 1530s, notes that explosive bombs “can alsobe thrown from ballistas as the ancients used to do or, if desired, withguns as the moderns do.” Biringuccio’s “ancients” are the technicianswho lived more than a century before his time.24

While the two-armed torsion catapult disappeared in the West, the crossbow survived there. A simple hunting crossbow is shown on twomonuments of Roman Imperial times in Gaul, and William of Normandy took a company of crossbowmen to the battle of Hastings. On theother hand, the crossbow died out in the East. Although a tenth-centuryByzantine writer mentions it, by the time the Crusaders brought it toConstantinople, in +XI, the Byzantines looked upon it as a new weapon.

The onager also survived into the feudal era. At that time it was
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Fig. 4. Crossbow with quiver, from a Gaulish funerary monumentof Imperial Roman Times at Puy,France (from Diels).

called the mangon or mangonel, from the Greek manganon, “device” or “contrivance.” It decided the outcome of one battle at least. Duringthe Albigensian Crusade, in 1218, Simon de Montfort besieged Toulouse. While he was riding around the city walls one day, a crew ofwomen, manning a mangonel, let fly at him. The stone smashed his headlike an egg and ended the siege.

The onager in turn gave way to the trebuchet or counterweight catapult, first mentioned in Spain in early +XII. The trebuchet had a pivoted throwing arm with a sling on the long end and a heavy counterweight onthe short. This catapult had the advantage over skein-powered catapultsthat wet weather did not affect its performance. Sometimes the rangecould be adjusted by varying the size of the counterweight or by shiftingthe counterweight towards or away from the fulcrum. Sometimes thecounterweight was assisted by a crew of soldiers, pulling on ropes attached to the short end of the throwing arm. In a catapult of a verysimple type, men, pulling on the short end of the arm, provided all theenergy.

Knowledge of catapults also reached the Far East. They were known in China by 1004 and in India by 1300, and there were literary allusions to the catapult or pau in China several centuries before +1000.When the Polo brothers first visited the court of Kublai Khan in the1260s, the Italians charmed the Mongol emperor by building muchlarger catapults than the Mongols were used to, throwing 300-poundstones, for use against the city of Hsyang-yang. One missile smashed ahouse to kindling and caused the city’s surrender. In Chinese chess onepiece is still called “the catapult.” The Cambodian kings who built Angkor mounted small catapults on elephants.

On the other hand, China knew the crossbow even before it was invented in the West. Writing in early —V, the Chinese general Sun Wu25 mentions the weapon. And when in —35 the impetuous Chinese generalChen Tang defeated and slew the troublesome Hunnish king Jiji,26 theChinese army used crossbows. This is undoubtedly a case of independentinvention.

Soon, however, the whole art of catapult artillery was swept away by the discovery that “This villainous salt-petre” could “be digg’d / Out ofthe bowels of the harmless earth,” and that “these vile guns,”27 even intheir crude fourteenth- and fifteenth-century forms, multiplied the powerof the bombardier many times over.

So ends the story of Greek engineering, from the beginnings of classical history down to the time of Alexander. All in all, to the Greeks of that period, we owe more in the fields of art, literature, philosophy, logic,politics, and pure science than in the field of engineering. But neitherwas their engineering negligible. Moreover, Dionysios’ brilliant and sinister idea of hiring men to invent machines of war was to persist down theages and to culminate in the vast and secret military research and development projects of today.

In the period after Alexander, the comparative backwardness of Greek engineering, compared with the Greeks’ other attainments, cameto an end. Soon the Greeks—though usually living outside of Greece-led the world in this respect, as we shall presently see.


THE HELLENISTIC ENGINEERS
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In —IV, Alexander son of Philip, king of Macedonia, subdued all of Greece. Then he led an army of Greeks and Macedonians to theconquest of the mighty Persian Empire. From the rocky shores of Ionia,his columns pounded past the bustling Phoenician seaports to the shimmering sands of Egypt, and from Egypt to the ancient ziggurats of Mesopotamia, the tiger-haunted jungles of Hyrkania, and the lonely steppes ofCentral Asia.

The Persians, ruled by a well-meaning but hesitant mediocrity of a king, were smashed in three thunderous battles and many sieges andskirmishes. Having taken the throne of the King of Kings, Alexanderled his army of Macedonians, Greeks, and Persians over the Afghancrags and into the Indus Valley to vanquish the glittering rajas and theirlumbering elephants.

By —323, Alexander had conquered a realm as great as that of the first Darius. He had encouraged the intermarriage of Macedonians withPersians and had laid grandiose plans for further conquests, explorations, and public works. Then, not yet thirty-three, he suddenly died of(probably) malaria, in Babylon.

Alexander’s generals soon liquidated the conqueror’s kinsmen and carved up his empire. The leading kingdoms of the Successors wereEgypt, under the Ptolemies; Macedonia, ruled by the descendants ofDemetrios Poliorketes; and the Seleucid kingdom—Syria, Mesopotamia,and Iran—under the line of the general Seleukos. Several kingdoms waxed and waned in Asia Minor, of which the most important was Pergamon.

Although most of Alexander’s Macedonian officers soon discarded the Persian wives he had found for them, his hoped-for mixture ofGreeks with orientals soon took place anyway. Alexander and the Successors founded scores of new cities in the conquered lands. They encouraged thousands of Greeks and Macedonians to settle in these citiesside by side with Persians, Syrians, Egyptians, and other native peoples.Hellenes swarmed out of barren Greece to serve in the armies andbureaucracies of the Successors, forming a ruling class in the new kingdoms.

The interloping Greeks soon mingled with the native upper classes. Greek culture influenced the orientals, while oriental ideas affected theGreeks. The brilliant Graeco-oriental civilization that resulted is calledthe Hellenistic.

The Hellenistic Age was in many ways like our own century. It was a time of immense intellectual ferment, of travel and tourism, of scholarship and research, of popular outlines and lectures, of clubs and societies,of invention and promotion. It was a time on one hand of a scramblefor the wealth created by the advance of technology and the spread ofcommerce, and on the other of communistic revolutionary movementsfor the division of this wealth. Some of the fine arts, such at playwriting,declined from the high standards of the Golden Age; but science andengineering flourished as never before.

Another “modern” feature of the Hellenistic Age was a love of the grandiose. Hellenistic kings armed their soldiers with longer spears andmassed them in bigger phalanxes than ever before; they built moresumptuous temples and palaces; they erected taller buildings and statues;they organized more splendid parades and committed more dastardlycrimes.

The Successors and their descendants fought many wars, but these wars were less ferocious and destructive than many wars have been.The kings fought the other Hellenistic kings—usually their brothers-in-law—in a somewhat sporting, gentlemanly spirit. They tried many novelmilitary expedients: huge phalanxes on the Macedonian model, with thesoldiers wielding 21-foot pikes; elephants, which often defeated theirown side by stampeding back through the ranks; even Arabs swinging6-foot swords from the backs of camels.

As metalworking techniques advanced, iron began to take the place of bronze for armor. Alexander the Great is the first man known to haveworn an iron helmet. Dionysios the Elder of Syracuse, who invented the ordnance department, had already pioneered with the iron corselet,which he wore under his tunic to foil assassins. By the end of —IV, theiron cuirass had become common. To save weight, however, most classical cavalrymen continued to prefer a corselet made of several layers oflinen canvas glued together and molded on a form; the result was muchlike a modern laminated plastic.

Meanwhile, in the little-known West, Rome grew from city-state to nation and from nation to empire, until it engulfed the entire Hellenisticworld. In —30, Rome conquered the last of the Successors’ kingdoms,Egypt, and brought the Hellenistic Age to a close. But, for three centuries, the lands of the eastern Mediterranean were the scene of some ofthe liveliest and most interesting developments in the entire history ofancient science and technology.

In addition to Alexander, another man had an equal effect on the flowering of Hellenistic science and engineering. This was Alexander’sold tutor, Aristoteles of Stagyra (—384 to —322), whom we call Aristotle. By his researches, writings, and teachings, Aristotle gave all thesciences a push so vigorous that it kept them spinning for centuries.

Few men have affected the thought of the world more than Aristotle. He was the first encyclopedist and also the founder of the scientificmethod. His method was neither pure theorizing, like that of Plato,nor the mere gathering of data, like that of Herodotos. Instead, hecreatively combined both. Although Aristotle often went wrong in applying the scientific method, he made the necessary beginning.

At seventeen, Aristotle arrived in Athens from a Greek provincial town at the northwest corner of the Aegean Sea. He joined Plato’s classesand for twenty years listened to Plato’s discourses. He may even havebecome Plato’s assistant. There are rumors that Aristotle once quarreled with Plato and tried without success to set up his own school; buttheir differences were soon patched up.

After Plato died, Aristotle and his fellow-pupil Xenokrates crossed the Aegean to settle at Assos in Asia Minor. Here Aristotle began lecturing. One of his hearers was a local magnate, Hermias the eunuch, whohad become tyrannos of the town of Atarneus. Aristotle married Hermias’ niece and took his bride to Lesbos for two years of honeymooningwhile studying marine biology. It would be interesting to know what theprincess thought of a husband who spent his days wading in tidal poolsand his nights cutting up sea-things on the kitchen table.

In —342, Aristotle heard that Philip II of Macedon was looking for a tutor for his son Alexander. Aristotle got the job, either because hisfather had been physician to Philip’s father or because he played a partin a plot between Philip and Hermias against the latter’s Persian over-lords.

In any case, the Persians discovered the plot and killed Hermias. For seven years, in a small Macedonian town, Aristotle tutored Alexanderand the latter’s young friends. We do not know just what Aristotle taughtAlexander, or how effective his teaching was; but it is not likely that hefound the headstrong and violent young prince a docile or studious pupil.

When Philip was murdered and Alexander became king, Aristotle went back to Athens. Since Xenokrates was now running Plato’s school,called the Academy from the name of the park where it met, Aristotle setup his own school in another park, the Lyceum.1 This school was alsoknown as the Peripatetic because, like Plato, Aristotle liked to walkabout as he lectured.

Here Aristotle taught and wrote for thirteen years: a lean, dandyfied man with a lisp and a tart sense of humor. Once, when a chatterbox,after flooding Aristotle with talk, asked:

“Have I bored you to death with my gabble?”

Aristotle replied: “No, by Zeus, for I wasn’t listening to you!”2

When Alexander conquered the Persian Empire and invaded India, he may have subsidized Aristotle’s researches. There are tales thatAlexander sent Aristotle an elephant and other specimens from the East.But their relationship was soured by the fate of Aristotle’s nephew Kallisthenes, who had gone off to the East as a member of Alexander’sstaff. The headstrong and tactless Kallisthenes irked Alexander by refusing to worship him and by making a public scene over the matter.Alexander accused Kallisthenes of treason and had him thrown intoprison, where he soon died.

During his Athenian period, Aristotle wrote nearly all of his works that have come down to us. He was one of the world’s most prolificwriters, composing the equivalent of 50 to 100 modern books. But, ofthis huge output, we have only a fraction. Most of what we have consists of huge treatises—actually, a series of extended lecture notes—onscience, politics, history, morals, and literary criticism.

Although Aristotle could write well enough when he chose, these treatises, not being meant for publication, make no concessions to thereader. For long stretches they are wordy, dry, and maddeningly dull,devoted to the tedious elaboration of the obvious.

As a scientist, Aristotle was strongest in biology, sociology, psychology, and logic. His greatest contributions of all were in biology, thanks to those years of wading the Lesbian lagoons. Yet he passed along manyold-wives’ tales, which he failed to check by observation. Although hewas twice married, he said that men have more teeth than women; itnever occurred to him to ask either of his wives to open her mouth for acount.

In the physical sciences, Aristotle was much less successful. He did marshal arguments for the roundness of the earth in a way that settledthe question. Otherwise, he managed to be wrong in nearly everythinghe did in physics, meteorology, and astronomy. He argued that theearth is at the center of the universe; that the heavenly bodies neverchange; that earthquakes are caused by winds trapped inside the earth;and that atoms do not exist.

After Aristotle died, his treatises passed into the hands of a follower who handed them down to his descendants, treasured but unread, untilthey were brought out and published about —80. Other copies besidesthese probably circulated, but we cannot trace them.

Some of these treatises were revised by later writers who added paragraphs or whole books to them. Furthermore, like many modern professors, Aristotle probably permitted his pupils to do much of his routine research and to write up their results under his by-line. Moreover, manylater writers put Aristotle’s name on their own writings for reasons ofprestige. Hence there are never-ending disputes as to whether certainwritings are truly Aristotle’s.

One of these doubtful works furnishes the reason for talking so much about Aristotle. This is a short article called Mechanika, or Mechanics,included in collections of Aristotle’s “minor works.” Most scholars whowrite about Aristotle either ignore the Mechanics or deny that Aristotlewrote it. If it was by any known author, they say, it was probably byStraton of Lampsakos. Some of their arguments seem to be circular.They say: Aristotle could not have written the Mechanics because hewas not interested in the subject, and we know that he was not interestedin the subject because he never wrote about it.

True, Aristotle had the well-to-do Greek gentleman’s snobbish disinclination to experiment or invent, because experimentation and invention involved manual work, and manual work was fit only for slaves and “base mechanics.” These inferior persons should never be admittedto citizenship, said Aristotle, because “no man can practise virtue whois living the life of a mechanic or laborer.”3

As for the authorship of the Mechanics, the best guess is probably that of the late George Sarton: “The Mechanika attributed to Aristotleis probably of Straton’s time or even of later date, yet a part of it may be Aristotelian.”4 If this is an unsatisfactory way to leave the world’s first known engineering treatise, that cannot be helped.

Straton was a pupil of Aristotle who eventually headed Aristotle’s school. It came about in this way: When Alexander died (—323) certainAthenians attacked Aristotle because of his Macedonian connections.Aristotle prudently retired to Euboia, where he soon died.

Theophrastos the botanist, a longtime pupil and friend, took over the Lyceum. Although Theophrastos was an even more prolific writer thanAristotle, time has been less kind to him. Of his enormous volume ofwritings on many subjects, we have only about a dozen articles or essays,most of them fragments of larger works, and two long treatises on plants.

When Theophrastos died about —287, the school came under the headship of the physicist Straton, who had been living in Alexandriaas tutor to the Ptolemaic crown prince. Although a worthy successor toAristotle and Theophrastos, Straton fared even less well at the handsof time. We know nothing of his personality save that he was a thin,sickly man; his writings have entirely disappeared except for a few fragments quoted by later writers.

Straton did correct some of Aristotle’s many blunders in physics. For instance, he realized that falling bodies move at an ever-increasing speed(that is, they are accelerated) and not, as Aristotle thought, at a uniformspeed proportional to their weights.

Furthermore, Aristotle had rejected Demokritos’ theory of atoms, saying that there were no such things. He also asserted that a vacuum could not exist, either, because a falling body fell at a speed that varied inversely as the resistance of the fluid (air or liquid) it fell through, and ifthere were no fluid the body would move at infinite speed.

Straton, accepting atoms, explained that vacuum was simply the empty space between atoms. In air, this space decreased when the air wascompressed, forcing the atoms closer together, and increased when theair was rarefied. Hence Straton discovered the “spring of air,” whichBoyle and Mariotte, nearly 2,000 years later, scientifically studied andmeasured.

Whether written by Aristotle, or Straton, or both, the Mechanics is the oldest-known engineering textbook. It begins:

Our wonder is excited, firstly, by phenomena which occur in accordance with nature but of which we do not know the cause, and secondly by thosewhich are produced by art despite nature for the benefit of mankind. Nature often operates contrary to human expediency; for she always follows the samecourse without deviation, whereas human expediency is always changing.When, therefore, we have to do something contrary to nature, the difficultyof it causes us perplexity and art has to be called to our aid.5

To explain the law of the lever, our author goes off into several paragraphs of wordy theorizing about the mystical properties of the circle. Aristotle had caught this habit from Plato, and Straton may havecaught it from Aristotle.

Our author does, however, make an interesting point. He is excited by the fact that, in a train of gears, each gear wheel turns in a directionopposite to those with which it meshes. He says: “. . . some people contrive so that as the result of a single movement a number of circles movesimultaneously in contrary directions, like the wheels of bronze and ironwhich they make and dedicate in the temples.”6 A diagram shows atrain of three gear wheels, represented by circles.

This is the first mention of gear wheels. Our author does not say whether these are toothed cogwheels or smooth wheels in which rotation is transmitted by friction only. Presumably the friction gear camebefore the toothed gear, but we have no dates.

Probably our author’s wheels were smooth. Later, somebody learned that roughening the rims reduced slippage and, from this roughening,gear teeth evolved. This step may have taken quite some time, for cuttingand filing a pair of toothed gear wheels, having the right numbers ofteeth and transmitting rotation without jamming, is not an easy task.Because it is the easiest type of gearing to make, the first gearing to beused successfully may have been a pair of gears with shafts at rightangles, one of the gears being a crown gear.

As for the “wheels of bronze and iron,” this is explained by statements in the works of two later engineers, Philon of Byzantium and Heron ofAlexandria. The first remarked that: “The ancients used many [wheels]of this sort; when they wanted to enter the temple, they sprinkled theirclothes with water squirted from this wheel; then they moved it by hand,because they thought that in touching copper they purified themselves.”And Heron added: “In the porticoes of Egyptian temples, revolvingwheels of bronze are placed for those who enter to turn round, from anopinion that bronze purifies.”7

Here is a minor piece of priestly magic, comparable to the prayer wheels of Tibet. The worshiper performs a simple mechanical action,namely turning a wheel, and draws out so much holiness per revolution.8

Mention of these wheels in the Mechanics favors Straton’s authorship, at least of this passage. For, Heron identifies these wheels with Egyptian temples, and I know of no reference to them in Greece. And, whereasStraton spent years in Egypt, Aristotle never went there.

The statement in the Mechanics also suggests that somebody had figured a way to get more salvation per revolution out of the prayerwheels by mounting two or more so as to form a train of friction gears.It is a sobering thought that all later clockwork and other gearing maybe descended from this petty piece of priestly hocus-pocus.

The author of the Mechanics then goes back to the lever and discusses the geometry of the beam balance. He notes that dishonest merchants had discovered how to rig such a balance or scale to cheat their customers:

And thus dealers in purple [dye], in weighing it, use contrivances with intent to deceive, putting the cord out of center and pouring lead into one arm of the balance, or using the wood towards the root of a tree for the end towards which they want it to incline, or a knot, if there be one in the wood;for the part of the wood, where the root is, is heavier, and a knot is a kind ofroot.9

He applies the law of the lever to the oars of galleys. He makes a wrong guess as to why a ship sails faster if the sail is hoisted higher; hethinks it has to do with the leverage of the mast against the hull, whereasthe real reason is that winds usually blow faster higher up. This howeverbrings him to another pregnant observation:

Why is it that, when sailors wish to keep their course in an unfavorable wind, they draw in the part of the sail which is nearer to the steersman, and,working the sheet, let out the part towards the bows? Is it because the ruddercannot counteract the wind when it is strong, but can do so when there is onlya little wind, and so they draw in the sail? The wind then bears the ship along,while the rudder turns the wind into a favoring breeze, counteracting it andserving as a lever against the sea. The sailors also at the same time contendwith the wind by leaning their weight in the opposite direction.10

The author is groping towards an explanation of how a ship can sail into the wind. If his explanation seems confused, blame him not; nosatisfactory explanation was possible until Stevin discovered the triangleof forces in the 1580s.

The important thing about this paragraph, however, is that it gives the earliest indication that men had learned to sail close-hauled, at anangle against the wind. Almost any ship can sail at a right angle to thewind. But, to sail at less than a right angle to the wind—that is, to headup-wind—you must be able to pull the sail taut and to clew it aroundso that it lies almost parallel to the keel.

Sailors measure the angle between the keel of a ship sailing close-hauled and the direction of the wind in points. A point is one-eighth of a right angle, or 11¼ degrees. For thousands of years, all sailing ships hadthe simplest possible rig: one square sail. With such a sail one can sometimes sail into the wind, but less than a point (11¼° less than a rightangle) and then only if the ship is handy, with a deep keel (to keep itfrom sliding sideways) and not too much upperworks. Also, the sailmust not be too baggy. The best that modern sailing ships can do is twopoints (22½° less than a right angle) into the wind with square rig andthree points (33¾ ° less than a right angle) with fore-and-aft rig.

Therefore most ancient sailing was done before the wind. The skipper sat in port until the wind blew the right way. Ships were built with highsterns because most waves struck them from behind. If caught at seaby a calm or a change of wind, the sailors struggled on under oar power.

As late as +X, sailing effectively against the wind in northern European waters was so unusual that when a Viking chieftain named Raud the Strong made use of this method to escape from Olaf Trygvasson,the bloodthirsty and fanatical Christianizing king of Norway, the kingwas sure that Raud must be using witchcraft. This so enraged the piousking that when he finally caught Raud, he had him killed by the unusualmethod of stuffing a viper down his throat.

In the Mediterranean of —300, however, seamen had found that, by clewing the sail around until the yard was almost parallel to the keel,they could sail into the wind by tacking; that is, sailing close-hauled intothe wind on a zigzag course. With the ships of the time, however, it tooka weary lot of sailing to gain a comparatively small distance up-wind.To sail a full point or more into the wind, one needs either a fore-and-aftsail, or masts at both ends of the ship to control its direction.

Some ancient merchantmen carried a foresail called the artemon, slung beneath a slanting bowsprit like the water sail of the large ships of+XVII and +XVIII. But this sail was good only for holding the bowdown-wind in sailing before the wind. A few large ancient merchantmenwere real two-masters—one is shown in an Etruscan tomb painting of—VI—but this design never became general until medieval times.

A central rudder, instead of the steering oars or quarter rudders used in classical times, also helps to keep a ship headed up-wind. What happened when a ship could not gain distance to windward is shown in anovel of Roman times, Achilles Tatius’ Kleitophon and Leukippe(+III). The narrator, young Kleitophon of Tyre, tells of being wreckedby a storm on a voyage to Alexandria:

... a wind blew upwards from the sea full in the ship’s face, and the helmsman bade the sailyard be slewed round. The sailors hastened to effectthis, bunching up half the sail upon the yard by main force, but the increasingviolence of the gusts obstructed their efforts; for the rest, they kept enoughof the full spread to make the wind help them to tack.11 As a result of this,the ship lay over on her side, one bulwark raised upward into the air and thedeck a steep slope, so that most of us thought that she must heel over whenthe next gale struck us. We transferred ourselves therefore to that part of theboat which was highest out of the water, in order to lighten that part whichwas down in the sea, and so if possible, by our own added weight depressingthe former, to bring the whole again to a level; but all was of no avail . . .For some time we thus ineffectually struggled to bring to an equilibrium thevessel thus balanced on the waves: but the wind suddenly shifted to the otherside so that the ship was almost sent under water, and instantly that part ofthe boat which had been down in the waves was now violently thrown up,and the part formerly raised on high was crushed down into the waters . . .the same thing happening a third and a fourth, nay, many times, we thusimitated the motion of the ship.12

This passage is plainly a landlubber’s account of an unsuccessful effort by the crew to keep from being blown ashore by tacking againstthe wind.

Aristotle-Straton’s treatise also describes a swape with a leaden counterweight. The author goes on to discuss the roller, rolling friction,the wedge, the pulley, the sling, the capstan, and the windlass. The factthat he gets confused when he tries to discuss friction is not surprising,because the laws of friction were not worked out until recent centuries.

The author also asks: “How is it that dentists extract teeth more easily by applying the additional weight of a tooth-extractor than with thebare hand only?”13 His explanation shows that, in his day, dentistspulled teeth with forceps not very different from those of our own time.

Having discussed all the simple mechanical-advantage devices except the screw, our author also asks how one can raise a weight greater thanthe force of one’s pull by means of multiple pulleys. So we know thatbuilders had learned to use more than one pulley at a time on a givenload, though they may not yet have had the compound pulley blockholding two or more pulleys in the same frame.

Finally, he asks many shrewd questions about the breaking stress in pieces of wood of different shapes, and about the mysteries of motion.He cannot answer these questions; for the answers, the world had towait for Galileo (+XVII) and his successors.

After Straton died, the Peripatetic school declined in importance. It continued to lead a harmless but barren existence until in +529 theChristian emperor Justinian, as part of his persecution of pagans andheretics, closed all the philosophical schools of Athens.

Greece prospered briefly, following the conquests of Alexander, when returning soldiers brought home the loot of Asia and when those whosettled in the new Greek cities of the Macedonian Empire sent to Greecefor the commodities they were used to.

But when these new communities learned to grow and make their own commodities, Greece entered a long period of economic decline, combined with a shrinkage of population. This decrease seems to have beendue partly to emigration, as the new and more easterly centers of theGraeco-oriental world beckoned ambitious youths, and partly to theGreek custom of tossing unwanted babies, especially girls, on a rubbishheap to perish. During the Hellenistic Age this custom became as destructive as a plague.

Likewise the scientific center of the classical world shifted, in early —III, from Athens to Alexandria, the booming capital of PtolemaicEgypt. While material prosperity is not a sufficient condition for intellectual advance, it helps.

Over the kingdom of Egypt reigned the amiable but shrewd and farsighted Macedonian king, Ptolemaios son of Lagos, who had grown up with Alexander. Like most of the Ptolemies he was stocky and stout,with a bull neck, deep-set eyes under beetling brows, and a high-bridgedbeak of a nose. He ruled a land that even then harbored several millions: the teeming peasantry of the Nile Valley and Delta, wild tribes ofsand-dwelling nomads, and settlements of Greeks, Macedonians, andJews.

The government was an extreme bureaucratic absolutism, which held monopolies on oil, textiles, banking, and other forms of commerce.Crushing taxation, which fell heaviest on the peasantry, supported theglittering court and the gleaming army. The peasants often revolted butnever effectively enough to drive out their Macedonian overlords.

When Alexander visited Egypt in —331, he had with him a Rhodian or Macedonian architect named Deinokrates. This Deinokrates hadcome to Alexander’s headquarters with letters of recommendation.When the king’s officials put him off, he captured Alexander’s attentionby appearing at a public audience dressed like Herakles, with club andlion’s skin. Then he explained that he wanted to carve Mount Athosinto a statue, presumably of Alexander, holding a city in its left handand in its right a bowl into which all the streams of the mountain shoulddrain.

This grandiose plan, anticipating Mount Rushmore, delighted the king. But on second thought Alexander asked if the neighborhood hadenough good wheat fields to furnish such a city with food. When toldit did not, he vetoed the plan but kept the resourceful Deinokrates withhim.

In Egypt, Alexander commanded Deinokrates to lay out the city of Alexandria on the site of a sleepy Egyptian fishing village, Rhakotis,which stood on a spit of land, a mile and a half wide, separating theMediterranean from swampy Lake Mareotis. The latter is one of achain of lakes, which extend across the northern part of the Nile Deltaand which then swarmed with brigands and hippopotami. Here wasbuilt one of the most famous cities of the ancient world, and one ofthe most important in the history of science and engineering.

Creation of this city entailed vast engineering works. Twenty miles eastward, a small branch of the Nile emptied into the sea. A canal wasdug to connect this branch with Alexandria, so that river craft couldsail directly from Alexandria to Memphis and Upper Egypt.

To seaward of the new city lay a chain of rocky islets. Pharos, the largest of these, was a mile and a half long. By joining some of theseislands to a peninsula and to each other, Alexander’s successor Ptolemaios created a splendid harbor. Then he divided the harbor in half bya mile-long breakwater and causeway, the Heptastadion or “Seven-Furlonger,” stretching from Pharos to the shore. The eastern or GreatHarbor contained the naval dockyards and an inner harbor for royalyachts; the western harbor was for fishing vessels and other small craft.

At the eastern tip of Pharos, Ptolemaios’ architect Sostratos of Knidos (—III) erected a sky-scraping tower as a landmark for ships. This wasthe famous Lighthouse of Alexandria, one of the original Seven Wonders of the World.

Although most ancient architects and engineers had to be content with remaining anonymous, some of them managed to put their nameson their structures when nobody was looking. A story tells us that, whenSostratos built the Lighthouse, the king as usual wanted his name aloneto appear on the work. Sostratos craftily inscribed on the stone:

SOSTRATOS SON OF DEXIPHANES OF KNIDOS
 ON BEHALF OF ALL MARINERS
TO THE SAVIOR GODS

Then he covered this inscription with a layer of plaster, on which was chiseled the customary royal inscription. In time the plaster peeled off,removing the name of the king and exposing that of the architect.

Finished in the reign of the second Ptolemaios, the Lighthouse stood between 380 and 440 feet tall, compared with 480 feet for Khufu’spyramid and 555.5 for the Washington Monument. It was built in threesections: the lowest square, the intermediate octagonal, and the highestcylindrical. Helical stairways led to the top, and the lowest section contained fifty rooms. The tower itself came to be called the Pharos fromthe island on which it stood.

At a later date the Pharos was certainly used as a lighthouse; that is, as a tower on whose summit a fire was kept at night to help navigation. There is some question, however, as to whether such a light waskept burning in early Ptolemaic times, or whether the tower guided shipsto harbor by daylight only. It would indeed have helped Mediterraneanmariners in this way, as it was visible long before the low flat coastof the Delta rose out of the turquoise sea. From an account by an obscure classical geographer of another genuine lighthouse, which mayhave existed before the Pharos, I think it probable that the Pharos carried a beacon fire from the start.14

The tower stood for fifteen hundred years, guiding ships to port. Although stories that it cast its beams afar by subtle combinations of lenses may be dismissed as legends, a simple flat metal mirror behind the flame,to strengthen its light, is not impossible.

Our best descriptions of the Pharos come from a pair of medieval Muslim travelers. The Spanish Moor Idrisi,15 who was in the easternMediterranean about 1115, wrote:

We notice the famous lighthouse, which has not its like in the world for harmony of construction or for solidity; since, to say nothing of the fact thatit is built of the excellent stone of the kind called al-kadhdhan, the courses ofthese stones are united by molten lead, and the joints are so adherent that thewhole is indissoluble, though the surge of the sea from the north incessantlybeats against the structure. The distance between the lighthouse and the cityis one mile by sea and three miles by land. Its height is 300 cubits of therashashi standard, each equal to three spans, making a height of 100 fathoms,whereof 96 are to the lantern and four for the height of the lantern. From theground to the middle gallery measures exactly 70 fathoms, and from thegallery to the top of the lighthouse, 26.

One climbs to the summit by a broad staircase built into the interior, which is as broad as those ordinarily erected in minarets. The first staircase endsabout halfway up the lighthouse, and thence, on all four sides, the buildingnarrows. Inside and under the staircase, chambers have been built. Startingfrom the gallery, the lighthouse rises, ever narrowing, to its top, until at lastone cannot always turn as one climbs.

From this same gallery one begins to climb again, to reach the top, by a flight of steps narrower than the lower staircase. All parts of the lighthouseare pierced by windows to give light to persons ascending and to providethem with firm footing as they climb.

This building is singularly remarkable, as much on account of its height as its solidity; it is very useful, in that it is kept lit night and day as a beacon fornavigators throughout the whole sailing season; mariners know the fire anddirect their course accordingly, for it is visible a day’s sail [100 miles] away.By night it looks like a brilliant star; by day one can perceive its smoke.16

When Yusuf ibn-ash-Shaykh, another Spanish Moor, visited the tower in 1165, he found it no longer used as a lighthouse. Instead, asmall mosque had been installed on top in place of the beacon. Faithhad triumphed over utility. Being an experienced builder and architect,ibn-ash-Shaykh carefully measured the tower, and it is his figures thatwe rely on today. We cannot, however, translate them confidently intomodern feet, because he gave the measurements in cubits and we donot know which of several possible cubits he meant.

In the century following ibn-ash-Shaykh’s visit, an earthquake brought the Pharos crashing down. The ruins were still to be seen in +XV, butnow they have all disappeared. All one can see today are some sea-washed rocks along the shore of the island, which is now firmly joinedto the mainland by the piling up of sand along Ptolemaios’ seven-furlongcauseway.

As with many ancient buildings and monuments, people made up legends about this structure after the original had disappeared. Onestory about the Pharos is that the Byzantine Emperor, wishing to harmthe Caliph’s trade, sent word to the latter that treasure was hidden inthe tower. Eyes agleam with avarice, the Caliph set his men to demolishing the Pharos, and not until it was half destroyed did he perceive thetrick that had been played upon him.

Alexandria itself was laid out on the typical Hellenistic gridiron plan, with its long axis east and west. Two main avenues, 46 feet wide andbordered by colonnades, crossed at right angles and divided the cityinto quarters. The longer of these avenues, Kanobic Street, ran fromthe Gate of the Sun at the eastern end of the walled city to the Gate ofthe Moon at the western end.

The royal parks and palaces occupied Point Lochias and the area around the base of this promontory. Not far away—though experts disagree as to which way—stood the Serna (a tremendous tomb that Ptolemaios built for the body of Alexander), the Museum, the Library, andother public buildings.

Because Alexandria has been continuously occupied from Alexander’s time to the present day, few relics of Hellenistic times survive. And, because it is now a large, heavily built-up city, with over a million people, it cannot be thoroughly dug up by archeologists to settle doubtfulpoints. Many maps have been published, showing the city as the cartographer thought it was in ancient times. But the wide differences amongthese maps show them to be largely based upon simple guesswork.

The Greeks called the city “Alexandria near Egypt,”17 for the land on which it stood was not considered part of Egypt proper. The population was mixed, and the various nationalities lived in their own sections: the Egyptians in Rhakotis to the southwest, the Jews in the DeltaQuarter to the northeast, and the Greeks in the Broucheion in between.

The polyglot population got the reputation of being lively, quickwitted, humorous, and irreverent, but lacking the more solid virtues. Though of little worth as soldiers, they were all too ready to riot. Thedifferent communities rioted against each other, and all together riotedagainst any king or emperor whom they disliked. Sometimes one ofthe more ferocious tyrants, a Ptolemy VII or a Caracalla, lost patiencewith this fickle and turbulent folk and ordered a massacre. But theAlexandrines never learned.

Ptolemaic Alexandria was not only a teeming political and commercial center but also the world’s scientific capital. The city gained this eminence as a result of a genetic accident, which made the firstthree Macedonian kings not only able statesmen but also genuine intellectuals. Ptolemaios I Soter was a historian; Ptolemaios II Philadelphosdabbled in zoology; and Ptolemaios III Evergetes was a mathematician.

Philadelphos was perhaps the most brilliant of the entire line: sickly of body and luxurious in tastes, but immensely shrewd and versatile.He it was who remarked that the trouble with being a king was thatyou had to kill so many people who had not done anything really wrong,but whose existence was harmful to the state. He staged magnificentparades to amuse the effervescent Alexandrines. One of these displayedthe animals from his private zoo, including a polar bear (however sucha beast got to Egypt!), and a gilded phallus 180 feet long.

After the third Ptolemy, the line began to run down. Thereafter, incompetent Ptolemies did more harm than the occasional able ones could repair. The last of the line, the famous Cleopatra VII, was considereda wonder because she was the first of the dynasty to learn Egyptian.

The man who enabled the Ptolemies to achieve their most important accomplishment was an exiled Athenian politician, Demetrios of Phaleron. This Demetrios Phalereus had studied in the Peripatetic school inAthens, entered politics, rose to prominence by his oratory, and becamerich. Later, Kassandros, a Successor who ruled Greece and Macedonia,made Demetrios governor of Athens.

For ten years, Demetrios ruled Athens as Kassandros’ puppet, giving the Athenians sound, moderate rule. He boasted that “in his city allthings were abundant and cheap, and every one had plenty to liveupon.”18 He also indulged his taste for a luxurious and licentious private life, although he issued puritanical decrees forbidding other Athenians to do likewise.

During a war between two Successors, Demetrios Poliorketes (who later besieged Rhodes) landed in Greece and seized the port of Peiraieus(—307). Demetrios Phalereus fled to Egypt. The fickle Athenians, whohad filled Athens with statues of Demetrios Phalereus, now destroyedthe statues, condemned Demetrios Phalereus to death in absentia, andturned to the other Demetrios with such fawning worship that even thatvain young man was disgusted.

Arriving at the court of Ptolemaios Soter, Demetrios Phalereus soon worked himself into the position of the king’s literary adviser. In thiscapacity he suggested that the king set up a universal library, to holdcopies of all the books in the world.

A book in those days was a papyrus roll, handwritten or dictated by the author and copied by scribes. The roll was a long strip of squaresof papyrus glued together, edge to edge and wrapped around a woodendowel rod at one end. Plinius the Elder tells how this writing materialwas made:

The process of making paper from papyrus is to split it with a needle into very thin strips made as broad as possible, the best quality being in the centerof the plant. . . . Paper of all kinds is “woven” on a board moistened withwater from the Nile, muddy liquid supplying the effect of glue. First, an upright layer is smeared on to the table, using the full length of papyrus available after the trimmings have been cut off at both ends, and afterwards cross strips complete the lattice work. The next step is to press it in presses, andthe sheets are dried in the sun and then joined together . . ,19

The squares varied in size, most of them being 9 inches to a foot on a side. Although some rolls were as much as 150 feet long, containingthe entire Iliad or Odyssey, such rolls were awkward to handle and rarelyused. In Plinius’ time, the standard roll was of twenty sheets, whichgave a strip 15 to 20 feet long. Long works were divided into “books”according to the amount of text that could be conveniently written onrolls of standard size. One such “book” formed a cylinder about 6 inchesin diameter and contained the equivalent, approximately, of ten totwenty thousand words of modern English text. The text was writtenin columns, about as wide as those of modern books.

Papyrus paper was a glossy, crackly, golden-brown substance, brittle and fragile. Because the material was so perishable, because only a smallnumber of copies of most books were ever made, and because the rollwas awkward to handle and easy to drop and damage, only a smallfraction of the writings of classical times has come down to us.

However, King Ptolemaios’ buyers scoured the Mediterranean for valued books. Travelers arriving in Egypt were compelled to give upany books they had. These books were copied, the originals placed inthe Library, and the copies given the travelers.

Later, Ptolemaios III persuaded the Athenians to lend him the original, autograph copies of the plays of Aischylos, Sophokles, and Euripides for copying. Once he had them, the king kept them and sent back the copies, cheerfully forfeiting the fortune of fifteen talents, which hehad deposited as bond for the return of the originals.

Founded by the first Ptolemaios, the Library reached its definitive form under the second, who appointed the first of a long line of chieflibrarians. All the rulers of this dynasty (save perhaps the seventh Ptolemaios, who favored the native Egyptians against the Greek ruling class)fostered the Library and added to it.

At its height, the Library held nearly three-quarters of a million rolls. Many of these, however, must have been duplicates, because there werenot enough authors in the ancient world to produce so many separatetitles.

While it endured, the Library made Alexandria the unquestioned intellectual capital of the world. In building the Library, the Ptolemies made a far greater contribution to civilization than all their palaces andparades. Many rulers have sought eternal fame: some by conquest andmassacre, some by building grandiose temples and tombs, some byforcibly converting multitudes to their particular creed, and some by imposing a host of strangling rules and restrictions on their subjects. Butfew rulers have ever succeeded in doing so much good with so littlesuffering as the Ptolemies did in building up the Library of Alexandria.

As for Demetrios Phalereus, who started the whole thing, he did not fare so well. Ptolemaios I had two sons, both named Ptolemaios. Whenthe question of succession arose, Demetrios Phalereus favored the elderson, a gloomy and violent youth sumamed Keraunos, or “Thunderbolt.”But Ptolemaios I named the younger son as his successor. Prince Thunderbolt left the court, murdered his way to the Macedonian throne, andsoon perished in battle with Celtic barbarians. When Ptolemaios II became king he banished Demetrios Phalereus to Upper Egypt, where theAthenian died of snakebite.

A series of fires and depredations during the Roman period gradually destroyed the Library. As the books were stored in two or more buildings, no single fire consumed them all. When Julius Caesar occupiedAlexandria in —48, Cleopatra urged him to help himself to the books,and he took away hundreds or thousands to be shipped to Rome.

Then Alexandria revolted against Caesar and Cleopatra. In the fighting, either the books that Caesar had taken or those in one of the Library buildings, or both, were burned. When Antonius formed his connectionwith Cleopatra, he stole and gave her the 200,000-roll library ofPergamon to replace the losses.

The Library probably suffered further damage when Aurelianus suppressed a revolt in Alexandria in +272; when Diocletian put down another revolt in +295; and again in +391 when Bishop Theophilus, another bloodthirsty fanatic of the Hitlerian type, led a Christian mob to the destruction of the temple of Serapis, where some of the books werekept. The remaining rolls were finished off by the Arabs of the Muslimgeneral ‘Amr ibn-al-‘As when he captured the city in +646.

A story relates that ‘Amr wrote his Khalifah asking what to do with these books of the infidels. He received the reply that if they agreedwith the holy Qur’an they were superfluous, whereas if they disagreedwith it they were pernicious, so it were well in any case to destroy them.

Modem apologists for the Arabs have denied this story and put all the onus of the destruction on the Christians. Christian apologists, on theother hand, have striven to exculpate the godly Theophilus and putthe blame back on the Muslims.

In fact, we shall never know just how many books were destroyed at each devastation. Nor shall we know to what extent the destructionwas due simply to the agents of time and neglect—mice and mold,thieves and termites—which were suffered to work their will uncheckedwhen, with the rise of Christianity, governments lost interest in the preservation of mundane writings. All we can say for sure is that monotheism proved as deadly a foe of learning as war and barbarism.

With the rise of Christianity and Islam, the ancient custom of burning the books of one’s foes, to torment them or simply to enjoy the bonfire, was aggravated by the fanatical animus of dogmatic theology.For example, the Christian Roman emperor Valens commanded a general burning of non-Christian books (+373). The Muslim Arabs destroyed the books of the Zoroastrian Persians when they conquered Iran(+637). The Crusaders burned the books of Muslim learning, to thenumber of over 100,000, when they captured Tripoli (1109). TheSpaniards did likewise when they reconquered Andalusia from theMoors (+XV); Cardinal Jiménez, a successor to Torquemada as GrandInquisitor, had a haul of 24,000 books burned at Granada. And Diegode Landa, Bishop of Yucatan, topped off the record in the 1560s byburning the entire native literature of the Mayan Indians, on the groundthat “they contained nothing in which there were not to be seen superstition and lies of the devil.”20 Tantum religio potuit suaderemalorum.21

Perhaps the biggest single loss to classical literature occurred when the Crusaders treacherously seized Constantinople in 1204 in order tocarve up the Byzantine Empire into feudal domains, incidentally opening the way for the Turkish conquest of southeastern Europe. Hundredsof classical works, which had survived till then, went up in flames atlast. Small though the extant fraction of ancient literature is, the wonderis that any survived at all.

Closely connected with the Library was the Museum. The word “museum”22 means “shrine of the Muses.” The Peripatetic school inAthens had centered around such a shrine, which was also used by theschool as a library, because in Athens a school had to have a religiousbasis in order to gain the protection of Athenian law.

The Museum of Alexandria was the nearest thing to a modern university that the ancient world experienced. There was at least one building where specimens could be displayed, experiments performed, and lectures heard. In this building a number of scholars, paid from theroyal treasury (and later by Roman governors) studied, wrote, andtaught. A priest of the Muses headed the college.

More exact we cannot be, in the absence of hard information. Sometimes the terms “Library” and “Museum” are used interchangeably, as if they were one and the same institution; but we do not know just howthis center of learning was administered.

The scholars seem to have had a good deal of freedom, like those in the present Institute of Advanced Studies at Princeton. However, theysometimes presumed too far on their freedom of speech. When Sotadesof Maroneia wrote a ribald verse about the marriage of PtolemaiosPhiladelphos to his sister, the poet was jailed. He escaped, but Philadelphos’ admiral recaptured him, put him into a leaden jar, and droppedhim into the sea.

Much brilliant scientific work was accomplished in the Museum during its first three centuries. Eratosthenes calculated the size of the earth withamazing accuracy. Hipparchos compiled his great star catalogue andinvented latitude and longitude. Aristarchos of Samos, a pupil of Straton,had the boldness to put the sun instead of the earth at the center ofthe solar system; Copernicus only borrowed the idea 1,800 years later.Herophilos and Eristratos launched the sciences of anatomy and physiology by dissecting corpses until unrest among the Egyptians, whose religious feelings were outraged by this practice, led the king to forbiddissection.

While the savants of the Museum were advancing the pure sciences, other men were making similar progress in engineering. For raisingheavy weights, for instance, builders no longer had to depend upon longsloping ramps. They lifted stones directly by cranes, consisting of oneor more poles fastened together at the top and a block and tackle withpulleys. By the end of the Hellenistic Age, hoists contained as many asfive pulleys, giving a five-to-one mechanical advantage.

The rope was pulled by means of a capstan or by a treadwheel. This was a large drum-shaped wheel in which, like squirrels in a cage, menwalked up the curving inner side to make the wheel turn. Although thetreadwheel had long been used in Mesopotamia for raising water, itsuse as a hoist for building materials was probably a Hellenistic invention. Two Hellenistic engineering treatises, by Philon the Byzantine andBiton, tell about it. Philon proposed to use it to work a bucket chainfor raising water, which is plausible enough.

Biton, however, wanted to move a belfry by means of this mechanism. Simple calculations show that this must have been an armchair invention that would not work in practice, because the siege tower would befar too heavy to be moved by the number of men that could be crammedinto the apparatus. Still, this is the first proposal for a self-propelledvehicle, wherein the source of power is wholly contained within thevehicle. However impractical, Biton’s design is the remote ancestor ofthe automobile.

We know what a classical treadwheel looked like, because a clear picture of a treadwheel working a crane appears in a first-century reliefon a Roman funerary monument and elsewhere in Roman art. The relief on the monument, commemorating the building of the tomb, showsthe treadwheel with four men inside it and a fifth climbing in, whiletwo others lend muscle by pulling ropes attached to the outer ends ofthe spokes. Two other workmen have affixed palm fronds to the top ofthe crane, presumably to celebrate the end of the job.

Other engineering problems arose in building the enormous statues admired in Hellenistic times. Hellenistic ideas of sculpture differed fromthose of earlier centuries. Statues showed particular individuals with alltheir physical peculiarities. Faces took on realistic expressions. TheOlympian calm of the busts and statues of the Golden Age gave wayto realistic smiles, scowls, and grimaces of pain—such as the torturedexpression on Skopas’ famous statue of Marsyas, a mortal who lost anargument with a god and was about to be flayed as a forfeit.

Hellenistic sculpture is often said to represent a decline from the “idealism” of the earlier period. I suspect that the earlier sculptorsfailed to give their works expression and individuality, not because ofidealism, but because they did not know how. The techniques had notyet been worked out. Hence these earlier sculptors tended to make alltheir men look alike, just as people in pictures illustrating magazinestories today often show a monotonous sameness.

A leader of the realistic school was Lysippos of Sikyon, a town on the northern coast of the Peloponnesos. Lysippos and his brotherLysistratos are credited with several advances in the technique of sculpture, such as the life mask and the lost-wax method of casting. In addition, Lysippos is said to have turned out the huge total of 1,500 statues.But the only one whereof we have even a copy is his Apoxymenos, orMan Scraping Oil from Himself.

Lysippos also made a couple of colossi for the city of Taras in Italy. The first was a Herakles; the second and larger one, a 60-foot Zeus.To keep the prevailing wind from blowing down the larger statue,Lysippos put up a column on the windward side of the statue to breakits force.

Of Lysippos’ pupils, Eutychides executed the famous Fortune of Antioch and perhaps the renowned Winged Victory of Samothrace,which now stands in the Louvre in Paris. Another pupil was Charesof Lindos, a minor city on the island of Rhodes. Chares created themost celebrated statue of antiquity, the Colossus of Rhodes.

As you recall, after Demetrios Poliorketes gave up his siege of Rhodes and sailed away, the Rhodians sold the materials of Demetrios’ enginesof war and used the proceeds to build a colossal statue of the sun god,Helios-Apollo. It took Chares twelve years to complete the work, whichcost 300 talents, or about 20,000 pounds of silver. That was a lot ofmoney in those days.

The Colossus is said to have been 70 cubits (90 to 120 feet, depending on which cubit is assumed) high. It may be compared with the Statue of Liberty, which stands 151 feet from base to torch or 111 feetfrom heel to crown. While the exact location of the Colossus is notknown, some scholars believe that it stood near the site of the existingMosque of Murad Reis, at the north end of the old city of Rhodes;others, that it stood near the site of the Castle of the Knights of Rhodesfarther south.

A battered bas-relief found on Rhodes probably shows what the Colossus looked like. A sun god, nude but for a cloak draped over hisleft arm, stood on a pedestal, gazing eastward over the sea. A spikycrown of solar rays encircled his head, and his right hand was raised toshade his eyes against the beams of the rising sun. He was probably,like Alexander, clean-shaven but with his hair rather long.

A work on the Seven Wonders of the World exists under the name of Philon of Byzantium, a noted Hellenistic engineer, albeit some scholarsdoubt if Philon wrote it. This little treatise gives a good idea of Chares’methods.

First, the skeleton of the statue consisted of two or three stone columns extending up through the legs and the drapery to the trunk and head.Stone architraves joined these columns at the top. From the columns aspiny armature of iron rods extended out to the surface of the statue.The outer surface was made of plates of bronze, hammered into shapeand riveted to each other and to the iron braces.

To get these plates up to the site of the work, Chares and his crew simply piled a great mound of earth around the statue and walked up aspiral path to the top. As the work rose, the mound was enlarged untilthe last rivets were in place. Then all the earth of that 100-foot manmade hill was shoveled up and borne away in baskets.

Chares’ Colossus stood for fifty-six years, arousing the admiration ofall for its beauty as well as its size. Then, in —224, an earthquake overthrew it, and the “colossal wreck” lay on the ground until the Saracenconquest.In +656, an Arab general,Mu‘awiyyah,scrapped it and shippedthe bronze to Syria. There a Jewish merchant of Edessa bought it andcarried it off on 900 (or 980) camels, presumably to be turned intotrays and lamps.

Philon says that the statue contained 500 talents (15 tons) of bronze and 300 talents (9 tons) of iron, and that building the Colossus causeda temporary scarcity of bronze. His figure for the bronze is probablywrong, because the bronze in that case would be only one-sixteenth ofan inch thick, which seems too flimsy to withstand the wind. Moreover,the number of camels that carried away the bronze could easily bearover 200 tons. Probably the bronze was about an inch thick andweighed over 200 tons. Compare the Statue of Liberty, of the same general size, which weighs 225 tons, including 100 tons for the coppersheeting. One would expect Bartholdi’s Liberty to weigh somewhat lessthan Chares’ Helios, because Bartholdi had steel girders to work withwhile Chares did not.

Some well-known stories about the Colossus, which appeared long after the statue was built, can be safely rejected. One is the statementof Sextus Empiricus (+II), who said that at first the statue was plannedto be half its eventual height. When the city decided to double the height,Chares asked for only twice the original fee, forgetting that the materialwould be increased eightfold. This error drove him to bankruptcy andsuicide.

It seems, however, incredible that a man with the engineering skill that Chares must have had should not have known the square-cube law.This law states that, if you increase the dimensions of an object whilekeeping its shape the same, the area increases as the square of the dimensions while the mass and volume increase as the cube. That is whyno flying animal has ever exceeded about 30 pounds in weight, andSindbad’s roc, which bore off elephants in its talons, would be quite impossible.

Other tales about the Colossus appeared in the Middle Ages, more than a thousand years after Chares’ time and several centuries after theremains of the statue had been junked. The best-known of these saysthat the Colossus bestrode the harbor,

... the brazen giant of Greek fame,

With conquering limbs astride from land to land.23

Its feet rested on the ends of two moles, so that ships passed between its legs. This legend, perhaps suggested by the remains of fortificationson the moles, is impossible for engineering reasons. For one thing, thewide-spread legs would rise at a slant, and the interior stone columns,which braced the whole statue, could not have stood at such an angle.For another, Chares’ method of construction, if applied to such a site,would have required filling the harbor with an earthen mound, whichwould have made the harbor useless for twelve years or ruined it forgood. Furthermore, despite the statue’s size, only very small ships couldhave entered the harbor between the legs. And finally, no ancient authority says anything about such a dramatic pose.

Other medieval tales averred that the Colossus was 900 feet tall (technically impossible) and that it had a beacon in its head (unlikelybecause of the difficulty of getting fuel up to the beacon). Recently theGovernor of the Dodecanese Islands announced plans for building areplica of the Colossus in modern Rhodes, using bronze-colored aluminum for the skin.

In the reign of Ptolemaios II Philadelphos (—285 to —247) there dwelt in Alexandria a man named Ktesibios. The son of a barber, hegrew up in his father’s trade but showed an early bent for gadgeteering.

One day Ktesibios wished to mount a mirror in his father’s shop so that it could be pulled up and down, like a window sash, without themechanism’s showing. Therefore he installed a wooden channel under aceiling beam with a pulley at each end. The cord from the mirror ranup, over one pulley, along the channel, over the other pulley, and down.At the other end of the cord was a leaden weight, sliding up and downin a tube.

All went well—except that when the mirror was pulled up, the counterweight trapped air below as it descended. And the air, escaping from the tube, emitted a musical sound. This gave Ktesibios the idea of building musical instruments worked by pneumatic machinery.

From this beginning, Ktesibios became the Edison of Ptolemaic Alexandria. Although nothing more is known of his personal life, andthe book he wrote is lost, several later writers described his inventions.It is a guess, though not unlikely, that he joined the Museum as one ofthe Ptolemies’ subsidized savants. He did construct a singing cornucopiafor the funerary monument that Philadelphos erected to his sister-wifeArsinoe about —270.

Ktesibios’ main inventions were the force pump, the hydraulic pipe organ, the musical keyboard, the metal spring, and the water clock.Vitruvius describes the pump:

It follows now to describe the machine of Ctesibius, which raises water to a height. It would be of bronze. At the bottom would be twin cylinders, asmall distance apart, having pipes converging in the shape of a fork, meetingin a vessel in the middle. In this vessel would be valves, accurately fitted overthe upper openings of the pipes, which stop up the openings of the pipes anddo not allow that which the air has forced into the vessel to escape . . .Pistons, smoothly turned and treated with oil, are inserted into the cylindersfrom above; and thus confined, they are worked with rods and levers. As thevalves close the openings, the air and water in the cylinders will be drivenonwards . . .24

The beam that worked the pistons was pivoted between them, so that when one piston rose the other fell. Without repeating all of Vitruvius’exposition, we can say that he describes a perfectly practical pump, whichcould be built to his specification. Remains of several pumps of thiskind, dating from the classical period, have been found. In one fromMetz, the cylinders were of lead encased in a block of wood.

Ktesibios’ organ consisted of the following main parts: 1. A two-cylinder air pump, like the water pump previously described. 2. An air vessel shaped like an inverted funnel or bowl, into which the pumpforced air, and into which water was admitted under pressure from thebottom, to keep the air pressure and hence the flow of air through theorgan pipes constant. 3. A series of tubes leading up to the organ pipes.4. A set of pipes. 5. A set of valves separating the tubes from the pipes,each valve consisting of a disk with a hole, so that in one position theflow of air is cut off by the solid part of the disk and in the other thehole in the disk registers with the tube and the pipe so that the airflows freely through. 6. Finally, a keyboard for operating these valves.The invention included not only the main idea of the organ, but alsothe hydraulic means for keeping the air pressure constant and the keyboard for selecting the pipes to sound.

Moreover, Ktesibios kept his valves in place by means of iron springs —the first known metal springs. People had of course long known thespringy qualities of wood and horn and made use of these virtues inbows. But this was the first use of metal for the purpose. However, ironsprings did not prove satisfactory for a long time to come, because aniron spring requires special heat treatment, and only the most skillfulsmiths could make such a spring.


Fig. 5. The pipe organ of Heron of Alexandria, built after the design of Ktesibios (from Woodcroft’s edition of Heron’s Pneumatics).
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In addition, Ktesibios tried bronze springs in a catapult that he designed. In this machine, instead of the throwing arms being thrust through skeins of hair, these arms were pivoted. When the string wasdrawn back, the short ends of the arms were forced against bronzesprings.

Ktesibios also used his new-found knowledge of pneumatics to design another catapult, worked by compressed air. The arms were pivotedas in the previous design. But, when the string was drawn back, insteadof bending springs, the short ends of the arms forced pistons into airtight cylinders.

No catapults like those of Ktesibios are known to have ever been used in warfare. The probable reason is that, although the inventor’s ideaswere sound, the metal-working standards of the time were not up to thedemands that he put upon them. Nobody, for instance, could make apiston and cylinder accurately enough so that the cylinder would holdits air while the engine was being cocked. Even 2,000 years later, in+XVIII, Matthew Boulton thought his mechanics were doing well whenthey bored steam-engine cylinders without an error greater than “thethickness of an old shilling.”25 At this time England was the world’sforemost industrial nation, the leader of the Industrial Revolution, soyou can imagine what classical standards of shop work must have been.

Ktesibios also invented the water clock. A glance at the sun may tell a peasant all he needs to know about the time, but increasingly busy,organized city life calls for increasingly accurate and minutely subdividedreckoning of time.

A rod stuck upright in the ground or projecting horizontally from the top of a wall serves as a simple sundial. Or rather, it would if the sunfollowed the same course every day, instead of shifting up and down thesky with the seasons. Hence the tip of the shadow follows differentcourses on different dates, and the place where the shadow falls mustbe marked off accordingly.

A contemporary of Ktesibios, Berosos the Babylonian, invented an improved sundial. Berosos represented a new class of men: learned andintelligent non-Greeks or “barbarians” who adopted a veneer of Greekculture and were absorbed into the mainstream of Hellenistic intellectuallife.

Berosos started as a priest of Marduk in Babylon. But mighty Babylon was fast decaying, especially after Antigonos One-eye sacked it in —310.So Berosos sought his fortune in the West, when so many Greeks andMacedonians were seeking theirs in the opposite direction. In Athens andKos he taught astronomy and astrology, for the science and the superstition were still one in those days. Later, at the court of Seleukos’ sonAntiochos, Berosos wrote in Greek a history of Babylonia.

Berosos’ hemicyclic sundial was a hemispherical bowl carved in a block of marble. From the inner rim of the bowl, a pointer or gnomonextended out horizontally to the center of the circle. Lines inscribed onthe inner surface of the bowl showed the course followed by the tip ofthe shadow in different months. In an improved form of this sundial,possibly developed by Aristarchos of Samos, most of the bowl was cutaway, leaving only the section over which the shadow of the gnomonactually played. The sundial of the modern type, with a slanting gnomonpointing towards the pole star, is a medieval Muslim invention.

The best sundial, however, worked only in the daytime and then only on clear days. Hence the clepsydra, also called a night clock or a winterclock, appeared in ancient Egypt. In its original form it was a jar with ahole in the bottom, into which a measured amount of water was poured.When the water had all run out, time was up.

The Athenians used the clepsydra to measure the time allowed orators. If a man was being tried for his life, the jar was filled; but, in trivialcases, only a little water was poured in. If a speech was interrupted, theoutflow hole was stopped up until the speaker could resume.

Despite his contempt for practical applications of science, Plato is said to have rigged up an alarm clepsydra to signal the start of his classesat dawn: “It is said that Plato imparted a hint of the water clock’s construction by having made a time-piece for use at night which resembleda water-organ, being a very large water-clock.”26

A German scholar figured out that Plato’s clock was probably a jar with a siphon. Water ran into the jar until it reached the curve of thesiphon. Then the siphon emptied the jar all at once into another vessel,and air escaping from the other vessel blew a whistle.

The clepsydra had a shortcoming, unimportant in such a crude timepiece but significant when efforts were made to construct a more accurate water clock. The rate of flow of water through a hole in the bottom of ajar is not always the same. Water flows faster if the head of water—thatis, the depth of the water at the orifice—is greater. Hence if two dippersof water are poured into the jar, they do not take twice as long to flowout as one dipper, but a little less, because the first dipperful flows outunder higher pressure than the second. Also, naturally, the clogging ofthe hole by dirt would slow down the flow.

Ktesibios solved these problems. His orifices were made of gold, or of gemstones bored through. Therefore the hole could not be stopped byrust or dirt, and it could easily be cleaned without being worn away to alarger size.

To keep the rate of flow constant, Ktesibios changed the system of using a single vessel. Instead, he set up three vessels, of which the firstemptied into the second and the second into the third. The first vesselwas kept full. The second vessel had an outlet in the bottom and an overflow outlet partway up the side, like the overflow outlet in a modernbathtub. Since water rose in the second vessel only up to the overflowhole, the water in this vessel stood at a constant depth, and the rate offlow was constant.

But, since neither the first nor the second vessel was allowed to run dry, how did Ktesibios measure time? In the third vessel, a drum-shapedfloat of cork floated on the water. As the third vessel filled, the float rose.By means of a rack and pinion gear, the rising float turned a shaft. Bygear wheels driven by this shaft, “figures are moved, pillars are turned,stones or eggs let fall, trumpets sound, and other side-shows.”27

Although Vitruvius says that Ktesibios used gear wheels (tympani, literally “drums”) the making of such wheels was still in its infancy.Because of the practical difficulty of making good toothed gears, it islikely that most early clock motions were transmitted instead by pulleysand strings, as was the case with the water clocks built a thousand yearslater under the Caliphate.

A favorite time-marking mechanism with the early clock makers was a bird that moved and sang on the hour, exactly as does the bird in amodern cuckoo clock. The earliest clocks were designed to mark thehours by noisy alarums, not to subdivide the times between. When Shakespeare’s Cassius in Julius Caesar says: “The clock hath stricken three” (Act 2, sc. 1) he is not anachronistic after all.
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Fig. 6. The parastatic water clock of Ktesibios (from Diels). The pillar at the upper right can be turned to allow for variations in the length of hoursin different seasons.






Ktesibios did, however, also invent a clock that showed the time more exactly, just as a sundial does in good weather. This “parastatic” clockhad the same system of vessels as the first clock. A staff, rising from thecenter of the float, bore on its top a figure holding a pointer. This pointerindicated hours, marked on a pillar.


Ktesibios had to overcome a complication that would not trouble him today. In his time, an hour was defined as one-twelfth of the dayfrom sunrise to sunset. As the day is longer in summer than in winter,the daytime hours were also longer in summer than in winter.

One method of adjusting the clock to hours of different lengths was to control the flow of water by an adjustable cone-shaped valve. Another was to drill the outlet hole of the intermediate vessel in a bronzedisk that could be turned in its mounting, so that the hole could beraised or lowered and the head, and hence the rate of flow, varied.

Still another method was to mount the pillar bearing the scale of hours so that it could be turned. Instead of a single scale, a series of scales or agraph was inscribed on the pillar. By turning the pillar, the pointer couldbe made to indicate longer or shorter hours as desired.

Vitruvius describes another water clock, though without stating whether Ktesibios or one of his successors built it. One improvement inthe mechanism was to connect the float with the revolving shaft by acord wound around a drum and counterweighted, instead of by a rackand pinion.

In this “anaphoric” clock, the main shaft turned a bronze disk on which was engraved a chart of the heavens. The ecliptic—the sun’s apparent path among the stars—was represented by a circle, off-center fromthe disk, with 365 small holes in it. Each day a little metal sun wasmoved from one hole to the next. Hours were represented by a grid ofbronze wires mounted in front of the disk. The owner told time by seeingwhere the metal sun stood with relation to the wires representing thehours. In late +XIX, a fragment of such an anaphoric clock (of about+11) was found in eastern France, and another piece was turned up nearSalzburg.

This device, by the way, shows why “clockwise” is the direction it is. If you face the sun at noon in the northern hemisphere, you face south.If you face south, the sun appears to rise on your left and set on yourright. Hence the inventor of the anaphoric clock, when he set up hislittle model sun to imitate the real one, naturally had it rise on the leftand set on the right, too. The anaphoric clock evolved into the astrolabe,a portable medieval instrument that could be used as a watch, compass,and astronomical calculating device.

A later colleague of Ktesibios, Andronikos of Kyrrha, built an elaborate timekeeping structure at Athens. This is the Horologium, or Tower of the Winds, which still stands a few blocks north of the Akropolis. Itis a small eight-sided building with a sculpture on each side representingone of the winds. Originally a gnomon projected from each side, with aset of markings beneath it for telling time. There was a water clock inside, and on top stood a weathervane in the form of a bronze triton.

Shortly after Ktesibios, Philon of Byzantium flourished. He may have been Ktesibios’ pupil. At least, he visited Alexandria and Rhodes andknew the leading engineers in both cities. A sentence in one of his writings has been taken to imply that he also knew Ktesibios.

Philon wrote several works, but of these we have only two books, and parts of two others, of his treatise Mechanike Syntaxis, or The Elements of Mechanics.These fragments tell us about pneumatic devices, catapults, military preparations, and siegecraft.
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Fig. 7. The Salzburg fragment of the dial of an anaphoric clock, like that described by Vitruvius (from Diels).






Philon describes several catapult designs of his own, all fairly conventional except that one has a pair of wedges built into the structure. By means of these wedges, the skeins, which were liable to go slack,could be tightened by a few blows of a mallet without taking the wholecontraption apart.

Philon also describes Ktesibios’ metal-spring and compressed-air catapults and tells about the rapid-fire repeating catapult which Dionysios of Alexandria built at Rhodes. In this last, the darts were contained in ahopper over the groove in the slide and fell into it one by one, as in anineteenth-century Gatling gun. The string was pulled back and releasedover and over by turning the windlass at the after end. This windlasswas connected with the cocking mechanism by a pair of linked chains,one on each side of the trough, passing over two pairs of pentagonalnuts. Although mechanically impractical, this is the first known attemptat a chain-and-sprocket drive, like that of a bicycle.

Philon, like other Hellenistic engineers, loved to invent marvelous mechanical toys, and his Pneumatics describes some of these devices.For one thing, Philon was fascinated by siphons. By means of siphonshe made pitchers, basins, and other vessels automatically empty andrefill themselves. Bronze figures of men and animals drink, pour wine,and perform other acts. Trick pitchers pour wine, water, or a mixture ofthe two.

Several chapters describe mechanical wash basins, worked by a system of counterweights, strings, and pulleys. In the most elaborate, a bronzehand holds out a piece of pumice stone—the Greek equivalent of soap—for the user. When the latter takes the stone, the bronze hand disappears,and enough water flows out the spout into the basin to wash the man’shands. Then the flow of water ceases and the hand comes out withanother stone. In another design, a copper animal, such as a horse,stands in the basin with its head down. When the man has finishedwashing, the animal drinks the basin dry.

Other devices include cups from which the wine poured into them suddenly runs out into a false bottom, to the astonishment of the drinker;a constant-level oil lamp; a waterproof lantern; an inkwell hung in gimbals so that it stays upright at all times.

Many of these entertaining machines were meant neither to do useful work nor to advance scientific knowledge, but merely to enable the richAlexandrines who bought them to amaze and amuse their guests by displays of parlor magic. Ktesibios began this fad with his elaborate time-sounding devices, and most of the great Heron’s machines had a nomore practical aim.

However light-minded these machines now seem, it does not follow that they were really useless. On the contrary, some of the importantmachines of later times probably evolved from them. It is ironic that waron the one hand and frivolous ostentation on the other have given riseto many of the most vital devices and techniques of our civilized life.

Philon also describes a portentous invention with great practical possibilities: the water wheel. In some of his designs, the wheel merely forms part of one of his magical displays of twittering birds. One little overshotwheel powers a copper holy wheel, like that mentioned by Aristotle-Straton. Only, instead of the worshiper’s moving the wheel, the flow ofwater turns the wheel. The worshiper grabs the wheel and stops it, whileholy water squirts out of a hole in the axle.

In addition, Philon shows a practical application of the idea: a chain of buckets driven by an undershot water wheel with a series of spoonshaped spokes arranged in a circle around the hub. In introducing this


Fig. 8. The bucket-chain water hoist powered by an undershot water wheel described by Philon of Byzantium (after Carr a de Vaux).
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water-hoisting apparatus, Philon remarks that the wheel “can be appliedto many other uses.” And, in describing one of his toy whistling waterwheels, he says it shall have, around its rim, “openings like the openingsof water wheels without paddles.”28 This implies that water wheels withpaddles were known. The two passages suggest that Philon knew thenoria—the undershot water wheel combined with a drum-shaped water-raising wheel, later described in detail by Vitruvius. And we know that,soon after Philon’s time, the water wheel was applied to the grinding ofgrain.

If these water-wheel designs really go back to Philon, which is not certain, then this water hoist is the first recorded case of putting theenergy of running water to practical use. It was man’s second step (thesail was his first) in the art of getting useful work directly from theforces of nature, instead of from the muscles of men and animals. It wasa step of vast importance, because it showed how power could be concentrated.

Previously, one could increase the power used on a task only by increasing the number of men or animals, whose muscles furnished this power. But men and animals are bulky. It is hard to apply the power oflarge numbers of them at once in a small space, and the difficulty ofgetting them to pull in unison increases with the numbers employed.Moreover, they all require care and feeding.

When men learned to use the power of water and wind, it became possible to concentrate much more power in less space than had beenthe case before and thus easily to perform tasks that had been difficultor impossible. The art of getting useful work from the forces of naturehas evolved steadily from Philon’s time through the invention of thewindmill, the steam engine, the turbine, and so on to the nuclear powerplants of our own day.

The skill of Philon and his colleagues, the “mechanical wizards” of Alexandria, became famous in the Hellenistic world. Hence, just as thepeople of that time exaggerated the powers of poisons, they exaggeratedthose of mechanical automatons.

For instance, it was rumored that Nabis, the communist dictator of Sparta (about —200), kept a robot, which looked exactly like his wifeApega and was covered with spikes hidden under its clothes. When arich Spartan refused to give Nabis the money he demanded, Nabis wouldpresent the man to the robot, which seized the victim in a spiky embraceand hugged him until he either gave in to Nabis’ demands or expired.Despite the story’s absurdity, as sober a historian as Polybios believed it.

Another belief was that one could, by placing magnets in the ceiling of a building, cause an iron statue to float in mid-air. Plinius says:

The architect Timochares had begun to use lodestone for constructing the vaulting in the Temple of Arsinoe at Alexandria, so that the iron statue contained in it might have the appearance of being suspended in mid-air; but theproject was interrupted by his own death and that of King Ptolemaeus whohad ordered the work to be done in honor of his sister.29

Later writers asserted that such floating statues actually existed in various temples. Whether the writers were merely improving on Plinius,or whether some such statue did “float” by means of a fine wire, wecannot now tell. The Muslim tradition of Muhammad’s coffin, floatingpoised betwixt heaven and earth, probably stemmed from this sameHellenistic source.

The one thing we can be sure of is that, for mechanical reasons, no such statue could be so poised by magnets of the kind the ancients had.The story belongs with a group of legends about the mysterious powersof magnetism, along with the tale of the Magnetic Mountain. The latterstarted with the Egyptian geographer Claudius Ptolemaeus (+11). Ptolemaeus stated that in the Far East, near the Isle of Satyrs, lay an islandmountain of lodestone, which destroyed all ships passing near it bydrawing out the nails that held them together. The story was repeatedmany times: in the medieval legends of Virgil the Magician, in the taleof Duke Ernst of Swabia, and in the geography of the Moor Idrisi.

The yarn may have been invented to explain the fact that so many ships and boats in the Indian Ocean are built without nails, by sewingplanks together or fastening them with wooden pegs. The real reasonfor such shipbuilding methods is simply that the vessels are built in countries so poor in mineral wealth that the shipwrights cannot afford to useiron.

The greatest Hellenistic engineer and one of the greatest intellects of all time was Philon’s contemporary, Archimedes of Syracuse (—287 to—212). Archimedes studied in Alexandria, where he came to know several of the leading scientists of that teeming hive, such as Aristarchos theastronomer.

Eventually Archimedes returned to Syracuse, where he spent the rest of his life. Although he was not rich, the fact that he was a kinsman andfriend of the tyrannos Hieron II assured him leisure in which to thinkand experiment. A mathematician and engineer, he is the one man of classical times who in sheer brain power stands on the same level as Aristotle.

In the field of mathematics, Archimedes discovered the ratio of the surface of a right circular cylinder to that of a sphere inscribed in it. Heproposed a new system of numerals to handle large numbers. He calculated the ratio of the circumference to the diameter of a circle (π) tobe between 3 1/7 and 3 10/71, the most accurate calculation up to that time.He also established the laws for finding the centers of gravity of planefigures and made many other mathematical discoveries. In addition, hedid some work in astronomy.

Archimedes’ discoveries in engineering were equally momentous, although Plutarch would have us believe that the Syracusan looked upon such practical applications of his knowledge with gentlemanly disdain.According to Plutarch, Archimedes:

. . . possessed so high a spirit, so profound a soul, and such treasures of scientific knowledge, that though these inventions had now obtained him therenown of more than human sagacity, he yet would not deign to leave behindhim any commentary or writing on such subjects; but, repudiating as sordidand ignoble the whole trade of engineering, and every sort of art that lendsitself to mere use and profit, he placed his whole affection and ambition inthose purer speculations where there can be no reference to the vulgar needsof life; studies, the superiority of which to all others is unquestioned, and inwhich the only doubt can be whether the beauty and grandeur of the subjectsexamined, and of the precision and cogency of the methods and means ofproof, most deserve our admiration.30

This is typical Platonic snobbery. Many ancient writers, such as Cicero, express the idea that the essence of a true gentleman is his refusal to have anything to do with things of practical utility.

Did Archimedes share this attitude? We cannot tell. His works on hydrostatics and on “sphere making” certainly touched on engineering,Plutarch to the contrary notwithstanding. And even if Archimedes paidlip service to the Platonic ideal of gentlemanly uselessness, it is hard tobelieve that he could have been so good at engineering and have doneso much of it if he had not really liked it.

In engineering, Archimedes founded the science of hydrostatics and discovered “Archimedes’ law,” that a body partly or wholly immersed ina fluid loses weight equal to the weight of the fluid displaced. Weighinga king’s crown led to this discovery and to the first measurement ofspecific gravity:

Hiero [the tyrannos Hieron II] was greatly exalted in the regal power at Syracuse, and after his victories he determined to set up in a certain temple acrown vowed to the immortal gods. He let out the execution as far as thecraftsmen’s wages were concerned, and weighed the gold out to the contractor to an exact amount. At the appointed time the man presented thework finely wrought for the king’s acceptance, and appeared to have furnished the weight of the crown to scale. However, information was laid thatgold had been withdrawn, and that the same amount of silver had been addedin the making of the crown. Hiero was indignant that he had been made lightof, and failing to find a method by which he might detect the theft, askedArchimedes to undertake the investigation. While Archimedes was considering the matter, he happened to go to the baths. When he went down into thebathing pool he observed that the amount of water which flowed outside thepool was equal to the amount of his body that was immersed. Since this factindicated the method of explaining the case, he did not linger, but moved withdelight he leapt out of the pool, and going home naked, cried aloud that hehad found exactly what he was seeking. For as he ran he shouted in Greek:“Heureka, heureka!”31

Then, following his discovery, he is said to have taken two masses of the same weight as the crown, one of gold and the other of silver. When he haddone this, he filled a large vessel to the brim with water, into which hedropped the mass of silver. The amount of this when let down into the watercorresponded to the overflow of water. So he removed the metal and filled inby measure the amount by which the water was diminished, so that it waslevel with the brim as before. In this way he discovered what weight of silvercorresponded to a given measure of water.

After this experiment he then dropped a mass of gold in like manner into the full vessel and removed it. Again he added water by measure, and discovered that there was not so much water; and this corresponded to thelessened quantity of the same weight of gold compared with the same weightof silver. He then let down the crown itself into the vase after filling the vasewith water, and found that more water flowed into the space left by the crownthan into the space left by a mass of gold of the same weight. And so from thefact that there was more water in the case of the crown than in the mass ofgold, he calculated and detected the mixture of the silver with the gold, andthe fraud of the contractor.32

Archimedes also worked out the law of the lever, proved it mathematically, and developed the theory of mechanical advantage. In telling his cousin Hieron of this discovery, he boasted: “Give me a place tostand on and with a lever I will move the whole world!”33

The tyrannos challenged him to prove his assertion. Archimedes did so by single-handedly launching one of the largest ships in the world. Heturned a windlass connected to the ship by a series of compound pulleys; perhaps he even invented the compound pulley block with two or more pulleys in it.

The ship launched by Archimedes was but one of several ships of unprecedented size, which the Hellenistic kings built in —III. At thistime there took place in the eastern Mediterranean a naval race like therace in battleships of the first half of +XX, before the developments ofthe Hitlerian war rendered the battleship obsolete.

This race began when Demetrios Poliorketes, the Successor who had besieged Rhodes and who had already constructed an elevener beforethat campaign, directed his Phoenician shipwrights to build a thirteener,a fifteener, and a sixteener. The other Successors followed hasty suit,because one of these monsters outmatched several smaller ships. WhenDemetrios was overthrown (—285), the first two Ptolemies, then jointlyruling Egypt, got the fifteener, while Lysimachos, the Successor whoruled Thrace and western Asia Minor, got the sixteener. When Demetrios’descendants regained the throne of Macedonia, they obtained the sixteener and kept it down to the end of the kingdom (—168). Then thevictorious Romans took it to Rome as a trophy.

Meanwhile, in Egypt, Ptolemaios II Philadelphos built a twentier and a pair of thirtiers. These held the record until his grandson, PtolemaiosIV Philopator, who reigned from —221 to —205, built a fortier. Thiswas the largest war galley of all time.

Philopator, an odious character in most respects, had a passion for spectacular ships. He built a 300-foot pleasure barge: a flat-bottomedfloating palace 45 feet wide. Next he built the fortier, 420 feet long and57 feet wide. The ship had a double bow, a double stem, and sevenrams. Four thousand men rowed it, those of the upper bank pulling57-foot oars counterweighted with lead. It never fought, but its sheerunwieldiness inspired another capital invention, the dry dock:

At the beginning [the fortier] was launched from a kind of cradle which, they say, was put together from the timbers of fifty five-bank ships, and it waspulled into the water by a crowd, to the accompaniment of shouts and trumpets. Later, however, a Phoenician conceived the method of launching bydigging a trench under the ship near the harbor, equal in length to the ship.He constructed for this trench foundations of solid stone seven and a halffeet in depth, and from one end of these foundations to the other he fixed in arow skids, which ran transversely to the stones across the width of thetrench, having a space below them six feet deep. And having a sluice fromthe sea, he let the sea into all the excavated space, filling it full; into this spacehe easily brought the vessel, with the help of unskilled men; . . . when they had barred the entrance which had been opened at the beginning, they again pumped out the sea-water with engines. And when this had been done, theship rested securely on the skids aforementioned.34

We can be sure that this pioneer dry dock did not have lock gates of the modern type but was closed and opened by the laborious method ofdumping earth into its entrance and digging the earth out again.

The water was probably pumped out of the dry dock by means of the Archimedean screw, which Archimedes is said to have invented during his stay in Egypt. This pump, still commonly used for irrigation inEgypt, is a cylinder divided inside by a helical or screw-shaped partitionrunning its whole length. The screw is mounted slantwise so that itslower end dips into the water to be pumped. When the cylinder isturned, water is trapped in each turn of the helix, raised to the upperend, and spilled out.

In Syracuse, meanwhile, the tyrannos Hieron undertook a program of shipbuilding with more practical ends in view. In Hieron’s day, whileSicily was still independent, it derived its prosperity from the export ofwheat. So Hieron built a fleet of wheat transports.

These ships were so successful that Hieron determined to build a ship that should combine the virtues of all types in one hull. It should be acombination of war galley, royal yacht, and freighter.

Under Archimedes’ supervision, a Corinthian architect named Archias built the great Syrakosia, “Lady of Syracuse.” This was a twentier withthree masts—perhaps the first three-masted ship in the world. The hullwas sheathed in lead to discourage marine growths. Armament includedturrets for archers and a catapult throwing three-talent balls. There werestalls for horses, a tank for fish, a hold for wheat and other cargo, a setof luxurious cabins for the dictator and his friends, and everything elsethat the fertile minds of the builders could think of.

After Archimedes had singlehandedly launched the Syrakosia by means of his windlass and pulleys, faults of the design transpired. Forone thing, she was too big for most of the harbors of Sicily. It is also agood guess that Hieron found that a ship designed to act as a warship,yacht, and merchantman all at the same time would not be very good atany of these tasks. It would be too slow for a warship, too costly for amerchantman, and too crowded for a yacht. In the end, Hieron sentthe Syrakosia as a gift to Ptolemaios Philopator, who liked to collectsuch nautical freaks.

Many typewriter ribbons have been worn thin in argument over the arrangement of the oars on these gigantic galleys, which were not exceeded in size by any other ships until +XVIII. No surviving ancientwritings describe the arrangement; no ancient works of art or diagramsshow this arrangement; and no ancient ships have come down in such ashape as to settle the question.

Consider Philopator’s fortier. Forty banks of oars, one above the other, is ridiculous. Such a ship would be as high as it was long, and theoars of the upper banks would be quite unmanageable.

But forty men on one oar would be quite as impractical. As each rower needs at least a yard of oar for himself and his elbows, the lengthof the loom grasped by the rowers would be at least 120 feet, whichmeans an oar with a total length of over 500 feet! And the upper oars ofPhilopator’s fortier were only 57 feet long.

The probable answer to this puzzle is that of Dr. Lionel Casson, that the fortier was a catamaran—a ship with two hulls joined by acommon deck. If each of the twin hulls had three banks of oars oneach side manned by, from top to bottom, eight, seven, and fiverowers respectively, that would give forty files of rowers. It is possiblethat the other super-galleys, such as the twentiers and thirtiers, werealso catamarans.

Actually, the greatest beam that any ancient ship is known to have had was found on one of two enormous barges, which the Roman emperors kept on Lake Nemi. The larger ship was 240 feet long and 78 inbeam; the other only slightly smaller.

For many centuries, these barges lay on the bottom of the lake, resisting all efforts to raise them. About 1446, the versatile Renaissance architect, Leon Battista Alberti, sent divers down to explore the wrecks and tried without success to haul them up.

In 1535, another attempt was made by Francesco De Marchi, who examined the ships in person by means of a primitive diving suit. Thisdevice, invented by Guillaume of Lorraine, was a wooden bell reinforced by metal hoops, suspended from a boat on the surface and covering the upper half of the diver.

The intrepid De Marchi had a difficult time. He suffered from a nosebleed, caused by the change of pressure, and got entangled in his harness. He could see practically nothing through the small window of the bellbecause the water was so murky. Most maddening of all, a host of littlefishes, drawn by the remains of the lunch of bread and cheese that DeMarchi had brought down with him, swarmed around and nibbled hisexposed flesh in spite of his efforts to shoo them away.

The attempts of Alberti, De Marchi, and several later explorers to
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Fig. 9. The hull of the smaller of the two ships of Lake Nemi, as restored by the Italian Ministry of Marine.



raise the ships merely damaged them further. Many parts and other relics were brought up—timbers (which the peasants promptly stole forfirewood), nails, bronze ornaments and statues, and pieces of tiling andmosaic—most of which disappeared into private collections. Not untilthe present century were the entire ships recovered.

Between 1927 and 1932, Italian archeologists, using an ancient Roman drainage tunnel, drained Lake Nemi. The project suffered many delays and misadventures; a gale sank the barge with the pumps, andonce the work was stopped for seven months while the lake filled upagain. But at length the ships were exposed to the light of day. By specialfour-track railroads laid in the mud of the lake bed, the archeologistshauled the two hulls out on shore and built a beautiful museum aroundthem.

These ships are something of a mystery. No surviving ancient writer mentions them, and they were not rediscovered until 1444. For a longtime the most popular theory was that the mad emperor Caligula builtthem as pleasure barges on which to stage orgies.

When the ships were recovered, the archeologists marveled at the graceful form that the hulls possessed despite their broad beam, and atthe care and skill with which they had been built. The pine of the hullswas protected by vermilion paint, tarred wool, and a triple layer ofleaden sheathing. The ships were steered by 37-foot quarter rudders orsteering oars, two on the smaller ship and four on the larger. The twoextra rudders of the larger ship are thought to have been mounted atthe bow, to steer the ship when the rowers were backing it. Each shiphad two auxiliary keels on each side of the main keel, and most metalparts were gilded. Parts of bronze and iron had resisted corrosion amazingly well, as a consequence of the purity of the metal.

Although the hulls were sound, the superstructures had collapsed. This collapse was the result partly of the great weight of marble,bronze, and other ornamental substances that they bore, and partly ofearlier attempts to raise the ships.

When the lake was drained, many interesting objects, which had formed parts of these ships, were recovered. These findings did not,however, settle the question of how the ships were propelled. In largeancient galleys the oars were pivoted, not in the ship’s side, but in aprojecting frame or outrigger called the apostis, extending out over thewater and giving the rowers nearest to the ship’s side enough mechanicaladvantage to make their strength effective.

The larger of the two Nemi ships had an apostis along each side, so that it may have had at least one bank of oars. By measuring the spaceavailable inside the hull, one expert concluded that there were four orfive men to each oar. Another, however, thought that the oars had butone man apiece and that the rowers sat out on the apostis. The smallership had no apostes and was probably towed about the lake.

The most extraordinary find was a pair of turntables revolving on small wheels arranged in a circle. Under one platform the wheels tookthe form of eight bronze balls, each having a pair of trunnions, whichfitted into journals in the turntable. Under the other, the wheels comprised eight tapered or conical wooden rollers similarly journaled. Thepurpose of these turntables is not known, but they may have been statuebases.

These wheels are not quite true ball and roller bearings. True ball and roller bearings roll freely in a circular groove called a race, withoutany trunnions or journal bearings. Still, nothing more like this is knownuntil +XVI, when Francesco Martini and Leonardo da Vinci suggestedsimilar anti-friction bearings and millwrights and clockmakers put themto use.

Another technical triumph of the Nemi ships was a bucket-chain hoist, designed as a bilge pump. At the top, this pump had a horizontalshaft on which was mounted a drum, over which the chain of bucketspassed. At each end of this shaft was a wooden flywheel with a crankhandle. At least, such a flywheel was found, although not all scholarsagree that it formed part of the pump.

The meaning of this design is that this is the first known example of a crank mechanism, outside of hand mills or querns. Cranks were usedmore and more from +1 on. The Emperor Julian’s physician Oreibasios(+IV) mentioned cranks in his account of machines for resetting dislocated limbs. It is also a good guess that in Roman and medieval times,cranks were employed in racks and other torture machines—a grim fieldin which to study the evolution of machinery!—because they were usefulin applying carefully graded degrees of force. A sketch in the UtrechtPsalter (about +850) shows a man sharpening a sword on a grindstone,which another man turns by means of a crank. So by +IX the crank hadevidently become a common device.

There was also an elaborate hydraulic installation, with a force pump, lead piping, and a finely made bronze valve. Two anchors were found.One of the common classical type was made of oak, with iron-tippedflukes and a stock (the crosspiece that keeps the flukes vertical so thatone shall dig in) of lead. A wooden anchor must obviously be weightedsomehow to make it sink. The other anchor was of iron with a wooden
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Fig. 10. The bucket-chain bilge pump from the ships of Lake Nemi, restored (from Ucelli).



sheathing, and with a movable stock of a type not seen again until +XVIII, when it was reinvented in the Netherlands.

From inscriptions, the archeologists established that the ships were probably built in the period +35 to +55. Thirteen tiles from the superstructure of one ship bore the stamp of Dama, a slave of DomitiusAfer. This Afer was a noted orator, who served as consul under Caligulaand died in +59; so the ship must have been built before +59.

Furthermore, an inscription on a lead pipe from the wrecks reads:

C. CAESARIS AVG. GERMANIC

meaning: “Property of Gaius Caesar Augustus Germanicus.” Now, this was the full and real name of Caligula, who reigned from +37 to +41.But other indications point to the reign of Caligula’s successor Claudius(+41 to +54). Perhaps the ships were begun in the short principate ofthe crazy Caligula but completed, or at least modified, under the piousClaudius.

Moreover, it is fairly certain that the ships were not pleasure craft but floating temples. They may have been erected to the ancestors of theJulio-Claudian families, or to the Egyptian mother-goddess Isis, or tosome other divinity. All these hypotheses have their partisans.

The exact time and occasion of the ships’ sinking are unknown. It seems, however, as though after the reign of Claudius—perhaps in thereign of Nero; perhaps during the civil war that followed Nero; perhapsnot until the following century—the ships were stripped of valuables andabandoned. With no crews to pump the water out of the bilges, theyslowly settled by leakage until they went under.

The remains of these marvelous ships, alas, were destroyed in the spring of 1944. The Germans, having previously shown their regard forKultur by burning the 80,000 books and manuscripts of the RoyalSociety of Naples, set fire to the Nemi museum and its ships, just for thehell of it, in the course of their retreat from Italy. Since then the museumhas been restored, and today one can see models of the ships, one-fifththe size of the originals, together with those relics of the ships not destroyed by the fire.

Even with the saucer-like Nemi ships, it would not be possible to crowd more than about twenty rowers—half facing forward and half aft-on each oar. Actually, in the Middle Ages, ten men were found to bethe most that could efficiently be put on one oar. Therefore it is notlikely that the ancients ever used more save experimentally.

The actual arrangement in large classical galleys—eighters or tenners and up—was probably that of a super diere or triere, with the oars in twoor three banks and a varying number of rowers on each oar. HenceDemetrios Poliorketes’ elevener, for instance, may have had oars in twobanks, with six men on each upper oar and five on each lower, so thatthe number ‘eleven” still means the number of files of rowers on eachside. Philadelphos’ thirtiers might have had three banks of ten-manoars or equivalent; or they might have been catamarans.

Philopator’s fortier we have discussed. If four-bankers were tried, they would have given the same old trouble with keeping the oars instep as with four banks of one-man oars. Certainly, Philopator’s shipwas no great success. Plutarch says it “was for show, and not for service, scarcely differing from a fixed edifice ashore, and was not to bemoved without extreme toil and peril.”35 As nothing is heard of thesluggish monster after Philopator’s time, the chances are that his successors soon scrapped it.

Shipbuilding was only one of Archimedes’ technical interests. He also built an astronomical instrument for demonstrating the movements ofthe heavenly bodies. His book on “sphere making,”36 now lost, described this orrery. This was a “planetarium” in the original sense of theword, used before the Zeiss optical planetarium was invented to bringthe wonders of the heavens to the masses at the cost of cricks in theirnecks. The older device is also called an “orrery” after the Fourth Earlof Orrery (c. 1700) who had one made for himself.

As nearly as we can tell from allusions to Archimedes’ orrery, it was a machine in which, by turning a wheel, pointers, balls, or disks representing the sun, the moon, and the planets were made to revolve arounda bronze ball representing the earth. The idea stemmed from the simple,non-mechanical bronze celestial globes of the earlier scientists Thales ofMiletos and Eudoxos of Knidos, on which the fixed stars and the constellations were marked.

Later, the philosopher Poseidonios and the engineer Heron of Alexandria built similar orreries, though even fewer details are known about these devices. Students long thought that Archimedes’ clockwork universe was either a myth or a premature invention that died without issue.Now, however, there is reason to suspect that it not only existed but alsogave rise to a long line of progeny that comes right down to modernclocks. As nearly all trace of these early devices has perished, we arelike a paleontologist who is trying to reconstruct the evolution of awhole family of dinosaurs from a few claws and teeth, widely scatteredthrough geological time and space.

After Archimedes, the next fossil of this branch of engineering is the Antikythera machine. In 1900, a crew of Greek sponge divers discovereda mass of statues and other antiquities lying in 200 feet of water off theAegean island of Antikythera, where a ship of classical times had foundered. Captain Kondos, with more public spirit than many such discoverers, reported his find to the Greek government and was engagedto bring up the relics. This he accomplished with great risk and effort.

Part of the haul consisted of several lumps of bronze, badly corroded and partly covered with limestone. Although at first sight the find seemedto be nothing but a bucketful of junk, a Greek archeologist recognizedit as the remains of a mechanism.


Little by little during the following decades the thing was cleaned. In 1958 Derek Price, a young British historian of science, persuaded theGreek National Archeological Museum to let him study the remains.

The Antikythera machine turned out to be an astronomical computer. In its original form it was a wooden box a little over a foot high, lookingsomething like a large eighteenth-century table clock.

In front, a hinged bronze plate, covered with inscriptions telling how to use the device, served as a door. Behind this door was another platewith a large circular hole through which the gearing behind could beseen. Around this hole was a dial with a slip ring on its rim.

Two graduated scales ran around this circle, one on the bronze plate and the other on the movable slip ring. The outer scale listed the signsof the zodiac; the inner one, the months of the year. The purpose of theslip ring was to adjust the device when (as happened under the Egyptian calendar, which lacked leap years) the months got out of phasewith the seasons. Moreover, examination of the setting of the slip ring,together with other evidence, shows that the device must have been builtjust about the year —82, when Julius Caesar was a youth of eighteen.

The back of the machine had another bronze door and behind that a bronze plate with two dials, one above the other and each providedwith several slip rings. Between the front and back dials was a mass ofclockwork made of bronze cogwheels with simple triangular teeth.

A large four-spoked wheel was driven by a crown gear and a shaft, which projected through the side of the box and was doubtless furnishedwith a key or handwheel. This main wheel in turn drove twenty or moresmaller gear wheels, some in complex planetary mountings. These gearwheels turned pointers on the dials to indicate the phases of the moonand the positions of the planets on different dates. A couple of minorbreakages had been mended, showing that the device actually worked.

The ship bearing this astronomical computer, perhaps from Rhodes to Rome, sank about —65. Nothing more is heard about such devices forover a thousand years. Yet they must have been built, for about +1000al-Biruni, an Iranian savant who traveled in India, described a similarmachine. As in the Antikythera machine, al-Biruni’s computer had 60°triangular teeth, and his gear wheels were mounted on axles with squareshanks.

Much nonsense has been uttered about the lost secrets of ancient sages. There never was any prehistoric civilization having all the modern scientific knowledge and engineering techniques, as some cults would have usbelieve.

On the other hand, these astronomical computers represent an advanced, sophisticated line of development, actively pursued by a whole school of engineers, of which all but a few traces have disappeared. Justas the course and very existence of an underground river may be knownonly from a few places where wells and mine shafts have broken intoit, so these few traces of clockwork show the evolution of an advancedform of mechanical engineering from ancient times on down, eventhough few traces of the engineers remain.

Hieron II, tyrannos of Syracuse, was for the most part a staunch ally of all-devouring Rome. But, after he died in —215, his successors wentover to the Carthaginian side in the Second Punic War. As a result,Syracuse found itself besieged by the Romans, with Appius ClaudiusPulcher heading the Roman army and Marcus Claudius Marcellus commanding the fleet.

Hieron had, some time before, persuaded his cousin Archimedes to serve as his general of ordnance and to prepare engines for the defenseof the city. As a result, the Romans came up against the world’s mostadvanced artillery. Pulcher attacked the land side with scaling laddersand penthouses. Soon, however, his forces reeled back from the storm ofarrows, sling bullets, crossbow bolts, catapult darts, and catapult ballsthat tore through their ranks.

Marcellus, attacking from the seaward side, had made careful preparations. He had built four engines, each based upon a pair of galleys fastened together. On each platform over a pair of ships he erected a mast and a hoist. By means of this hoist, a device called a “harp” or sambucawas brought into use. This was a large ladder or staircase with sides anda roof to shield those using it. At its upper end was a gangway, onwhich four soldiers, protected by wicker shielding, fought off those whotried to stop the operation. The attackers maneuvered the sambuca intoplace so that the gangway lay atop the defenders’ wall, and the soldierscould swarm into the defenses.

At least, that was the theory. While the approaching Romans quailed under the storm of missiles, a series of 600-pound leaden weights andstone balls smashed the scaling engines into kindling.

Plutarch says that these missiles were shot from catapults, but Polybios says that the weights were dropped from the ends of cranes that swungout over the wall as the engines neared it. Plutarch’s tale is the moreromantic, for such a catapult would be the biggest ever used in the ancient world.

But Polybios’ dryly sober account is the more plausible. To judge from Polybios’ narrative, Archimedes used an enlarged version of an existingweapon called the “dolphin,” with which merchant ships were sometimesarmed.

Whereas the mast on a galley was a light spar, made to be taken down and left ashore before a battle, a merchantman had a stout, permanent mast. Some merchantmen, operating in pirate-infested waters,had a kind of strongly built boom or yard attached to this mast. At theend of this yard was slung, by rope and pulleys, a heavy leaden weight.When a pirate laid alongside and its hairy, screeching horde preparedto board, the crew of the merchantman swung the dolphin out over thepirate’s deck and released the rope. Down went the missile, to smashthrough the thin piratical deck as through papyrus. A later Greek writer(+VI) describes a similar device, mounted on a wheeled platform foruse on land.

Another Archimedean trick was to lower a grapnel from a crane, catch the bow of a small Roman ship, and hoist until the ship was vertical and the crew tumbled into the blue Mediterranean. Then the ropewas let run, dropping the ship to wallow awash and useless.

A story grew up in later centuries that Archimedes:

. . . devised an hexagonal mirror, and at an appropriate distance from it set small quadrangular mirrors of the same type, which could be adjusted bymetal plates and small hinges. This contrivance he set to catch the full rays ofthe sun at noon, both summer and winter, and eventually, by the reflection ofthe sun’s rays in this, a fearsome fiery heat was kindled in the barges, andfrom the distance of an arrow’s flight he reduced them to ashes.37

It is a colorful picture, but not likely. As a practical matter, Archimedes would have needed a much bigger set of mirrors than he could probably have made. People who have experimented with sun-powered steam engines have found that it takes 200 to 300 square feet of mirror to generate steam for a little one-horsepower engine. Moreover, Archimedes would have had to make the target ship hold still for some timefor his burning glasses to take effect.

It is, however, possible that Archimedes did perform experiments with such mirrors. He might even have set some old hulk on fire and let peoplewhisper about his fearful secret weapon. But the exact truth, as in somany ancient matters, has vanished down the voracious gullet of time.

Despite Archimedes’ wonderful war engines, Marcellus captured Syracuse by a surprise attack on a weakly defended tower while thecitizens were celebrating a religious festival. Marcellus, who was notwithout humanity and respect for Archimedes’ genius, ordered his soldiers not to molest free Syracusans. It was impossible to forbid them toloot, for a general who tried to stop his soldiers from plundering a citycaptured after a hard-fought siege would have been instantly slain byhis own men.

During the looting, a legionary approached the seventy-five-year-old Archimedes, who was drawing geometrical diagrams in the sand. Archimedes, preoccupied with his mathematics, cried: “Keep off, you!” andthe angry soldier killed him. At least, that is the commonest story. Thereare others, and any or none may be true. Marcellus mourned Archimedes but took the latter’s orrery as booty to Rome, where it could stillbe seen a century later.

The death of Archimedes, practically speaking, ends the story of Hellenistic engineering. It is not that Hellenistic engineering really stopped, albeit it produced no more such towering figures. Instead, it was absorbed into the story of Roman engineering, just as the Hellenistic kingdoms, one by one, were swallowed up by Rome.


THE EARLY ROMAN ENGINEERS
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SIX

Roman engineering, like that of the earlier watershed empires, was based upon the intensive application of rather simple principles,with plenty of raw materials, cheap labor, and time. Rome possessedabundant supplies of brick, stone, and timber. Labor was especiallycheap during the last century of the Republic and the first of thePrincipate, because the swift extension of the Empire had crowded Romewith thousands of slaves.

The Romans devoted more of their energy and capital to useful public works than did their predecessors. They built roads, harbor works,aqueducts, temples, forums, town halls, arenas, baths, and sewers. Although, like all ancient peoples, the Romans had little sympathy to sparefor the underdog, they did like to see the masses prosper and enjoythemselves. A magnate, governor, or emperor might be a scoundrel inother respects, but he believed that he gained honor by presenting thepeople with some useful or entertaining public work. Under the Republicthis was a method of bidding for votes; and, even after elections hadceased in the Principate (the technical name for the early Empire) thetradition lived on.

Therefore Frontinus, Trajan’s water commissioner, is not being merely patriotic when, in describing Rome’s aqueducts, he bursts out: “Withsuch an array of indispensable structures carrying so many waters, compare, if you will, the idle Pyramids or the useless, though famous, worksof the Greeks!”1

Modem writers often point out that the Romans contributed practically nothing to pure science: “To the scientific habit of mind which has made our present attempt at civilization possible and is rapidly makingit impossible, no Roman ever contributed anything.”2 Still, althoughRome produced almost no pure or research scientists, she brought forthmany remarkable soldiers, statesmen, administrators, and jurists.

Moreover, in the applied sciences, Romans were very active. Roman architects and engineers made far-reaching advances towards improvingthe machinery of everyday life and reshaping the earth for man’s convenience. In the story of civilization, these things have their own importance.

Although the Romans inherited some of their engineering ideas from the Etruscans, they adopted many more from the swarm of Greeks andorientals who came to Rome, voluntarily or as captives, in the last centuries of the Republic. One of the newcomers, for instance, was Hermodoros of Salamis (—II) who built temples in Rome to Mars and toJupiter the Stayer.

Moreover, the Romans themselves actively developed new methods of building. This vigorous engineering activity continued from the early daysof Roman expansion in —IV for nearly eight centuries, until the barbarians overran the western half of the Empire.

Roman engineering was mainly civil engineering: the building of roads, bridges, public buildings, and other permanent structures. A consul, senator, or other magistrate commanded the whole of such a governmental enterprise. Under him the architectus or engineer, in his turn,bossed a crew of minor technicians: agrimensores or surveyors, libratoresor levelers, and others. In addition, private builders without special technical training practiced, for private landowners, the craft in which theyhad been reared.

The profession of architectus became so popular by —I that even the emperor Tiberius’ son Drusus dabbled in it. Vitruvius complained “thatan art of such magnificence is professed by persons without training andexperience, by those who are ignorant not only of architecture but evenof construction . . .” But then, Vitruvius wanted his ideal architect to“be a man of letters, a skillful draftsman, a mathematician, familiar withhistorical studies, a diligent student of philosophy, acquainted with music; not ignorant of medicine, learned in the responses of jurisconsults,familiar with astronomy and astronomical calculations.”3

Although Vitruvius gives sound reasons for having all these skills—for instance, a knowledge of music is useful in tuning catapults by striking the tension skeins—the difficulty is the same as in all professions in allages. Vitruvius’ requirements are a counsel of perfection, because nobodylives long enough to learn everything that might be useful to him.

The Etruscans, from whom the Roman engineers originally borrowed their technics, were the Romans’ northern neighbors. Although theEtruscans were racially much like other Italians, their language, onlypartly deciphered, was a non-Indo-European tongue unrelated to anyother known language. Nobody knows where they came from. The ancients thought they had come from Asia Minor, while some modernscholars believe that the Etruscans, like the Basques, were a pocket ofpre-Indo-European speakers who had dwelt there before the horsedriving Aryans conquered the rest of Europe.

The Etruscans, for instance, may have invented the candle. While the taper, long known, was a string dipped only once or twice in meltedwax, the candle was dipped many times to build up a thick solid rod ofwax. The candle, used at first as a religious accessory rather than as ameans of profane illumination, spread around the Mediterranean inHellenistic times. It was known to Philon of Byzantium in —III. In addition, the Etruscans pioneered the making of dentures.

The larger Etruscan houses were built on the Near Eastern central-court plan, with a hole in the roof over the central court and a cistern below the hole to catch the rain water. Etruscan temples followed theGreek pattern, save that the Etruscans, even after they had substitutedstone columns for wooden posts, continued to make their lintels androof structures of wood. As wood is more efficient for long beams thanstone, their temples had more widely spaced columns and broader eavesthan those of Greece. Etruscan builders covered the wooden roof structure with an elaborate coating of terra cotta, or brick molded into ornamental forms.

The Etruscans differed from all their neighbors in the fact that they used the arch. We cannot tell, though, whether they got it through someunknown intermediary from Mesopotamia or invented it independently.They did invent a system of decorating a series of arches with a moldingthat ran from the base of one arch to the next (the impost) and thenaround the outer edge of each arch in a semicircle (the archivolt).

The Etruscans also conceived the bloodthirsty idea of making slaves, prisoners, and criminals fight each other as gladiators. The Romans tookover all these culture traits and, by their conquests, spread them aroundthe Mediterranean world. Rome began its expansion from a mere citystate in —V and never stopped growing until Trajan completed his conquest of Dacia (modern Romania) and Babylonia at the beginning of+11.

The early Roman house was built on the Etruscan plan. The domus of a prosperous early Roman bourgeois had about a dozen rooms,ranged around a partly roofed court. There was a square hole in the roofto let in the rain and a cistern beneath to catch it. This court was calledthe atrium, from ater, “black,” because the walls were blackened by thesmoke of cooking. Poor peasants, of course, continued to live in one-room huts as they always had.

When in Hellenistic times the Romans came under Greek influence, they added a second court on the Greek model. This court was calledthe peristylum or peristyle, from the Greek words meaning “surroundedby columns.”

The practice of planting a flower garden in the peristyle also came into the classical world at this time. Such formal gardens were a Persiancustom, unknown to the Greeks of the Golden Age, who cared little forthe beauties of nature and who, if they planted anything, preferredsomething edible like onions or cabbages.

But the Hellenistic Alexandrines, living on a wretched and monotonous sand spit, discovered the beauties of nature and wrote sentimental poems about shepherds piping in an imaginary Arcadia of groves andwaterfalls, nymphs and satyrs. The real Arcadia is a rugged, barren, inhospitable country, but few of the poets or their admirers had beenthere.4

As wealth and sophistication increased in the last two centuries of the Roman Republic, other types of dwelling house evolved. The rich builtlarge country houses, called villas. While these were of many kinds, inthe early decades of the Principate they evolved away from the traditional Mediterranean type.

The traditional house, which was closed in upon itself, now unfolded and opened outward, like a flower. The peace of the early Principatemade it no longer necessary to build each house like a miniature fortress.A common type of villa consisted of a main building, in a solid block,with a pair of wings, one containing the bedrooms and the other thebathrooms. Instead of running around a closed court, the colonnade extended in a straight line along the south side of the house.

At the same time, the increase in population in Italian cities, and especially in Rome itself, made builders eager to find space for more tenants in a given area. An ancient city could not expand so easily as a modernone, because of the walls that surrounded it.

The walls themselves did not present a serious obstacle, but military considerations did. If the wall was to serve as an effective defense, aspace had to be kept clear on both sides of it. On the inside, a spaceabout 30 yards wide was kept open so that troops could move quicklyalong it, engines could be set up in it to shoot over the wall, and the foecould not easily ignite the nearest houses by shooting incendiary missilesinto the city.

The wall itself, to be effective, had to be at least 30 feet high and 15 feet thick. The walls of Martyropolis in Armenia, 20 feet high and 4thick, were considered useless against a determined attack, even withoutheavy siege machinery, because a numerous enemy could overrun themwith scaling ladders alone.

The clear space outside the wall was about 200 yards wide. In wartime, this space was shaped into a series of obstacles to slow the approach of the besiegers. First, a series of ditches was dug. Philon of Byzantium recommends three, about 35 yards wide and as deep as thenature of the soil allows. The earth from these ditches was piled up onthe spaces between them. But these areas were also rendered more difficult by barricades of tree branches stuck into the ground, with the endswhittled to points so that they looked like antlers. This was the ancientequivalent of a barbed-wire entanglement. Bells hung from cords on aline of stakes gave warning of the approach of the foe at night.

A form of tank trap was made by burying a lot of large empty jugs, their mouths stopped by moss, just under the surface of the soil. Infantrycould walk over the jugs without effect; but, when heavy wheeled enginestried to cross the same ground, the jugs broke and the wheels sank in.

Because of these defenses, once an ancient city had taken form, no builder could add new houses around the edge of the existing built-uparea. Once the cleared strip inside the wall was reached, the builder hadto go more than an eighth of a mile, outside the defenses, to find anotherbuilding lot. Moreover, lack of transportation checked any tendency towards suburban sprawl.

So Roman builders did what builders in Babylon and Tyre had done before them, and what modern builders have done in places like NewYork City, where surrounding waters prevent the city from growing outwards in all directions. They went up. Buildings rose to at least threestories in —III and five or more by —I. Augustus set a limit of 70 feeton the height of buildings, and Trajan reduced this to 60 for greatersafety.

These big modern-looking brick apartment houses, filling whole blocks, were called insulae or “islands.” Under the Principate, insulaebecame far commoner in Rome than private houses of the old domustype. A survey of Rome about +300 listed 1,797 domus and 46,602—twenty-six times as many—insulae.

Insulae furnished accommodations of every grade, from dark little single rooms several flights up to luxurious duplex apartments on themore desired lower floors. Writers of the early Principate complain ofjerry-built insulae, which are always either catching fire and frying theirtenants or collapsing and burying them.5 However, the actual remainsof insulae that have come down, as at Ostia, indicate well and solidlybuilt structures. But then, perhaps that is why these particular buildingshave survived; all the flimsy ones fell down or were demolished in ancient times.

For that matter, a good Roman house was built in a sturdier and more substantial way than most of the houses you can buy today. Roman builders had not learned all the short cuts used by modern developers. The houses they turned out were quite as durable and ashandsomely decorated as a modern house—although, lacking runningwater, electricity, oil heat, upholstered chairs, and substantial tables,they would seem to us a lot less comfortable to live in.

Windows had long been closed by wooden shutters. In Hellenistic times, builders experimented with translucent windowpane materials:oiled cloth, sheepskin, mica, horn, and gypsum shaved down to a thinpane. Some of these materials continued in use for many centuries; but,in the more opulent homes, they were slowly ousted by glass, which atlast had become clear enough for the purpose.

The Phoenicians took over the art of glass-making from the Egyptians and improved it greatly. They learned how to make glass clear enoughfor windowpanes and also (—1) how to blow glass. This new methodlowered the cost of glass drinking vessels until nearly everybody couldown them: vessels of clear glass for the rich and of opaque glass for thepoor.

In the early Principate these glass-making techniques were brought to Italy. A curious story is told about an incident said to have happenedin the reign of Tiberius.6 A man went to the Emperor with a scheme formaking unbreakable, flexible glass and proved his claims by droppinga vessel on the floor without breakage. Thereupon the Emperor had theman’s shop demolished (or, in another version, had the man beheaded)lest his product somehow destroy the value of gold and silver.

We know enough about glass today to be sure that the story as it stands is untrue. But it may have a basis of truth. Forbes thinks thatsome enterprising manufacturer, by introducing improved Syro-Phoeni-cian methods of making glass vessels into Italy, competed so severelywith the makers of metal vessels that the latter raised an outcry to theEmperor, who intervened on the side of the metalsmiths.

This attitude was common among ancient rulers. From ancient to modern times, every important invention has brought an outcry fromthose whose livelihood would be harmed by its adoption. Sovrans haveoften heeded such complaints. In the reign of Emperor Vespasianus, forinstance:

An engineer offered to haul some huge columns up to the Capitol at moderate expense by a simple mechanical contrivance, but Vespasian declined his services: “I must always ensure,” he said, “that the working classes earnenough money to buy themselves food.” Nevertheless, he paid the engineer avery handsome fee.7

Queen Elizabeth I of England felt the same way about a proposed knitting machine. While it is useless to blame those whose business wasthreatened for trying to save themselves, such opposition from vestedinterests has greatly slowed technical progress. Ancient rulers did not understand that real income is the consumer goods one can buy with whatone earns, that the goods cannot be consumed unless they are produced,and that therefore whatever increases production increases real wealth.If the vested interests had always won out, we should still be living aspeople did in ancient Sumeria.

During the later years of the Roman Republic, glass began to be used to let light into houses. The first panes were little round skylights, theglass of which was too irregular and impure for true transparency. Butduring +1, glass windowpanes of the modern type appeared. By the endof that century, glass factories had become common in Italy and werespreading into Gaul.

Even the greenhouse was known. The agricultural writer Columella (+1) advised raising cucumbers in wheeled boxes covered by speculares—transparent panes, whether of gypsum, mica, or glass—and suggestedthat these boxes be rolled out of doors on sunny winter days.

Door locks also approached the modern type. There were several kinds. In the typical Roman lock, the bolt had a number of holes in it.When the bolt was in the locked position, several pins in the lock droppeddown into these holes from above, much as the pins do in a moderncylinder lock, and held the bolt in place.

The key had a set of prongs, at right angles to its shank (like the bristles of a toothbrush) and corresponding to the holes in the bolt. When the key was thrust into the keyhole, these prongs were inserted into thebolt from below, pushing the pins up out of the way. Then a sidewise pullon the key drew back the bolt. The holes and pins were differently arranged in different locks, and a duplicate key was called an “adulterous”key—a name for which I can think of at least two explanations. Locksof this Roman type are still used in Arabia.

The Romans also took great strides in house heating. They invented central indirect heating; or rather, they reinvented it. In 1954, atBeycesultan, Turkey, a British expedition dug up the palace of the kingof Arzawa, a kingdom that flourished in southwestern Anatolia before—1200. Here, ducts beneath the floors suggest a central heating plant.Then nothing more is heard of this invention for over a thousand years.

This disappearance is not really surprising. For, in the ancient world, an invention could be lost and rediscovered several times. The numbersof engineers and inventors were extremely small compared to those oftoday. Inventors often tried to keep their inventions secret; in the absence of patent protection, there was no other way to stop rivals fromcopying the invention and reaping where the inventor had sown. Inevitably, some inventors took their secrets to the grave. And, what with thelack of encouragement of inventors, the lack of mass production to multiply specimens of inventions, and the lack of printing to disseminatedescriptions of them, knowledge of an invention was likely to be veryrestricted.

Because of the small scale on which invention was carried on, ancient inventions led a more precarious life than do most modern ones. Somecatastrophe, such as the sack of a city, could easily destroy the onlyspecimens of an invention, along with the only men who knew how tomake it; and there were no patent files to which a later seeker couldrefer.

This does not mean that we should, like the occultists, believe that the ancients had scientific and engineering knowledge beyond our own.They did not. But it did sometimes happen that a useful invention wasmade, lost, and rediscovered centuries later.

In the case of central heating, the rediscoverer was a Roman businessman, Gaius Sergius Orata, who lived near Naples. About —80, Orata, already successful at raising fish and oysters for the market, thought hecould do even better if he could only keep his edible sea-creatures growing through the winter. Perhaps he was inspired by the sweat baths ofBaiae, heated by volcanic steam.

At any rate, Sergius Orata built a series of tanks which, instead of being sunken in the earth, were propped up on little brick posts. Thesmoke and hot air from a fire at one side of a tank circulated throughthe space below the tank to warm it.

Not yet satisfied, Orata applied his invention to human comfort. As I have told you, country houses in his time were evolving into a formwith a central hall and a pair of wings, one of which was devoted tobathing chambers. Orata bought country houses, equipped them withbalnae pensiles or “raised bathrooms,” heated by means of ducts underthe floor, and resold them at a lusty profit. As a result, Orata becamefamous for his ingenuity, his business acuteness, his refined and luxurioustaste, and the jovial life he led.

Some aristocrats sneered at Orata as one of the new-rich. Pliny accused him of avarice, but this was the standard resentment that members of the landowning Roman gentry felt towards self-made men who hadgained their wealth in vulgar trade.

Lucius Licinius Crassus (not the triumvir, but an older member of the family) once represented Orata in a lawsuit, which indicated thatOrata was engaged in a bit of sharp practice in buying and sellinghouses. Orata also occupied public waters with his fish and oyster pondsat Lake Lucrinus, just off the Bay of Naples, until a suit was broughtto make him stop. This time Crassus remarked that the lawyer for thedefense “was mistaken in saying that keeping Orata away from LakeLucrinus would deprive him of oysters; for, if he was prevented fromcatching them there, he would find them on the roofs of his houses.”8

After Orata, builders applied his system, called a hypocaust, to whole buildings. Under the Empire, Romans in the northern provincesbuilt hypocaust houses to keep winter at bay. Central heating diedout with the fall of Rome and was not revived until modern times.The last-known hypocaust, strangely, was in the house of a +XIViking earl of Orkney, the formidable Thorfinn the Mighty, on theisle of Birsay.

Under the Principate, Roman houses became more and more like those of today. The atrium disappeared; then the columns vanished fromaround the peristyle. Finally the peristyle itself dwindled and disappeared,as the house in one solid block was found to be easier to heat andmade more efficient use of ground space than the old Mediterraneancourtyard house.

For construction, the Romans used wood, stone, clay, mud brick, baked brick, and mortar. The wood and mud brick have disappeared,as is natural in a country with wet winters. For stone, the Romans firstmade use of tufa, a soft tan or brown volcanic rock. Then they beganto use the harder lapis gabinus and lapis albanus (now called speroneand peperino respectively) formed by the action of water on a mixtureof volcanic ash, gravel, and sand.

Later still, during the Principate, they exploited lapis tiburtinus—modern“travertine,” named for the town of Tibur or Tivoli. This is a hard, handsome limestone; but, unlike the volcanic rocks mentioned, it is notfire-resistant. Under heat it crumbles into powder.

Baked brick, though long known, likewise did not come into general use until the late Republic. According to Vitruvius (—1), mud brickhad been made illegal for house walls in the city of Rome.

Earlier builders often used baked clay in thin slabs called tiles. Roman bricks came in many shapes and sizes; but the Romans preferred long,wide bricks only an inch and a half thick. They had learned that suchshapes were less likely to warp or crack in drying than thicker forms.

They also used lime mortar from the earliest times. But, for public buildings, they preferred to trim their stones as accurately as possibleand depend upon a close fit and iron cramps to hold the structure together.

About —III, Roman builders made an important discovery. Near Vesuvius and elsewhere in Italy were deposits of a sandy volcanic ashwhich, when added to lime mortar, made a cement that dried out torocklike hardness and even hardened under water. They called this stuffpulvis puteolanus from Puteoli,9 where it occurred in huge beds. Bymixing this cement with sand and gravel they made concrete.

Builders had experimented with mortars and plasters for many centuries; witness the concrete bed of Sennacherib’s aqueduct. But here for the first time was a completely satisfactory waterproof concrete, whichformed a synthetic rock as hard as most natural rocks. In fact, samplesof Roman concrete that have come down to modern times in buildings,conduits, and the like are harder than many natural rocks would beafter so many centuries of exposure.

The Roman builders did not at first fully realize the possibilities of their new material. They used it in a small, tentative, nervous way. Afterall, how did they know it would not soon crumble like common plaster?But, as the strength and durability of the new substance became plain,builders used it more and more freely, until it became the typical buildingmaterial for large structures under the Principate.

While we do not think of the Romans as great innovators, their builders deserve credit for one thing. Having stone, brick, and concrete to work with, they doggedly tried out almost every possible combinationof these materials.

In the early days, the Romans built stone walls in the form called opus quadratum—“squared work.” This was simple ashlar masonry withall the stones trimmed to a rectangular form of the same size. As a rule,not all the stones had their long axes parallel. To strengthen the wall, insome courses the alternate blocks, called “headers,” had their long axesat right angles to the face of the wall, so that they extended into the interior of the wall, or clear through it, and helped to bond the wholetogether. The Greeks and their predecessors had used a similar system.

Another system was opus incertum or “random work.” The stones were still trimmed to a rectangular shape, but were of different sizes, sothat there was no continuous course of stones. Such a wall was moretrouble to put together but stronger when finished.

Builders used similar systems in erecting walls of brick—first of mud brick, later of baked brick. But then came the discovery of concrete. Atfirst concrete was used as little more than a superior mortar. As its properties became known, however, builders used more and more of it andless and less of the stonework or brickwork that it was supposed to beholding together.

Soon, walls were made with thin facings of stone or brick and a thick filling of concrete, spaced out with gravel, stones, and bits of brokenbrick and tile. As the builders did not have powered cement mixers, theycould not prepare their concrete in the enormous quantities we do.

Instead, they laid a layer of it either between wooden forms or between facings of stone or brick already assembled. Then they pressed the filling material down into it. Then they laid another layer of concrete; and so on.

In the late Republic and early Principate, walls became essentially masses of concrete, in whose surfaces stones or bricks had been inserted.These bits of stone or brick added nothing to the strength of the wall,as the concrete was stronger than the facing materials to begin with.Often they could not possibly have added to its beauty either, becausethe wall, facing material and all, was then covered by a layer of stuccoor by marble slabs.

You might ask: Why, if the Romans had such good concrete, did they not simply build structures of pure concrete, as we often do, without theseuseless and not very beautiful facings? We do not know, but perhapsthis was an effect of Roman conservatism. A customer who ordered awall expected to see a surface of solid stone or brick and would havefelt uncomfortable without it, regardless of the wall’s interior. So thebuilders obliged.

In the era of concrete walls, the old terms for wall construction took on new meanings. Opus testaceum meant a concrete wall in which hadbeen inserted wedge-shaped pieces of brick, with their apices inwardand their bases exposed to view. These wedges were so closely packedthat, to the eye of the beholder, the wall appeared to be of solid brick.

Opus incertum acquired a new meaning, namely: a wall in which irregular pieces of stone had been inserted into the face of the concrete and then, when the concrete hardened, had been chiseled down flushwith the concrete surface.10

Opus reticulatum or “netlike work” was a more refined version of this system. Little square pyramids of stone were inserted in the wall,point first, so that the bases presented a lozenge or diamond pattern ofsquare stones set closely in the concrete. This form of construction,though rather costly and not so firm as the others, and though oftenhidden by a coat of stucco, attained a great vogue through —I and +Iand then died out.

Cheap working-class houses, the upper floors of domus, and the partition walls of the top stories of insulae were made of opus craticum or “basket work.” The wall was a mere trellis of lath or cane, covered withmortar or plaster. Though neither fireproof nor waterproof, such a wallwas light and cheap.

In the late Empire, builders used mixed constructions, courses of brick alternating with those of stone. Then, after the fall of the WesternEmpire, builders were driven to re-use bricks from old fallen buildings,or whatever they could get.

Although Italy has good marble, the Romans of the Republic were slow to take up its use, even after they had become familiar with Greekbuilding methods. When Licinius Crassus in the —90s adorned his houseon the Palatine with six 12-foot columns of Attic marble, his contemporaries scoffed at him as the “Palatine Venus.”11

Later in that same century, marble became popular for public buildings, although the Romans preferred to use it in thin slabs for facing, purely for decoration, instead of for main structural elements. Hencelate in his reign Augustus boasted: “I found Rome a city of mud bricks;I leave her clothed in marble.”12

The Romans not only developed new materials of construction and new combinations of old materials; they also evolved new architecturalforms. Some, like the arch and the vault, they took over from theEtruscans and improved; some were original with them. And they combined these elements in an endless variety of ways, giving large buildingsa spaciousness and adaptability to their functions far beyond anythingthe world had seen.

In the architect’s never-ending fight against gravity, the arch was found to be useful in many ways. For instance, when concrete construction came in, arches could be cast in concrete. However, to erectan arch of any kind, the builder must set up a scaffold, called centering,whose upper surface corresponds to the inner surface of the arch. Thiscentering holds up the wedge-shaped stones or bricks of the arch (thevoussoirs) until all are in place. Then the centering can be taken away,and the arch will hold itself up. With an arch of concrete, a very massive centering was needed to hold up the weight of all that wet cement.

So the Romans put up a light centering and erected over that an arch of thin bricks. These bricks, which could support themselves once theywere all in place, in turn served as centering for the concrete, thus making construction easier. To lighten the superincumbent mass of concrete, builders inserted empty jars or blocks of porous pumice stoneinto the work at points where no great stress was to be resisted.

Another development was the straight arch as a substitute for lintels of wood or stone over doors and windows. A straight arch is made oftapering voussoirs just as a curved arch is, but they are arranged in asingle horizontal line over the opening.

However, the straight arch has much less strength than a semicircular arch. So, to protect straight arches, Roman builders developed anothertrick: the relieving arch. This was an arc of bricks (usually less than afull semicircle) imbedded in the wall over the area to be protected. Ittook some of the load of the overlying wall and distributed it to thesides of the opening, where the continuous wall could withstand it.

The original arches were merely round tops to openings in walls, taking the place of lintels. But it was learned that arches could be used as independent units, supported on piers or columns. Diocletian’s palaceat Spalatum13 (+IIl) has arches mounted on columns, and this systembecame common in medieval architecture.

If an arch is prolonged along its central axis, it becomes a vault. The Etruscans used vaults but only, it seems, for such modest structures asculverts, drains, and gates. The Romans used the semicircular vault,commonly called the “barrel vault,” to roof over their huge publicbuildings.

In earlier times, the uncluttered width of a chamber was limited by the length of timbers that could be obtained to hold up the roof. In acountry like Mesopotamia, where the only native timbers were palmtrunks, a room could not be much more than fifteen or twenty feet wideunless columns or piers were set up between the walls, as in the Hypostyle Hall of Rameses II and the audience halls at Persepolis, to carrythe load. With vaulting, however, unobstructed halls 80 or 90 feet widebecame possible.

Furthermore, vaulted halls did not have to be single semi-cylindrical structures. In +1 the Romans learned that one vault could cross anotherat right angles and the two vaults would still stand up. The inner surfaces of these vaults intersected along elliptical lines called groins. Sucha structure is called a groined vault or cross vault. Such a cross vaultcould roof a large square area and be supported wholly by piers orcolumns at the corners.

Another method of roofing such an area was by means of the cloister vault, which may be described as a square dome. The Etruscans had,like the Mycenaean Greeks, built tombs in the form of corbelled domes;but the Romans began to build both the true dome and the cloister vaultabout —I.

Like the arch, the true dome is made of stones or bricks tapered downwards so that, once the last one is in place, the whole structuresupports itself. In fact, a dome need not be completed all the way up.It stands as firmly if a circular hole is left in the top.

Large domes, however, brought up another problem. A circular dome must be supported all the way round. If you put a dome on top of asquare hall, some of the rim of the dome will rest on nothing but air,either inside or outside the square. Hence you must either make yourhall circular or make its walls enormously thick, so that the lower edgeof the dome shall not stray off its support.

Roman architects solved this problem in late +1. When the emperor Domitian rebuilt a palace on the Palatine Hill (now ruined), the buildersjoined square chambers to domes by means of pendentives. A pendentiveis a triangular piece of masonry, leaning inwards from the upper corners of the chamber, to form a transition between the square groundplan and the circular base of the dome. Although a pendentive maybe a flat triangle, the best design makes it, like the dome, a section of asphere. The use of pendentives to support huge domes became a majorfeature of Byzantine architecture.

All these arches, domes, and vaults posed an additional problem. An arch does not simply press straight down upon the columns, piers, orsections of wall on which it rests. It also presses outwards; just as whena man stands spraddle-legged, his feet push outwards along the groundas well as down into it.

Vaults and domes produce similar outward stresses. Hence, if such a structure is erected over a chamber whose walls are only thick enoughto support the straight vertical load it receives from the roof, the outward thrust of the arch, vault, or dome will push the walls outwards.And down will come the whole structure.

One cure for this state of affairs is to make the walls thicker. But no builder wants to use far more material in his structure than is reallyneeded.

So the Romans of the Principate (+II) learned that a wall could be greatly strengthened against overthrow, without much adding to its totalbulk, by vertical thickenings at intervals, either inside or outside. Theprinciple is the same as that of stiffening cardboard or sheet iron bycorrugating it. Therefore, late Roman vaulted and domed buildings hadwalls with numerous niches or recesses. The thick parts between therecesses are called buttresses. Later, in Byzantine and medieval times,buttressing was developed to an extraordinary degree.

Roman builders used wooden scaffolding much like that employed by Italian builders today. To economize on scaffolding, builders put upwalls with recesses to receive the ends of timbers, or with projectingcorbels to which scaffolding could be made fast. When the building wasfinished, these projections could be carved into ornamental shapes ortrimmed down flush with the wall face. If you look closely at the pictureof the Pont du Gard (Plate XIII) you will see a number of such projections.

In their methods of construction, the Romans far outdistanced the builders of the ancient watershed empires. The Romans developed methods of erecting huge, well-constructed buildings in a fraction of the timeand with far less expense than in former centuries. For the first time inhistory, we begin to see an appreciation of the advantages of efficiency.

In building their cities, the Romans did much what the Greeks had done before them. In a new city built from the ground up, like Thamagudi14 in North Africa, the town was well planned and laid out on agridiron scheme. An old city, notably Rome itself, which had started offas a jumble of huts in a tangle of alleys, kept on growing without anyorganization despite the efforts of reforming sovrans to straighten itout. Making a virtue of necessity, some people in classical and medievaltimes insisted that narrow, crooked alleys were a good thing, becausethey kept “unhealthy winds” from sweeping through the city.

Most of the streets of Old Rome were not over sixteen feet wide-gloomy alleys flanked by the towering cliffs of insulae. As no ancient city had zoning laws, buildings of all kinds—mansions, hovels, insulae,taverns, temples, workshops, and warehouses—were all jumbled together.

Street traffic was so dense that Julius Caesar ordered wheeled vehicles (with certain exceptions) to move in the city streets at night only. Thislaw, renewed from time to time while the Western Empire lasted, thinnedthe daytime crush of traffic. But light sleepers were kept awake all nightby the rumble of cartwheels, the shouts of the carters, and the screech ofungreased axles.

In building large edifices, the Romans excelled in secular rather than religious buildings. Their temples were essentially Hellenistic post-and-lintel structures in the ornate Corinthian mode, differing little except insize from those of the Attalids and the Ptolemies.

The most spectacular of these that still survive are a group of huge temples, which the emperors of +II and +III put up in Syria. For thesite, they chose an ancient Syro-Phoenician religious center. They calledthe place Heliopolis, the City of the Sun, but it has now regained its oldSemitic name of Ba‘albakk. The Romans tolerantly identified the localba‘alim with their own Jupiter, Bacchus, and Venus, so that every mancould worship freely.

For the main temple, that of Jupiter, the Romans quarried columns from the granite of Aswan in distant Egypt. A Roman innovation wasto make temple columns of one solid piece, instead of a stack of stonedrums. In the case of Ba‘albakk, the whole fifty-four columns, 65 feetlong and 7½ feet thick, were rafted down the Nile, shipped across thesoutheast corner of the capricious Mediterranean, and hauled thirty-oddmiles over the mountainous Lebanese hinterland to Heliopolis. Perhapsthe Romans used Chersiphron’s method of inclosing the columns inwooden cradles and rolling them on their sides.

Under Rome, theater architecture took great strides as a result of the government’s policy of giving the people of the city of Rome bread andcircuses.15 The bread was a dole of grain to poor citizens, at first (—II)below cost and later, at the instance of the demagogue P. ClodiusPulcher (—58), free. This dole of food enabled the Romans to livewhile working only 206 days a year and to spend the remaining 159days at shows and festivals. The circuses were periodic public entertainments on a scale theretofore unimagined.

The rulers of the old watershed empires had never thought it their duty to amuse their subjects. The obligation, if any, was the other wayround. But the Ptolemies and the Seleucids, with their huge paradesfeaturing polar bears and other oddities, tried to reconcile their subjectsto their rule and to divert any thoughts of revolt by staging shows forthem. Roman politicians of the Republic and later the emperors themselves carried this policy to the point of lunacy. Ninety-three days of theyear were given over to spectacles.

Plays were given in semicircular theaters of the Greek type. Originally these were of wood, but wooden theaters had a deadly habit of collapsing. Although permanent theaters of stone had long been forbidden as adecadent Greek idea, Gnaeus Pompeius Magnus, “Pompey the Great,”built one in —55 in imitation of one he had seen in the Aegean.

Plays, however, appealed only to a limited upper-class audience. The masses preferred racing and “games.” Chariot races were staged in racecourses (“circuses” in the literal sense) a quarter of a mile or more long,with a long island, the spina, down the middle. In the late Principatethere were four or five circuses in Rome, the biggest being the 700-yard-long Circus Maximus. This structure, begun by Julius Caesar and completed by Trajan, seated over a quarter of a million spectators.

The favorite mass entertainment, however, was the “games.” Becoming popular in —II, these comprised fights between gladiators; the killing of animals; fights between animals; and the killing of people by animalsand by other ingenious tortures. For instance, a play in which the herowas burned alive at the end would be produced with a victim reallyburned alive. The victims were condemned malefactors, prisoners ofwar, and sometimes, in the case of gladiatorial combats, volunteers.

The scale and cost of these games was fantastic. Pompeius Magnus opened his theater with a show that included the killing of 500 lionsand most of 18 elephants. When Titus opened the Colosseum in +80,5,000 beasts were killed in one day; 11,000 were slain in a series ofgames given by Trajan in +107. In the last centuries of the Empire,when the Western emperors were at their wits’ ends for tax money tohire enough soldiers to keep out the barbarians, they continued to lavishtheir wealth on the games.

To furnish victims for such spectacles, the Moroccan variety of the African elephant was exterminated and the white rhinoceros, once common throughout the Sudan, was reduced to a few survivors. Nearly allRomans enjoyed this “good, red-blooded sport.” Even the timid and scholarly emperor Claudius was an avid gladiatorial fan. He often arrived before dawn and skipped his lunch in order not to miss a drop ofgore, though he would have run like a rabbit from a blade bared againsthim.

Not satisfied with duels, battles, and massacres, the emperors dug artificial lakes in which naval battles engaging thousands of men werestaged. This was considered a convenient way to get rid of prisoners ofwar. For, to the Romans as to the Japanese of the Second World War, aprisoner had no rights. He could have fought to the death, couldn’t he?

The Romans’ excuse for gladiatorialism was that an imperial people had to be inured to the sight of bloodshed to teach them courage andcontempt for death and to toughen them for the task of keeping thelesser breeds in order. The very ones who advanced these reasons objected to Greek athletic meets because of their nudity. But this Romantheory did not work. When in +II and +Ill sadistic mobs were howlingfor more and more blood, the Italian people were becoming completelydemilitarized, until as soldiers they were worth no more than so manysheep.

The Christian emperors stopped gladiatorialism but not public massacre. Beginning with Constantine (early +IV) they had magicians, heretics, and other infidels publicly tortured, crucified, and fed to thelions with all the gusto that the pagans had previously exercised on theChristians. Pope Leo I, “the Great,” (+V) who dissuaded Attila the Hunfrom sacking Rome but had less success with Gaiseric the Vandal, persecuted Manichaeans and other heretics and heartily approved of deathfor unbelievers. Nowadays people are no longer slain for religious heresy,but in many parts of the world they are killed for economic deviationism.So far have we come.

However, our concern here is not with the rights and wrongs of gladiatorialism but with the structures to which it gave rise. After several experiments, the amphitheater or bowl was found to be the most practical building for such shows. There had to be a high barrier around thearena to keep the victims, human and animal, from climbing up amongthe spectators to give them a first-hand taste of the blood for which theyscreeched.

After the main permanent amphitheater was destroyed by fire in +64, Vespasian began and Titus finished a mighty new amphitheater. Originally called the Flavian Amphitheater, it came in the Middle Ages to becalled the Colosseum. This great bowl, of which the greater part stillstands despite Renaissance quarrying, was about 600 feet long and 175feet high. The arena could be flooded for small naumachiae or sea batties. The Colosseum remained the largest structure of its kind until the Yale Bowl was completed in 1914.

Under the late Principate, the Colosseum, one other amphitheater, and two reservoirs for naumachiae were all in use. Most of the othercities of the Empire also had amphitheaters, though the Greeks bitterlyresisted the introduction of gladiatorialism into their country.

A pleasanter side of Roman building is seen in their public baths. Bathhouses in the form of small private establishments were old in theMediterranean world. By +I there were several hundred of these inRome alone. As the ancients did not often have running water in theirhouses and therefore did but little washing at home, such establishmentswere more necessary to them than to us.

The Hellenistic kings began to build large public bathhouses to which people were admitted for a nominal fee. Polybios described the jovial,brilliant, and eccentric Antiochos IV, king of Syria (—II), bathing inthe public baths with the people of Antioch. When he was beinganointed, somebody remarked:

“Lucky fellows, you kings, to be able to use such sweet-smelling stuff!”

Next day, Antiochos had a jar of the ointment unexpectedly poured over the man’s head. A general roughhouse ensued, with everybody, including the naked king, falling down where the ointment had made themarble slippery and scrambling up again with roars of laughter.

In —II, public baths were introduced into Rome, reaching full flower in +I. They combined the original purpose of the private bathhouse—that of getting people clean—with some features of the Greek gymnasium.Around a central hall were ranged chambers for steam baths, hot baths,tepid baths, and cold baths; also exercise rooms, game courts, gardens,and even libraries.

Seneca, who once took lodgings over a public bath, complained of the racket: the whack of the masseur’s hand, the grunts of the gymnastas he swung his dumbbells, the splashing of the swimmer, the roars ofthe man who sang as he bathed, the yelps of the man who was havinghis armpits depilitated, and the cries of sellers of sausage, cakes, andother goodies. Under the Principate, men and women bathed togethersave when some bluenose like Trajan or Marcus Aurelius ruled against it.

The first of the large, luxurious public baths in Rome was built by Augustus’ minister Agrippa. Thereafter a long succession of emperorsbuilt bigger and bigger baths, each striving to outdo his predecessor.The ruins of two of the largest, the so-called Baths of Caracalla16 and ofDiocletian, still dominate the city of Rome. The latter had a main hall 200 by 80 feet in plan and 120 feet high, cross-vaulted at the top.

About —310 an ambitious Roman politician, Appius Claudius Crassus, was elected censor. As the ancients did not have our sense of clear-cut departmental specialization, they were apt to assign almost any duty to any magistrate, whether or not it was related to the duties he alreadyhad. Hence the censors of the Republic not only conducted the censusbut also guarded public morals, decided who should be Senators, andhad charge of public lands and public works.

As a politician of democratic leanings, Appius Claudius Crassus distinguished himself by lavish public works. At least, they were considered lavish in austere Republican Rome. He exercised his power over membership in the Senate in a way that his critics considered extremely arbitrary, admitting to that body plebeians and even, to the horror of thelanded aristocracy, the sons of freedmen.

Crassus built the Aqua Appia, the first of Rome’s great web of aqueducts. Then followed a splendid road southeast from Rome. First it ran for sixty miles in a straight line to Anxur, later called Tarracina, on thecoast. Thence it followed the Tyrrhenian coast to Capua, northeast ofNaples. The Via Appia, about 115 miles long, passed through the heartof the Latin country, which had been united to Rome for over two centuries. Crassus undertook to build an all-weather road by paving hisAppian Way. But, like the Achaemenid kings, he probably paved onlythe parts near cities, where traffic was thickest. The rest was paved muchlater.

Avid of glory as well as full of constructive engineering ideas, Crassus tricked the other censor into resigning his post ahead of time and “byvarious subterfuges, is reported to have extended the term of his censorship, until he should complete both the Way and the aqueduct.”17 Thushe made sure that both public works should be named for himself alone.A monumentally stubborn and self-willed man, he used a legal quibbleto argue that the law setting the term at a year and a half had beensuperseded.

Despite failing eyesight, Crassus went on to a distinguished career as consul, praetor, senator, orator, writer, and poet. In fact, he was justabout the first real man of letters that Rome produced.

About eighty years later another popular leader, Gaius Flaminius, executed two more costly public works. One was the Flaminian Circus, Rome’s first permanent race course. The other was the Via Flaminia,which extended from Rome across Italy to Ariminium (modern Rimini).Crassus and Flaminius probably paid for their works by the sale of public lands. A few years after building his road, Flaminius, commanding a Roman army as consul, fell in the disastrous battle against Hannibal, atLake Trasimenus (—207).

Meanwhile the Appian Way had been extended to Tarentum and Brindisium in the heel of the Italian boot. Other roads were added andexisting ones paved until Italy was covered with a fine all-weather network.

When Octavianus ruled Italy as a triumvir, before he became the Emperor Augustus, he ordered the architect Lucius Cocceius Auctus to cure the traffic bottlenecks around Naples, caused by the spurs of the Apennines that here run down to the sea. Auctus drove two tunnels, one atCumae and the other between Naples and Puteoli, about 10 feet wideand varying in height from 9 to 70 feet. Seneca, who once used thelatter, bitterly complained of the dust and darkness, although the tunnelsmuch shortened the route.

Excellent roads were also extended into the provinces. Trajan built a road in Arabia, from Aqabah to Bostra, which was not only paved butdivided into two lanes by a row of raised stones.

Among the conquered peoples of the Empire, the Gauls, being skilled in making carts and chariots, already had roads of a sort. But thesewere mere tracks, maintained only to the extent of cutting down bushesand trees that grew up in them. Not being paved, the Gallic roads wereworn deeper and deeper by traffic until they became sunken roads, likethe legendary road that was once supposed to have ruined the chargeof Napoleon’s Guard at Waterloo. Some of these roads can still be tracedby shallow ditches across the face of France. Roman roads, on the otherhand, being paved and embanked, survive in the form of low ridges.

One of the most important later Roman roads was that which, leaving the Italian network at Tergeste (modern Trieste) extended down theDalmatian coast to Dyrrhachium18 and thence, as the Egnatian Way,across the Macedonian mountains to Thessalonica and Byzantium. Inlater times, when the Empire had two capitals, one at Rome and one atConstantinople, this road became the vital link over which the emperorsof East and West marched, sometimes to support each other against theinvading barbarians but more often to attack each other.

To understand Roman road construction, we must remember that Roman roads were intended primarily to enable the army to moveswiftly, and that the Roman army consisted, until the late Empire, mainlyof heavy infantry. So the road builders were more concerned with providing a firm footing for marching soldiers than a soft surface for thehooves of animals. Therefore the more important roads were hard-paved, although most secondary and provincial roads were merely graveled. Alongside of the paved roads, the practical Roman engineers oftenplaced one or two unpaved strips for those who preferred a softersurface.

As routes for infantry, again, Roman roads were kept as straight as the contour of the land and the presence of existing structures allowed.Romans preferred that a road should go over a hill rather than windaround one, even if this meant grades of as much as 20 per cent. This isperilously steep for vehicles, especially in the days before brakes, whenthe only way to check the vehicle’s descent was to lash one wheel so itcould not turn.

Depressions and valleys in the path of the road were filled or bridged, but the Romans did not like cuttings to reduce the grade in passing overa ridge. They liked to place as much of the road as they could on anembankment above the level of the surrounding land. This kept the roadclean of mud, guarded it against blockage by snow in winter, and madeit hard for a foe to ambush the marching legions.

Such a road system supported not only the marches of the legions but also a brisk civilian traffic afoot, mounted, and on wheels. Like theAchaemenid and Hellenistic kings before them, the rulers of Rome maintained an official postal service. There were relay stations at intervals often or twelve miles and larger stations, with inns, smithies, and otherfacilities, at intervals of thirty to forty miles. The governmental mailcarts and horses were for the use of governmental officials and militaryofficers only, though the drivers could probably be bribed to carry aprivate passenger. The emperor issued a pass called a diploma to authorized users of the postal service and to cronies whom he wished tofavor.

Under the Principate, private companies also carried mail and parcels and rented animals to travelers. The one travel facility to which theRomans never attained, and which did not appear anywhere before+XVII, was that of the scheduled common carrier: the vehicle runningfrom here to there at definite times and open to all comers.

To lay out a route for a road, Roman surveyors used a few simple instruments for establishing horizontal lines and right angles. For theformer purpose they employed levels of several kinds (libra, libella,chorobates). These worked either by a plumb-bob hanging at right angles to the line of sight, or by a water level.

For setting up right angles, the Romans used a groma. This was a pair of boards fastened together to make a right-angled cross, mounted horizontally atop a post or stand. Plumb lines, hanging from the four ends of the crosspieces, made it possible to level the instrument, and the surveyor sighted along the crosspieces. At Pompeii, the blacksmith Veruskept a groma in his smithy and presumably did surveying on the side.

A Roman paved road was a massive structure that has been well compared to a wall lying on its side. The makers began by digging a trench several feet deep. If the earth was still soft at that depth, they often drovepiles to strengthen it. On the surface so prepared, the road was built upin layers.

The precise nature of the road depended on the material to be had locally and the importance of the route. A Roman poet, Publius PapiniusStatius, describes the procedure; and if you don’t think road-building apoetic subject, you don’t know Roman poets. He is celebrating a newand shorter road built by Domitian (late +I) near Naples:

Here the belated one, borne on an axle,
Formerly clutched at the pole as it tottered;
Mud malignant sucked down the wheels,
whileFolk in the midst of the meadows of Latium
Shuddered at evils like those of seafaring.
Nor was the ongoing rapid, but sluggish, as
Echoless ruts impeded the carriage,
While the exhausted, high-yoked animal
Staggered, protesting the onerous burden.
Howso, a journey that once took till sunset
Now is completed in scarcely two hours.
Not through the heavens, ye fliers, more swiftly
Wing ye, nor cleave ye the waters, ye vessels.
First comes the task of preparing the ditches,
Marking the borders and, deeply as needed,
Delving into the earth’s interior;
Then, with other stuff filling the furrows,
Making a base for the crown of the roadway
Lest the soil sink, or deceptive foundations
Furnish the flagstones with treacherous bedding;
Then to secure the roadway with cobbles
Close-packed, and also ubiquitous wedges.
How many hands are working together!
Some fell the forest while some denude mountains,
Some smooth boulders and balks with iron;
Others with sand that is heated, and earthy
Tufa, assemble the stones of the structure.
Some with labor drain pools ever thirsty;
Some lead the rivulets far to the distance.19

As Statius indicates, the many hands of the Roman road builders built their roads to last. A major, fully paved highway in Italy usuallyconsisted of four or five layers, altogether about 4 feet thick and 6 to 20feet wide. At the bottom was a layer of sand, mortar, or both. Thencame a layer of flat squared stones set in cement or mortar. On top ofthis was a stratum of gravel set in clay or concrete. Then came a layerof rolled sand concrete. On top of all was laid a crowned pavement oflarge many-sided blocks of hard rock set in concrete and dressed on theirupper surfaces.

In places where there were no good materials for making concrete, and where the Romans still wanted a strong paved road, they sometimesset the surface blocks in molten lead. Few traces of such costly roadbuilding methods remain, because as soon as Roman authority lapsed,the local people pried up their roads in order to use or sell the lead.

Parts of some Roman roads still remain in much their original condition. Today you can drive over the Old Appian Way, extending southeast of Rome. The Italians have laid down a layer of asphalt over the imperial flagstones, but there are gaps in the asphalt where you go bumping over the same stones that rang to the tread of the legions and thetriumphs of the Caesars.

The Roman theory of road building was that if the road was made solid enough to begin with, it would not need much maintenance. Hencea fully paved Roman road, under normal wear, lasted eighty or a hundred years before it had to be renewed. Only in the present century, withthe advent of heavy automobile and truck traffic, have nations begun toreturn to road-building methods like the Romans’.

As with the Persians and Macedonians before them, the Romans conquered a great empire less because of any peculiar national virtues than because they had, at that time, a better army than anybody with whomthey fought. This army was important in shaping not only the history ofRome but also the development of Roman engineering.

In its earliest stages, in —VI and —V, the Roman army was much like that of the Greek city-states. It consisted of a number of large, solidblocks of spearmen, divided into classes according to how much thesoldiers could afford to buy in arms and armor. Those of the richestclass bore a panoply much like that of the Greek hoplitai.

Little by little, this army evolved into the form it attained in —I, at the end of the Republic. At that time the infantryman carried a pair ofjavelins for throwing instead of a pike for thrusting. At close quarters hefought with a two-foot broadsword.

Legions were divided into maniples of 200 men, which could maneuver independently. The phalanx of Philip and Alexander had had this flexible system of subdivision, too; but the Hellenistic kings had let thephalanx degenerate into an unwieldy solid mass, which could hardlymaneuver at all. The general could only aim it, set it in motion, andhope.

During the days of the Republic, the legions—that is, the Roman army proper—consisted entirely of Roman citizens, armed as heavy infantry. Light infantry, cavalry, and missile troops were always soldiersfrom the allied or dependent states, or from the provinces, and werecalled “auxiliaries.”

As Roman rule expanded, Roman citizenship was also extended, until in +212 citizenship was conferred upon all free provincials. Thereafterauxiliaries were recruited from Germans, Alans, and other barbariansfrom beyond the frontiers. The practice of recruiting legionaries fromthe border provinces in preference to those in the interior finally madethe Roman Empire into a molluscan organism. It had a hard shell surrounding a soft interior of provinces whose people had become demilitarized by long peace.

The Roman army depended less upon brilliant generalship than on the warlike spirit of the people from whom it was recruited; on a soundand flexible system of infantry drill and maneuver; and most of all onstern discipline and rigorous training. Soldiers practiced with swords andshields twice as heavy as those they fought with, so that in battle theirweapons seemed light and easy to wield. Discipline was harsh. The centurion Lucilius, killed in a mutiny under Tiberius, bore the nickname“Fetch-another,”20 because he was always breaking his vine stick onhis soldiers’ backs and shouting for another.

When not fighting, the legionaries were often kept busy on public works. They built roads, dug canals and drainage ditches, made bricks,and even mined silver. They did not always do such work willingly.Under Tiberius they mutinied against road building. The energetic reformer Probus became emperor at a time (+III) when the legions hadbecome demoralized by idleness. When he put some of them to workdraining bogs and planting vineyards at Sirmium,21 they killed him.

A strange instance of such “keeping the boys busy” came to light in 1961, when a cache of about a million iron nails, 6 to 16 inches longand weighing a total of seven tons, was unearthed at Inchtuthill, Scotland. The Roman army built a fortified camp here, at its most northerlyoutpost in Britain, in +83 and abandoned it six years later. Before evacuating the camp they buried the nails in a pit, which they carefully hid.

The likeliest explanation for the manufacture of seven tons of nails in distant Scotland is that the Romans expected to use them in achain of wooden fortified camps along the neck of land between theFirths of Forth and Clyde. This was actually done by the AntonineWall half a century later; but this proved impractical. The AntonineWall was occupied for only fifteen years, beginning in +143; thenabandoned, reoccupied, and abandoned again. Evidently, when theorder came through in +89 to abandon the fortress, the local commander, lacking means of transporting seven tons of nails, had themburied to keep the wild Caledonians from making weapons of the iron.

Roman military operations made good use of engineering techniques. Roman armies, on ending a march, set up a fortified camp on a standard,square plan, which remained the same regardless of the terrain. A Greekarmy adapted the form of its camp to the ground, but a Roman armyadapted the ground to the form of the camp, no matter how much digging this entailed.

Whereas the Greek soldier, though a great fighter, disdained digging as slaves’ labor, the legionary was expected to work as hard with hisspade as with his sword. When Marcus Licinius Crassus (later the political partner of Caesar and Pompeius) campaigned against Spartacus’army of slaves and gladiators, he trapped them by digging a 30-mileditch, 15 feet wide and 15 feet deep, clear across the toe of the Italianboot, and backing the ditch with a wall. Spartacus’ army escaped byfilling up the ditch on a snowy night. Soon, however, the revoltingslaves were destroyed when the men became overconfident and forcedSpartacus to lead them into battle against his will.

To cross streams, Roman armies did not have to depend upon fords, rafts, or water wings made of inflated goatskins. Instead, their engineersthrew bridges across the rivers. Caesar built one—probably a pontoonbridge—across the Saone in a day, and another, a quarter-mile long,across the Rhine near Coblenz in ten days. As he described it, he

. . . caused pairs of balks a foot and a half thick, sharpened a little way from the base and measured to suit the depth of the river, to be coupled together at an interval of two feet. These he lowered into the river by means ofrafts, and set fast, and drove home by rammers; not, like piles, straight upand down, but leaning forward at a uniform slope, so that they inclined inthe direction of the stream. Opposite to these, again, were planted two balkscoupled in the same fashion, at a distance of forty feet from base to base ofeach pair, slanted against the force and onrush of the stream. These pairs ofbalks had two-foot transoms let into them atop, filling the interval at whichthey were coupled, and were kept apart by a pair of braces on the outer side


Fig. 11. Cross-section of Caesar’s bridge across the Rhine (from Merckel).
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at each end. So, as they were held apart and contrariwise clamped together, the stability of the structure was so great and its character such that, thegreater the force and thrust of the water, the tighter were the balks held inlock. These trestles were interconnected by timber laid over at right angles,and floored with long poles and wattlework. And further, piles were drivenin aslant on the side facing down stream, thrust out below like a buttress andclose joined with the whole structure, so as to take the force of the stream;and others likewise at a little distance above the bridge, so that if trunks oftrees, or vessels, were launched by the natives to break down the structure,these fenders might lessen the force of such shocks, and prevent them fromdamaging the bridge.22

Back in late —VI, according to the half-legendary history that has come down from those times, a dynasty of Etruscan kings ruled thesmall city-state of Rome. One of these kings, the usurping Lucius Tar-quinius Priscus, called “the Proud,” so provoked the Romans by hisoppression that they drove him out. King Tarquinius toured the Etruscan courts, trying to rally support against the spread of this wicked newidea of throwing out kings and setting up republics. He succeeded inconvincing his kinsman Porsena, king of Clusium, eighty miles north ofRome. So:

Lars Porsena of Clusium
By the Nine Gods he swore
That the great house of Tarquin
Should suffer wrong no more.
By the Nine Gods he swore it,
And named a trysting day,
And bade his messengers ride forth
East and west and south and north,
To summon his array.23

As the Etruscan army neared the north bank of the Tiber, the Roman countryfolk stampeded into the city. All seemed lost when:

Then out spake brave Horatius,
The Captain of the Gate:
“To every man upon this earth
Death cometh soon or late.
And how can man die better
Than facing fearful odds,
For the ashes of his fathers,
And the temples of his Gods . .

Horatius urged the Romans to break down the bridge while he and two others held the northern end, for “In yon strait path a thousand / May well be stopped by three.” As the Romans attacked thebridge with ax and crowbar,

Meanwhile the Tuscan army,
Right glorious to behold,
Came flashing back the noonday light,
Rank behind rank, like surges bright
Of a broad sea of gold.
Four hundred trumpets sounded
A peal of warlike glee,
As that great host with measured tread,
And spears advanced, and ensigns spread,
Rolled slowly towards the bridge’s head,
Where stood the dauntless Three.

When the earth before the dauntless Three was heaped with corpses, the bridge crashed down. Although Horatius’ comrades dashed backbefore it fell, Horatius had to save himself by swimming. But whatabout this bridge?

Being made of wood and not more than ten feet wide, it was called the Pons Sublicius or “bridge of piles.” An earlier and even morelegendary king, Ancus Marcius, had built it. For religious reasons he hadmade it entirely of wood, without any iron, and placed the bridge incharge of the high priest, who thus came to be called the Pontifex or“bridge maker.” This sobriquet, shortened to “Pontiff,” has been inherited by the Pope. At a yearly ceremony, dummies made of rusheswere thrown from this bridge into the Tiber, probably as a vestige of anearlier custom of annual human sacrifice to the god of the river.

The fallen Pons Sublicius was soon replaced and, with successive repairs, survived down to the end of the Republic. Then a bridge ofstone and wood took its place until a flood destroyed it in +69. Theruined piers in the Tiber now called the avanzi del Ponte Sublico aremore probably the remains of a bridge built by Probus (+Ill).

In the meantime, as cross-Tiber traffic grew, the Romans built other bridges. The Pons Aemilius began as a structure with stone piers and awooden deck, like Nabopolassar’s bridge at Babylon. Later stone archeswere installed and a stone paving took the place of the wooden deck.With repair and rebuilding this bridge was kept in service until 1598,when it was finally abandoned.

The two short bridges connecting the Isola Tiberina, the island in the
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Photograph by the University Museum, University of Pennsylvania

Plate I. The step pyramid of King Joser at Saqqara, Egypt.
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Plate II. The Great Pyramid of King Khufu at Giza. A—abandoned rock chamber; B—unfinished chamber (“Queen’s Chamber”); C—burial chamber(“King’s Chamber”); D—Grand Gallery; E—ventilation shafts; F—granite plug.

Plate III. Assyrian siegecraft. At the right, King Ashurnasirpal (reigned —884 to —860) shoots arrows at a besieged city while his armor-bearer holdsup a shield to protect him. To the left of the king, a belfry attacks the wall witha ram while archers shoot from the top of the tower. The defenders have loopeda chain around the ram and strive to pull it up to make it useless, while theAssyrians try to pull it down again. Farther left, a cutaway view shows engineers digging a tunnel under the walls. Still farther left, others attack the wallwith crowbars.
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Plate IV. The Ishtar Gate of Babylon, as reconstructed in the Vorderasia-tisches Museum in Berlin.
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Photograph by the Metropolitan Museum of Art (New York) bequest of Levi Hale Willard, 1883 Plate V. A model of the Parthenon (the New Hekatompedon of Athena Polias) of Athens.
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(after Payne-Gallwey)

Plate VI. Torsion dart thrower.
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(after Payne-Gallwey) Plate VII. Onager or one-armed torsion stone thrower.
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(after Payne-Gallwey) Plate VIII. Trebuchet or counterweight stone thrower.
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Plate IX. Roman methods of wall construction: A—concrete wall facedwith brick; B—opus incertum; C—opusreticulatum (on the left)


(from Schreiber)
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Drawing by G. G. Woodward © The Illustrated London News

Plate X. The Pharos of Alexandria, restored.
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Plate XL The relief on the funerary monument of the Haterii, in the Lateran Museum of Rome, showing a crane powered by a treadwheel.

Tiber, with the mainland—the Pons Cestius to the west and the Pons Fabricius (named for its architect) to the east—are still in service, carrying swarms of Fiats and motor scooters during the rush hour. So areHadrian’s Pons Aelius, leading to the Castel Sant’ Angelo, once Hadrian’stomb; the Pons Mulvius, north of the city, where Nero reveled andConstantine slew his rival Maxentius; and the Pons Aurelius. Thesebridges can carry modern traffic because the Romans, not knowing thestresses in their bridges and hence being unable to calculate safety factors, built them much stronger than they had to be to bear the loads ofRoman times.

The other bridges that stood in Imperial times (Neronianus, Agrippae, Aemilius, Sublicius, and Probi) have all fallen. Nor are the survivingbridges in their original form. All have been repeatedly repaired as theybegan to crack and crumble; often one or more arches have been replaced. Since the names by which these bridges are known have changedthrough the centuries, the bridges of Rome afford wide scope for scholarly disputes as to which is which.24

Roman stone bridges were all built on one simple plan. Each consisted of one or more semicircular arches of stone, which was preferred to concrete for large arches because of the difficulty of building formsto hold so much concrete. Such bridges were put up in great numbers inItaly and in the provinces. Two outstanding ones still survive in Spainnear the Portuguese frontier: Lacer’s bridge over the Tagus at Alcantara,600 feet long and 175 high; and the bridge over the Guadiana atMerida, 2,500 feet long and over 30 high.

The number of spans that have lasted nearly 2,000 years shows that this bridge design is very solid and substantial. However, it meets thesame difficulty that Nabopolassar’s bridge did. The thick piers seriouslyreduce the cross-sectional area of the river, so that they produce theeffect of a dam with holes in it. Because the water is held back, there isa noticeable drop in the level of the river between the upstream andthe downstream sides of the bridge. Hence the water rushes under thebridge with augmented speed.

Now, the power of moving water to carry silt, sand, gravel, and stones varies steeply with the velocity. Hence the swift flow between thepiers of a bridge scours away the bottom until the undermined pierstotter and fall.

In sinking their piers, the Romans used methods like those employed today. To form a cofferdam around the site of the pier, they drove pilesinto the river bed with a simple muscle-powered pile driver like thatused by Caesar in bridging the Rhine. Then they pumped the water out of the dam and dug down into the mud until they reached bedrock, or until the leakage of water into the cofferdam thwarted their efforts. Thenthey built the pier of stone and strengthened it by piling rocks aroundits base.

Because of the limitations of muscle power, however, the Romans could not build their foundations so solidly as we do. Therefore scourstill threatened their foundations, especially during spring floods.

There were two possible ways to try to strengthen such a bridge. One was to build more or larger piers. But this reduced the flow of waterstill further and aggravated the problem of scour. The other was to usefewer and larger arches, to hold back the river less. Following this plan,the Romans built some very large arches, such as that of the bridge overthe Nar near Narnia, where the main arch has a span of 139 feet.

However, with semicircular arches, each arch must be exactly half as high as its span is wide. So, if the span is enlarged, the height risesaccordingly. This is all right where the river flows between high banks,as at Narnia. But, if the banks are low and flat, the bridge becomesmuch higher in the middle than at the ends. Hence it must have eitherlong approaches or steep grades. The Romans built some big singlearched bridges with stairs at the ends, which made them unusable byvehicles. No solution was found to this problem until Renaissancearchitects discovered (as the Chinese already had) that arches couldbe in the form of a segment of a circle, or a semi-ellipse, so that thespan could be increased without raising the deck.

As you spiral down to the Roman airport, your eye is caught by a straight reddish-brown streak across the flat green Campagna. It is anaqueduct—or rather the remains of an aqueduct, for there are many gapsin it—looking just as it did in your high school history textbook. Theaqueducts of Rome have been so extensively pictured that the term “ancient Rome” at once conjures up a picture of such a row of arches.

The Romans were, of course, not the first folk to build aqueducts. You remember King Sennacherib’s aqueducts and Polykrates’ aqueduct withits tunnel at Samos. The Phoenicians also constructed aqueducts, andabout —180 Hellenistic Pergamon built a water system that brought water from a nearby mountain under a pressure of 16 to 20 atmospheres bymeans of pipes, which passed through hollowed stones.

The Roman aqueducts were distinguished from the earlier ones mainly by their size and number. Sections of their arcades are still tobe seen, not only near Rome, but also elsewhere in Italy and in France,Spain, North Africa, Greece, and Asia Minor. Parts of some of them,as at Rome, Athens, and Segovia, are still in use or at least were withinrecent decades.

The arcades or aqueduct bridges were all built on a simple pattern. On a row of tall piers, of stone or brick, rose a series of small roundarches. Above these lay the actual water channel of concrete, with anarched or gabled roof above it. When an aqueduct crossed an exceptionally deep gorge, as at Segovia, Tarragona, or Smyrna, two or eventhree rows of arches were erected one atop the other. The famous Pontdu Gard at Nimes (Roman Nemausus) has three superimposed arcades.The footbridge that runs alongside the lowest arcade, with arches parallel to those of the aqueduct, was added in 1743.

As the arcades are the most conspicuous part of an aqueduct, we tend to think of “aqueduct” as meaning “arcade.” In fact, however,the arcades formed only a small part of the whole system. The rest ofan aqueduct took the form of conduits and tunnels. When Rome’s webof aqueducts was nearly completed in the early Principate, all the aqueducts together totaled about 260 miles, of which only 30, or one-ninth,were on arches. The actual length of the arcades was even less, becausein some places two or three water channels shared the same arcade.

The many Roman aqueducts put up in other parts of the Empire were built on similar principles. In +152 the Roman engineer Nonius Datussent in the following report about the conditions he found when he inspected an aqueduct under construction at Saldae, Algeria:

I found everybody sad and despondent. They had given up all hopes that the opposite sections of the tunnel would meet, because each section had already been excavated beyond the middle of the mountain. As always happensin these cases, the fault was attributed to me, the engineer, as though I hadnot taken all precautions to ensure the success of the work. What could Ihave done better? For I began by surveying and taking the levels of themountain, I drew plans and sections of the whole work, which plans I handedover to Petronius Celer, the Governor of Mauretania; and to take extra precaution, I summoned the contractor and his workmen and began the excavation in their presence with the help of two gangs of experienced veterans,namely, a detachment of marine infantry and a detachment of Alpine troops.What more could I have done? After four years’ absence, expecting everyday to hear the good tidings of the water at Saldae, I arrive; the contractorand his assistants had made blunder upon blunder. In each section of thetunnel they had diverged from the straight line, each towards the right, andhad I waited a little longer before coming, Saldae would have possessed twotunnels instead of one!25

The answer to Datus’ question about what more could he have done is, of course, “Stay on the job and don’t wander off for four years at astretch.” But then, perhaps poor Datus was ordered to other projectsby his government and had no choice in the matter.

Why did the Romans build so many aqueducts, when other peoples got along without them and we do not build such arcades to carry ourwater? Well, a city that is built on a river, as most of the world’s citiesare, can usually manage for drinking water by scooping it out of theriver. But even in ancient times, when men were ignorant of bacteria,they knew that spring water is better than water from a river. Moreover,if the river lies in a deep bed between high banks, as the Tiber does atRome, a lot of muscle power must be spent in hauling water up to streetlevel. Finally, the Hellenistic and Roman ideals of civilized living calledfor far more fountains, baths, and gardens than had been customarybefore, and these required more water.

The Romans had to build their aqueducts on elevated structures because the water flowed in an open channel instead of in an underground pipe as with us. Flowing in an open channel, the water depended ongravity to move it all the way from the source to the point of distribution. Therefore the channel had to have a slight and fairly constantdown grade of two or three feet to the mile.

As Rome stands on seven hills amid a wide flat plain, and most of the sources were in a spur of the Apennines fifteen miles to the east,the streams had to be carried across the Campagna on stilts to arriveat a level high enough to be useful. The builders followed a natural ridgeacross the plain as far as they could, but thence the water channel hadto take to the air.

Why did the Romans not use pressure pipe all the way? By this time, men knew how to make pipe of bronze, lead, wood, tile, and concrete.

However, the art of pipe making was still young, and the difficulty of making good pipe increases with the size. All the materials the Romans had to work with have their shortcomings. Bronze makes a finestrong pipe but is hard to work and costly, so that sections left unguarded were liable to be stolen. Wood rots and splits; while tile andconcrete, though durable, have but little strength in tension and so cannot withstand much pressure from inside. Moreover, the Romans likedto keep as much of their aqueducts as they could above ground, whereleaks could be easily seen and repaired.

Most Roman piping was in fact made of the remaining substance, lead. Leaden pipes were made by rolling a sheet of lead into a cylinderand soldering the edges. Small lead pipes, with an oval or ellipticalcross-section, carried water from distributing points at the outlet of eachaqueduct to the places where the water was to be used. To avoid excessive pressures, risers and reservoirs were installed in such pipe lines.These kept the pressure constant on the same principle as that ofKtesibios’ water clocks.

However, extensive use of water from lead pipe is bad for the health, for the lead goes into solution in the form of poisonous salts. The Romans were not entirely ignorant of this fact. Vitruvius wrote:

. . . water is much more wholesome from earthenware pipes than from lead pipes. For it seems to be made injurious by lead, because white lead paint isproduced from it; and this is said to be harmful to the human body. . . . Wecan take example by the workers in lead who have complexions affected bypallor. For when, in casting, the lead receives the current of air, the fumesfrom it occupy the members of the body, and burning them thereupon, robthe limbs of the virtues of the blood. Therefore it seems that water shouldnot be brought in lead pipes if we desire to have it wholesome.26

This was, however, but one of many sound suggestions, scattered through ancient literature, that were ignored and forgotten. Lead poisoning was not properly diagnosed until Benjamin Franklin wrote a letterabout it in 1768.

The ancients used lead not only for piping but also for kitchen utensils. Furthermore, leaden vessels were used in making wine, and the stoppers on wine jars were sealed with a cement containing red lead.As a result, some students think that lead poisoning was very commonin ancient times, and that some cases of alleged poisoning of ancientnotables by their enemies were really cases of lead poisoning, or elseof food poisoning caused by careless methods of handling food—a hazard to which travelers in tropical countries are still subjected.

How about the high-pressure pipe used at Pergamon, which I mentioned earlier? We do not know what the pipe was made of, but from the head of water it sustained it was probably metal. Since this watersystem was not duplicated elsewhere in ancient times, the Pergamenesmay have found that maintaining it against leakage and theft was moretrouble than it was worth.

Although most Roman aqueducts took the form of gravity-powered open channels, the Romans did know the principle of the invertedsiphon—that is, a U-shaped pipe higher at the intake than at the outlet.They sometimes used an inverted siphon instead of aqueduct bridges tocross deep valleys. At Arles such a siphon crossed the Rhone by meansof pipes laid in the river bed.

At Lyon the aqueduct crossed three valleys, so deep that an openchannel system would have required arcades 215 to 300 feet high, while a system of piping only would have developed pressures at the bottomsof the inverted siphons of nine to ten atmospheres. To avoid both difficulties, the Romans built inverted siphons, the lower parts of which werecarried across the rivers on arcades 50 to 60 feet high. Moreover, thewater was carried, not by one large pipe, but by a number of smallpipes, the better to resist the pressure. In crossing the river Garon, thenumber of pipes was increased from nine to eighteen, each 6⅝ inchesin diameter.

The first of the aqueducts of the city of Rome was the Aqua Appia, built in —312 by the same Appius Claudius Crassus who built the Appian Way. It was made entirely of stone and was nearly all underground.It carried water from the Anio, a tributary of the Tiber. Although itbegan only seven miles from Rome, the total length of its winding coursewas ten miles. Nearly all traces of this aqueduct, including its one small100-yard arcade, have now disappeared.

Forty years later the censors Dentatus and Cursor built a second aqueduct, tapping the Anio higher up, thirty miles east of Rome. Hence this aqueduct was about four times as long as the Appia. Originally calledthe Aqua Anio, it was later known as the Anio Vetus or “Old Anio”to distinguish it from the subsequent Anio Novus.

During the next three centuries, seven more aqueducts were built to service Rome. The later ones were built mainly of concrete. The Claudia,which we saw from the air, is the best preserved. The longest of theseaqueducts was the 58.4-mile Marcia, built by the praetor Marcius Rexaround —145. Its water was considered the best. On the contrary, thewater of the Alsietina—which, unlike the others, came down from thenorth to service, not Rome proper, but the Ianiculum region west ofthe Tiber—tasted so bad that it was used mainly for watering gardensand for filling the artificial lake that Augustus had dug for naumachiae.

All the other aqueducts came from the south and east. Near Rome, the Anio Novus and the Claudia shared the same arcade; likewise, theMarcia, the Tepula, and the Iulia shared another arcade. When two ormore aqueducts occupied one arcade, their channels were placed oneabove the other. The Romans considered the water of each aqueductbest for certain purposes; hence they rarely mixed them.

Arriving at the city, each aqueduct ended in an extensive distributing system. First the water flowed into one or more tanks to let mud andpebbles settle out. Thence the water was piped to a tower called acastellum or “little castle,” although, because the water in the aqueductwas not under pressure, the water level in the castellum could not behigher than in the aqueduct from which it came.

From the castellum the water flowed into several smaller tanks, whence leaden pipes distributed it to fountains, baths, industrial establishments, and private users. Insulae often had a running-water supply,but on the ground floor only, because the pressure was not great enoughto supply the upper stories.

Towards private users, the Roman government had trouble in finding a policy. According to the early Roman theory of government, chiefmagistrates were expected to build public works. For money they usedcash from the sale of public land, or the spoils of foreign wars or, whenboth these sources failed, their own fortunes. During the late Republic,some of the fierce foreign wars and the savage looting of the provinces byRoman officials were probably the result of efforts to get funds, in theonly way they knew, for building the public works they felt obliged tofurnish.

Moreover, these public works were supposed to be given to the Roman people for their free use and enjoyment. The grateful people, in their turn, would put up statues of their benefactor. Poets would recitepanegyrics to give the official that sense of glory, pride, and self-esteemthat to a noble Roman of the time was more than life itself.

Although the original Roman theory of water supply did not contemplate any private users, leading citizens, and later the emperors and their favorites, managed to have lines run to their houses, where bronzefaucets controlled the flow almost as well as modern taps. Although therules forbade private water for anybody else, other Romans saw no reason why they should not have this convenience, too. So they either bribedthe water officials to run pipes to their houses or secretly bored holesinto the water channels and tanks and laid their own pipes.

Under the Principate, the water commissioners seem to have given up trying to distinguish between “eminent citizens” entitled to free privaterunning water and the rest of the people. They charged fees for privatewater pipes, though we do not know the size of the fees or how oftenthey were collected.

Private users, however, still had to have an imperial document entitling them to the water, so private running water remained the privilege of a few. Other folk were expected to take their jars to the public fountains as in the days of yore. The Romans never did quite grasp theidea that such a public utility could be made to support itself by offeringservice to all in return for a fixed and rational system of charges.

The unit used in measuring water was a calix or standard nozzle.27 The standard calix was the quinaria, a length of bronze pipe 1¼ digits(= 0.728 modern inches) in diameter and 12 digits (= 8.75 inches) long,connecting the distributing tank to the user’s pipeline.

Users of larger calices were charged in a rough proportion to the cross-sectional area of their nozzles, as nearly as the Romans could calculate these areas with their awkward system of numerals. These chargeswere made on the assumption that doubling the cross-sectional areawould double the flow, when in fact it would more than double it.

The Romans also knew that the flow of water through an orifice is greater if the hydraulic head or water pressure is higher. But they didnot know how much greater. So, not having water meters, they couldnot adjust their charges accordingly.

Most of what we know of these matters comes from a book on the aqueducts of Rome, which Trajan’s water commissioner, Sextus JuliusFrontinus, wrote around +100. Frontinus was a typical Roman civilservant of the better type, who had served as consul and as governorof Britain. As water commissioner he bossed a small staff of engineers,surveyors, and clerks, and a crew of 700 governmental slaves, includinginspectors, foremen, masons, plumbers, and plasterers.

Frontinus bitterly complained of the frauds that had taken place under his predecessors. Users employed calices larger in diameter or shorter than the standard, so that they got more water than they paid for. Or,when they installed a new calix, they left the old one in place and illegally drew water from both. Frontinus was shocked to find secret, illegal pipes running to irrigated fields, shops, and even whorehouses.

The landowners of the countryside, over whose property the aqueducts ran, were even worse. They not only stole the water but also illegally planted trees and erected tombs right next to the aqueducts, damaging the foundations of the piers.

Many students, from Frontinus on down, have sought to calculate the total amount of water conveyed to Rome by the nine aqueducts.Frontinus tells us that the total supply was the equivalent of 14,018quinariae. Unfortunately, Frontinus’ “quinaria” is a measure, not ofthe volume of flow of a stream, but its cross-sectional area. And thecross-sectional area does us little good if we do not know how fast thewater flows.

Still, for want of effective water meters, this system of measuring water supply long continued in use; it was employed in Paris as late asthe 1850s. When large discrepancies appeared in Frontinus’ figures, hethought that these were due entirely to theft of water and leakage. Infact, however, they were also due to his crude methods of reckoning.

Modem estimates of the total volume delivered to Rome runs from 85 to 317 million gallons a day. Whatever the maximum delivery ofall the aqueducts in working order, the volume was much reduced inpractice. Besides theft and leakage, one or more aqueducts were oftenout of service for repairs. So the actual flow may have sometimes beenno more than half the theoretical maximum.

Neither can we accurately estimate the amount of water available per person, because the population of Imperial Rome is not closelyknown, either. Estimates vary from 200,000 to 1,600,000. The mostreasonable figure, I think, is around a million. At that, Rome at itsgreatest was much larger than any of the great cities that had gone before it. As nearly as we can estimate, Babylon, Nineveh, Athens, Syracuse, Carthage, Alexandria, Antioch, Capua, and Republican Rome hadall, at their height, harbored somewhere from 250,000 to 500,000 people. Probably, larger cities were impractical because of the difficulty ofbringing food from a distance to feed their populations. Roman roadsmade it possible to import food more cheaply and therefore to concentrate more people in one metropolis. Hence Imperial Rome and—later,for similar reasons—medieval Constantinople, Baghdad, Anuradhapurain Ceylon, and Hangchow in China all approached or exceeded the million mark.

Some have claimed that each Roman had two or three times as much water at his disposal as the inhabitants of most modern cities. But, besides the losses already mentioned, most of the water was used in fountains and baths. Hence it was consumed on a constant-flow system,not on a demand system like that in a modern private house with itsvalves and taps. Therefore much of the water was wasted.

About all we can say is that the average Roman’s water supply was comparable to ours. Anybody who needed water could get it, even ifhe had to haul his own jugful to the topmost story of his insula.

Aside from the abuse of the water system by grafters and water stealers, the system suffered from natural causes, which made its upkeep a heavy responsibility to a conscientious bureaucrat like Frontinus. Thewater channels of the aqueducts were always cracking and leaking. Although Frontinus complains of sloppy workmanship, this cracking probably could not be helped. Some was caused by the settling of the piersof the arcades.

Moreover, the Romans did not understand thermal expansion. Hence the expansion and contraction of a straight concrete channel several miles long, between a hot summer day and a cold winter night, wasenough to crack the cement. As the water was heavily charged withmineral salts, the leakages built up thick limestone concretions aroundthe piers, like the forms you can see at Mammoth Hot Springs in Yellowstone Park.

After Frontinus died about +103 and was succeeded by the younger Plinius, two more aqueducts were built in Rome: the Traiana and theAlexandrina. After Constantine founded a second capital in the Eastat Byzantium (renamed Constantinopolis, +330) and Honorius shiftedthe western capital from Rome to Ravenna (+404), dwindling Romeno longer needed more water.

When the Goths besieged Rome in +537, they cut the aqueducts. Although the damage was soon repaired, the shrinking city found itharder and harder to keep up the system. Because of the cracking ofthe water channel, an aqueduct had only to be neglected for a few yearsbefore it stopped giving water.

Although the aqueducts were fitfully repaired during the dark centuries that followed, all of them finally failed about +X. Thereafter the people of Rome went back to the yellow Tiber for their water. For several centuries the shrunken and impoverished population, ruled by amurderous group of “nobles” who were merely successful gangsters,could not support so vast a water-supply system. Furthermore, whenChristianity did not regard cleanliness as positively sinful, it placed itdown low in the scale of virtues.

The popes of the Renaissance, in rebuilding and beautifying Rome, began the renewal of the water supply. Nicholas V started restorationof Aqua Virgo in 1453. In the next century, Sixtus V built the AcquaFelice in place of the ruined Alexandrina. And in +XVII, Paul V builtthe Acqua Paolina in place of the ruined Traiana. During this work,many arches of the old arcades were demolished for their masonry.

The headstrong and energetic Sixtus V was especially ruthless in this respect. Like Mehmet Ali in nineteenth-century Egypt, he consideredhimself a modernist. This meant that he was not at all sentimentalabout monuments of antiquity and had no compunction about tearingthem down for his own projects. He completely demolished, for itsstone, the Septizonium, an ornamental facade that Septimius Severushad built on the Palatine Hill in +203.

Just as the ancients built aqueducts to bring water to their cities, they built drains and sewers to take away water that they did not want. Although, among ancient cities, Rome was pre-eminent for its sewer system, it was not the first to have one. Drains had been built at Kalakh (modern Nimrud, Iraq) and elsewhere. Sometimes they were simplystorm drains to prevent the flooding of streets in cloudbursts; you cansee such a drain today in the ruins of Kameiros on the island of Rhodes.Sometimes they carried off waters used in religious rites, as at Jerusalem.And sometimes, as in the palace at Knossos, they disposed of humanwaste.

Thus the royal latrine in the palace of Sargon II at Dur Sharrukin had, beside each seat, a jar of water and a clay dipper by which theuser could flush the appliance after use. At Knossos, on the other hand,the Minos depended on a constant-flow system for flushing. The appliance was built over a channel through which water constantly ran.Latrine drains were generally kept separate from other drains to keepnoisome gases from rising through all the system’s inlets.

The sewers of Rome started back in the days of the Tarquins, when a ditch was dug to drain the swampy land between the seven hills. According to legend, Tarquinius Priscus, the Proud, worked the commonfolk so hard on this project that many killed themselves to escape thenever-ending drudgery. Tarquinius stopped this wave of suicide by crucifying the bodies of all who slew themselves. The thought that theirmortal remains would suffer such ignominy nerved the Romans to keepon living. However, as other ancient authors tell a similar anecdoteabout the despondent virgins of Miletos, the story should not be givenmuch weight.

The first sewer followed the course of an existing stream and had a stone-lined channel to carry off storm waters. Successive generationsenlarged and improved this drain, covered it over with a stone barrelvault, and led affluents into it. It became the great Cloaca Maxima,through which, before the water level rose in recent centuries, it waspossible to row a boat. The oldest parts of the present Cloaca dateback to —III, and much of the original masonry was replaced in Imperial times by concrete.

The Cloaca Maxima remained primarily a storm-sewer system with numerous openings in the streets to drain off rain water. The grammarian Krates of Mallos, visiting Rome on a diplomatic mission (—II),broke a leg by stepping into one of these openings. Krates aroused theadmiration of the Romans by doggedly continuing his lectures throughout his convalescence.

By the time of the Principate, a number of large public latrines had been built and connected with the sewer system. Used water from bathsand industrial establishments was channeled to flush these appliances.A modern man, entering such a structure, would be struck by the complete lack of privacy and by the costly mosaics and marbles. So lavishwas the decoration of these establishments that when one was dug up atPuteoli about a century ago, the archeologists at first mistook it for atemple.

Although this latrine system was a great advance over conditions of primitive times, it was still a long way from modern sanitation. Mostinsulae had their own latrines, nearly always on the ground floor andoften connected with the sewer system. A few (at least at Ostia, Herculaneum, and Pompeii) had sewer connections to their upper stories.But vast numbers of Romans lived either at an awkward distance fromthe latrines or on the upper floors of insulae not so equipped. Theseeither carried their sewage to cesspools or, laws to the contrary notwithstanding, threw it out the window. So Rome, despite its splendidsewers, was still pervaded by the bouquet of all pre-industrial cities.

Withal, the Roman sanitary system was advanced enough so that when, in 1842, a British Royal Commission was appointed to considerways of improving the health of the people of London, the commissionincluded in its report a description of the sanitary arrangements of theColosseum and of the Roman amphitheater at Verona. They were betterthan anything Britain could boast at the time.

Another kind of drainage system was designed to dry up lakes and swamps. Southeast of Rome, between the Via Appia and the sea,sprawls a 40-mile stretch of low, flat land, covered in a wild state by apatchwork of forest and swamp. It is called the Pomptine Marshes. Fromearly Republican days on, Rome looked at this land with speculativeeyes. Romans wondered if, by drainage, this land could not be madeinto good wheat-growing country.

For nearly a thousand years, Roman leaders attempted to reclaim these marshes. The more vigorous of them—Appius Claudius Crassus,Augustus, Trajan, and Theodoric the Goth—made inroads into thismalarial flatland. But, as soon as their efforts relaxed, the marshes wentback to their pristine state. Only in recent decades has much of thisrefractory fen been reclaimed.

Central Italy also has a number of lakes without outlets. Some lie in the craters of extinct volcanoes. Whereas the level of a normal lakeis held to close limits by the outlet, the level of these landlocked lakesvaried widely with the seasons. They filled up in winter and spring anddried out to bogs and mud flats in summer and autumn. Hence theselakes were not much good for fishing, pasturage, or grain crops.

As far back as early —IV, some Roman magistrate undertook to drain Lake Albanus, fourteen miles southeast of Rome. He drove a tunnela mile and a third long, to lead off the water. This tunnel still servesits purpose, and the water from the lake is used for irrigation. About acentury later, another politician executed a similar work at LakeVelinus, 43 miles north of Rome.

The most ambitious drainage project of this kind, however, was undertaken in the +40s by the emperor Claudius. This was the drainage of Lake Fucinus, high in the Apennines at the center of Italy. Whereasthe previous lakes had been only a couple of miles long, Lake Fucinuswas ten miles in length.

The freedman Narcissus, Claudius’ secretary and the most powerful man in the Empire, had charge of the project, on which thirty thousandmen worked for eleven years. Along the course of the 3.5-mile tunnel,several dozen shafts were sunk from the surface, so that the workerscould descend to the cuttings.

To celebrate the opening, Claudius prepared a great naumachia on the lake. Nineteen thousand convicts manned two fleets of triemes andquadriremes, the “Rhodian” and the “Sicilian” fleets, while soldiers onrafts surrounded them, lest some crew run their ship ashore and makea dash for the hills.

When the gladiators gave the conventional cry: “Hail, Caesar! They salute you, who are about to die!” Claudius replied: “Or not, as thecase may be.” Although this was just one of the scholar-emperor’s littlejokes, the fighters thereupon refused to fight, declaring that the emperorhad pardoned them. It took threats of massacre to get the battle underway, and the combat continued until a satisfactory quantity of bloodhad been shed.

The first attempt to lower the lake level did not work well, because the tunnel did not tap the lake at a low enough point. Claudius hadthe work improved and staged a second grand opening, with moregladiators. He also spread a banquet near the outflow of the tunnel.

When the floodgates were opened, the volume of the stream was much greater than expected. It swept away part of the banquet andsome of the banqueters. Thereupon a noisy quarrel arose between Narcissus and Claudius’ fourth wife, the fiendish Agrippina, who was alsohis niece and the mother of Nero by an earlier marriage. Agrippinascreamed that the work had gone awry because of the graft that Narcissus had made from the project. The gouty Narcissus, enraged, “wasnot silent, but inveighed against the domineering temper of her sex, andher extravagant ambition.”28

Soon thereafter Agrippina, fearing that Narcissus would turn Claudius against her, poisoned the Emperor with toadstools. As soon as Nero was on the throne, she had Narcissus jailed. Narcissus either waskilled or slew himself.

The tunnel soon became blocked and went out of use. Although Trajan and Hadrian reopened it, control of Lake Fucinus was not madesecure until a modern tunnel was completed by Prince Torlonia in 1876.

Perhaps Narcissus had indeed been grafting. We must remember, however, that our two main sources for that period, Suetonius andTacitus, abominated the Julio-Claudian emperors. Their sympathies laywith the Senate—that is, the landowning aristocracy—with which theseemperors often came in conflict. Therefore they tended to magnify theemperors’ faults, attenuate their virtues, and condemn their associates.Although some of the Julio-Claudians were pretty appalling, they maynot fully deserve the judgment: “An arch-dissembler was succeeded bya madman, and a fool by a monster.”29 If they had been, it is hardto see how the Empire could have survived them. On the other hand,for lack of evidence, we cannot tell how much better the Julio-Claudianswere than their gruesome literary portraits.

Because the land was mountainous and the rivers short, canals did not play a large role in classical Italy. One canal, however, paralleledthe Appian Way between Forum Apii, 43 miles from Rome, and Tar-racina. Forum Apii was probably founded as a stopping place by Appius Claudius Crassus. Travelers from Rome often left the road atForum Apii to take an overnight canal-boat ride to Tarracina, wherethey took to mules and carriages again. Horace tells of such a journey:

Presently night began to spread her shadows over the earth and to scatter the stars across the heavens. A babel of voices arose, slaves abusing boatmen andboatmen abusing slaves. “Make a stop here!” “That’s plenty. You’ve got threehundred on board, now.” We wasted a whole hour paying fares and harnessing the mule. The cursed mosquitoes and frogs in the marsh made sleep impossible, while a boatman and a passenger, soused with flat wine, rivaled oneanother in singing to their absent mistresses. Finally the passengers becameexhausted and dropped off to sleep while the lazy boatman tied the halter toa rock, turned out the mule to graze, and lay on his back and snored. It wasalready dawn before we noticed that the craft was not moving. Then a hotheaded fellow, one of the passengers, jumped from the boat, cut himself awillow cudgel, and clubbed the mule and boatman over the head and sides.Even at that we only landed at ten o’clock to wash our hands and faces inyour holy water, Feronia.30


Under the Principate, harbors were improved all over the Empire. According to doubtful traditions, King Ancus Marcius, alleged builderof Horatius’ bridge, founded a Roman colony at the mouth of the Tiber(—VII) and called the settlement Ostia, “entrance.” During the PunicWars this became a naval station. Then, as the city of Rome expandedand needed more grain from abroad, Ostia became the main port forthe trans-shipment of this grain.

By the time of Augustus, silting had impaired the value of Ostia’s harbor. The shore line had moved seaward, and the harbor bar wasbecoming a menace, either because the water over it was shallower orbecause the grain ships were larger.

As a port, Ostia competed with the Bay of Naples and its several excellent natural harbors. In —36, Augustus added a great new harborat Baiae, on the west shore of the bay. The harbors of the Bay of Naples,especially Puteoli, still received most of the more valuable and less bulkygoods bound for Rome. This freight was moved to the capital over theAppian Way.

Bulk goods, especially grain, came to Ostia. If it came in a small enough ship, the ship went on up the river to Rome—rowing if it hadoars, being towed if it did not. Larger ships unloaded their cargoes atOstia, whence it was taken to Rome in barges pulled up the river byslaves or by oxen, or was carried over the Ostian Way. Very large shipshad to anchor outside the bar and send their cargoes ashore in lighters.Many of the captains of these ships therefore preferred to unload atPuteoli, despite the high costs of land transportation.

Claudius wanted to enable large ships to enter the harbor in winter and tie up safely, so that, if the summer’s importation of grain fell short,ships could continue to bring in food throughout the winter. He therefore built a new harbor, called Portus, across the mouth of the Tiberfrom Ostia.

Two curving breakwaters extended out until they formed an almost complete semicircle. A man-made island near the opening shielded theharbor from swells and supported a lighthouse. To form a foundationfor the island, Claudius had a special ship, which had brought an obeliskfrom Egypt, filled with concrete and sunk.

Despite these precautions, a violent storm in Nero’s reign (+62) sank 200 ships in the harbor. Therefore Trajan improved the facilities stillfurther. He dredged out a hexagonal inner harbor, with a slip for smallcraft to tie up.

Similar harbors were built elsewhere in the Mediterranean. Between —20 and —10, Rome’s ally Herod the Great, king of Judaea, built anew city, Caesarea, on the harborless coast of Palestine. The semicircular breakwater of Caesarea’s man-made harbor had its monumental opening on the northern side, because the strongest blows inthat region came from the south.

Puteoli had a breakwater of original design. It consisted of two parallel arcades with a space between them. The arches of one arcade were in line with the piers of the other, so that no wave could sweep straightthrough. Yet the openings in the arcades lessened the impact of thewaves on the structure, somewhat as the holes in a panel of soundproofing material absorb sound waves.

Most Roman harbors had lighthouses. While their design was somewhat like that of the Pharos, they were smaller and less ornate. A typical Roman lighthouse consisted of several stories, round or polygonal, each smaller than the story below it. The light at Ostia had seven stories;that at Boulogne, twelve.

The Boulogne lighthouse was repaired by Charlemagne in +811 and was fortified and equipped with cannon by the English in the 1550s.In the 1640s, as a result of reckless quarrying and neglect by the magistrates of Boulogne, the cliff whereon it stood collapsed, bringing downthe lighthouse with it. Remains of Roman lighthouses still stand atFrejus (Forum Iulii) and at Dover.

And how about the ships that were guided by these lighthouses into the Roman harbors? During the Punic Wars, the Romans, like theirCarthaginian foes, used as their standard warship the Hellenistic pentereor quinquireme, with a single row of five-man oars on each side. Inthese wars the Romans made one technical advance: mounting a flyingbridge on the bow of a ship, with a projecting spike to catch the foe’sdeck when the bridge, called a corvus or “crow,” was dropped on theother ship for boarding. By thus converting naval battles from rammingcontests into shipboard infantry battles, the Romans were able to inflicta series of smashing defeats on the skillful seamen of Carthage.

Later, the Romans made some use of giant galleys of the Hellenistic type. The evolution of these super-galleys ceased with the battle ofActium (—31) where Marcus Antonius employed some of them againstOctavianus. His flagship was a decireme or tenner. But disaffectionbroke up Antonius’ fleet in the midst of the battle, and Antonius andCleopatra had to flee with such ships as remained loyal to them.

Once Octavianus, under the name of Caesar Augustus, ruled the entire Mediterranean, there was nobody left for these big costly ships to fight. To keep down pirates, triremes and biremes were adequate. So, for the next five centuries, the Roman navy consisted of these small galleys. The favorite type was the Liburnian, a bireme based upon adesign formerly used by Illyrian pirates.

Larger galleys were revived after the fall of the Western Empire, in the wars between the Byzantine Empire—the eastern rump of the Roman Empire—and the Arabs. The Byzantine battleship was called adromon. This was a bireme with one man to each lower oar and, depending upon the size, one, two, or three men to each upper oar.

On the other hand, the design of merchant ships advanced under Rome. Grain freighters were often over 100 feet long and carried cargoesof over 1,000 tons, compared to 180 tons for the Mayflower. Theywere broad, tubby, solidly built ships, which wallowed along at aboutsix knots under one large square sail. To this sail, however, was addedan artemon or foresail, a triangular topsail or raffee sail, and sometimes a small mizzen sail on a third mast at the stem. These small sailsat bow and stem were intended less for speeding up the ship than formaking it easier to maneuver. In harbors these ships were moved bytugs, which were large rowboats like a modern lifeboat.

An important change, almost certainly of Greek invention, also took place in rigging. The fore-and-aft sail appeared, making it possible tosail much closer to the wind than before. When a fisherman namedAlexandras of Miletos died near Athens, a tombstone was put up showing Alexandras steering his fishing smack. Alexandras’ sail is similarto the triangular lateen sail of later centuries, except that the sail issquared off at the forward end instead of coming to a point. A sail ofthis type is called a short-luffed lug.

Other Greeks of about the same time had tombstones showing fore-and-aft sails of another type, the spritsail. The spritsail is fastened to the mast at its upper and lower forward comers. A diagonal spar fromthe base of the mast to the upper after comer spreads the sail, and thelower after corner is belayed to the deck by the sheet.

As these tombstones are not dated, their exact time has to be guessed. Casson, who has been prowling the Mediterranean in search of them,is sure that some go back at least to +I and that one is from —II. Moreover, a coin of Nero’s time shows several ships with short-luffed lugor lateen sails in the harbor of Ostia.

For several centuries after their invention, sails of these types appear to have been used only on small boats such as fishing craft. It was especially important for coastal craft to be able to sail whithersoever theywished, to avoid being blown ashore. After the fall of the West RomanEmpire, the lateen sail became popular not only in the Mediterraneanbut also around the shores of the Indian Ocean. For a thousand years,through the Dark and Middle Ages, most ships in the Mediterraneanhad lateen sails.

Perhaps you wonder why, once shipbuilders had fore-and-aft sails, they did not abandon square rig altogether. The answer is that squarerig has many advantages for long-distance, deep-water sailing. In crossing wide seas and oceans, the captain can take advantage of prevailingwind belts so that during most of the voyage he has the wind astern.And, with the wind astern, the square rig gives a greater area of sailand makes more efficient use of it than the fore-and-aft.

Moreover, possession of a fore-and-aft sail does not, by itself, mean that it will be used for sailing close-hauled. The sailing ships of theArabian Sea, of the kind called “dhows,” have long used the short-luffed lugsail. But they do not sail close-hauled or tack. Instead, theirmasters wait for the seasonal monsoon winds to blow whither they wishto go; for, as they say: “No one but a madman or a Christian wouldsail to windward.”31 It is not the custom, and anyway their sails areprobably too baggy to make such sailing practical.


THE LATER ROMAN ENGINEERS
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SEVEN

In the final century of the Republic, Rome expanded swiftly, gobbling up all the other nations of the Inner Sea. At the same time thenation was convulsed by ferocious civil wars among rival politicians,who butchered their opponents by tens of thousands and piled pyramidsof heads m the Forum. Nobody heeded the Roman Constitution anymore; an ambitious man cared less for the rules of political advancementthan for control of troops by which he could impose his will.

In the —40s, the most gifted of these politician-adventurers, Gaius Julius Caesar, crushed his opponents, the party of Pompeius. Less thana year after he had attained supreme power in Rome, however, Caesarwas murdered (—44) by diehard republicans. After another round ofcivil war, Caesar’s great-nephew succeeded to the murdered dictator’spower. Originally named Gaius Octavius, this youth changed his name,as customary, to Gaius Julius Caesar Octavianus1 when his great-uncleadopted him in —45.

In —27, having in his turn liquidated his enemies, Octavianus took the name or title of Augustus, together with a number of Republicanoffices. Although in theory the constitution of the Republic remained mforce, in fact the Republic had ended and the Empire had begun. Thetitle of the early emperors was Princeps or “first citizen,” so that theearly Empire is properly called the Principate.

Augustus’ forty-year reign was a time of unprecedented peace and prosperity. Trade routes stitched the Mediterranean. Goods and giftedmen poured into Rome, which became the world’s most magnificentcity, while Roman roads, law, and citizenship were bit by bit extendedto the provinces. Beyond the frontiers, the barbarians were not yet aserious threat, although the Germans wiped out one Roman army thatstrayed too far into their somber forests.

Slavery reached vast proportions. In Italy, the number of slaves approached or perhaps even exceeded that of free men. A proposal in the Senate to make the slaves wear distinctive dress was hastily squelchedwhen somebody pointed out that “It would be dangerous to show thewretches how numerous they really were.”2

In later centuries, as the Empire ceased to expand, one of the main sources of slaves—conquest—dried up, and the freeing of slaves was easy,common, and socially approved. Hence the number of slaves declined,while the law gave them more and more protection. At the same time,the lot of the poor free worker worsened as more restrictions wereclamped upon him. Consequently, at the end of the Western Empire,there was little to choose between the lot of the slave and that of the freeworker.

The wealth and peace of the early Empire, the lust of the first emperors for glory-by-building, and the abundance of cheap labor combined to foster a great surge in the construction of public works and the practice of engineering.

The most eminent engineer and builder of the Roman world, after Appius Claudius Crassus, was Marcus Vipsanius Agrippa (—63 to—12). Bom into an obscure Roman family, he studied at Apollonia, aGreek city on the Adriatic coast opposite the heel of Italy. With himstudied Gaius Octavius, the future Augustus.

Agrippa and Octavius became lifelong friends. When Julius Caesar, fighting his last campaign against the surviving Pompeians in Spain,sent for his adopted son, he included Agrippa in the invitation. In Spain,Agrippa learned the art of military command.

Back in Rome the following spring, Caesar was murdered, and Octavianus (as he was now called) came into power as one of the Second Triumvirate. Young Agrippa, now praetor, won victories in Gauland Germany. As consul in —37 he commanded Octavianus’ fleet againstthe forces of Sextus Pompeius in the waters around Sicily.

Here Agrippa showed his technical flair. First, he had to prepare a lot of untrained soldiers and sailors to fight a formidable foe. To overcome this handicap, he made Lake Lucrinus—Orata’s old oyster-huntingground—into a training area.

Shallow Lake Lucrinus was separated from the Bay of Naples by a narrow neck of land. Half a mile inland from Lake Lucrinus lay thedeeper Lake Avemus in the crater of an extinct volcano. Agrippa joinedthese lakes with each other and with the bay, using Lake Avemus as astorm-proof anchorage and the other lake for exercises. Few traces noware left of Agrippa’s Portus Iulius, as he named this complex, becausean earthquake and eruption in 1538 changed the lay of the land.

Agrippa also invented two devices to give him a military advantage. One was a collapsible tower for missile troops, which could be quicklyraised from the deck when a ship neared an enemy. The other was agrapnel that could be shot from a catapult, to catch another ship andpull it close for boarding.

When Sextus Pompeius and his pirates were cleaned up, Agrippa became aedile in Rome and began his notable public works. He repaired the older aqueducts, built two new ones, and further improved the waterworks by constructing 130 water-distributing stations, 300 large cisterns,and 500 fountains. He even took a boat ride through the Cloaca Maxima—the great sewer—to direct its renovation.

In —31, Agrippa took part in Octavianus’ war against Marcus Antonius. Having reduced Antonius’ forces to hunger by capturing their naval stations and blockading them in Western Greece, he commandedthe whole Octavianist fleet at the decisive battle of Actium. Octavianus,who knew that he was no military genius, watched from a distance.

Having become rich from the property of political enemies, which Octavianus confiscated and gave to his friend, Agrippa spent his ownmoney as well as the state’s on public works. He built the first publicbath in Rome, the forerunner of those immense bath halls erected byDiocletian and Caracalla. This was his own property, but when he diedhe left it to Augustus (as Octavianus now called himself) with a hintthat it ought to belong to the people. So the Princeps turned the edificeover to the state.

Agrippa also built another bridge across the Tiber, a series of temples and porticoes, and a hall for counting votes. As the emperors soonstopped holding elections, this last building became a theater. Agrippaalso built a naval headquarters building and insulae for the masses tolive in.

The most celebrated of all Agrippa’s constructions was the Temple of All Gods—the Pantheon—in Rome. It consisted of two main parts: arectangular portico and, behind the portico, a large rotunda.

It is hard to say how much of the present building is Agrippa’s original, or even how much it looks like the original. The Pantheon was damaged by fire in the reign of Titus, repaired by Domitian, damagedby fire under Trajan, drastically rebuilt by Hadrian in the +120s, furtherrepaired by Septimius Severus and Caracalla, turned into a Christianchurch in +608, and stripped of its gold-plated tiles by the Byzantineemperor Constans II, who was slain by Saracen pirates on his way backto Constantinople. During the Middle Ages it was robbed of its marblefacings, all the statues that once occupied the niches of the rotundahaving already disappeared.

The last big depredation occurred in 1625, when Pope Urban VIII (Maffeo Barberini) took the bronze girders that held up the ceiling ofthe portico. He melted them up to cast eighty cannon. These he mountedaround Hadrian’s tomb, which earlier popes had already turned into aprivate fortress under the name of the Castel Sant’ Angelo.

Urban’s rape aroused no little comment, even in an age when the despoiling of ancient monuments was common. A wag of the time said:

Quod non fecerunt barbari fecerunt Barberini

or, “What the barbarians did not do, the Barberini have done.” Another writer defended the action on the ground that it was a “worthier destiny. . . that such noble material should keep off the enemies of the Churchrather than the rain.”3

Any historian of technology would agree with the first comment; for these were the only all-metal girders ever known to have been made inancient times. We cannot tell, now, whether they formed part ofAgrippa’s original structure or were put in during Hadrian’s rebuilding.In any case, Pope Urban replaced the bronzen structure with one ofwood.

The front of the portico, at least, may be original, for it still bears the inscription:

M • AGRIPPA • L • F • COS • TERTTVM • FECIT

meaning: “Marcus Agrippa, son of Lucius, made (this) in this third consulship.”

The rest of Agrippa’s life was spent on military and diplomatic missions. He pacified the Gauls in —19 and found time to build four great roads in Gaul. He also furnished the town of Nemausus (modernNimes) with a graceful temple, a public bath, an arena, and an aqueduct. All still stand except the bath, which was partly demolished formilitary reasons in 1577. The aqueduct includes the celebrated Pont duGard. The temple is now known as the Maison Carree or Square House.At Thomas Jefferson’s urging, it was taken as a model for the VirginiaState House at Richmond. Jefferson mistakenly thought it had something to do with the Roman Republic, which he admired.

Agrippa went on to Spain, crushed rebellious tribes, and built roads. At Augusta Emerita (modern Merida) he erected temples, baths, acircus, a theater, and a naumachia, of which the last two are still ingood condition. Visiting Syria in —15, he built a bath and other structures at Antioch. After further travels and missions, robust and energeticthough he seemed, he died suddenly, probably of gout, at 51.

Although Agrippa ranks with Rameses II and Nebuchadrezzar II as a builder, we cannot tell much about his personality. For one thing, theattention of ancient historians was glued to monarchs and generals tothe neglect of other folk. For another, Agrippa was such a modest man,in an age when paranoid self-aggrandizement was considered normalbehavior, that he refused some of the triumphs Augustus offered him.

We can infer that Agrippa was sober, hard-driving, honest by the standards of the time, devoted to his building projects, but personallynot very ambitious. His technical judgment seems to have been sound.In other words, he was the perfect executive engineer. He looked thepart, too: heavy-set but rather handsome in a beetle-browed, beaknosed, jut-jawed way.

Augustus, on the other hand, was a cold, crafty, merciless little man who learned to play to perfection the kindly role of father of his country.Augustus made the shrewdest of his many clever moves when he attached Agrippa to himself. For he came near to falling more than onceand might well have done so without Agrippa’s staunch help.

The more tightly to bind Agrippa to him, Augustus persuaded Agrippa to divorce his first wife and marry Augustus’ niece Marcella, then todivorce Marcella and wed his daughter, the promiscuous Julia. This wasprobably not so painful as it sounds, because, to most upper-classRomans, marriage was more a matter of business than it is with us.They traded wives back and forth as liberally as movie stars do today.There is reason to think that Augustus planned to name Agrippa hissuccessor, for it probably never occurred to the frail Princeps that hewould outlive the lusty Agrippa by a quarter of a century.

A few years before Agrippa’s death, Augustus’ stepson Tiberius had married Agrippa’s eldest daughter Vipsania. After Agrippa’s death,Tiberius’ mother Livia prevailed upon him to divorce Vipsania andmarry the amorous Julia, daughter of Augustus. As Tiberius lovedVipsania, the experience soured him for life, and he became a moroseand miserly emperor. Agrippa left several other children, most of whomcame to violent ends. A son of one of these children became the emperor Caligula, while one of Caligula’s sisters was the dreadful Agrippina, mother of Nero.

The geography and autobiography that Agrippa wrote are lost, but we are lucky to have a work by a contemporary and colleague of his, thearchitect Marcus Vitruvius. Very little is known about Vitruvius, savethat he had worked for the state as an artillery engineer, that he built abasilica or town hall at Fanum, and that he described himself as an uglylittle old man.

We must think of Vitruvius as a writer on comparatively early Roman architecture. He borrowed most of the historical parts of his treatisefrom his Greek predecessors, and he discusses the building methods ofHellenistic and Roman Republican times. In his day, the most famousRoman buildings, such as the Colosseum and Hadrian’s villa, had notyet been built, so he could not deal with them. Despite certain shortcomings, his treatise is one of our main sources of information on ancientart, architecture, and technics. Although many other such treatisesonce existed, time has spared Vitruvius’ De Architectura alone.

Of Vitruvius’ ten “books,” the first deals with the qualifications of an architect, architecture in general, and town planning. The second tells ofbuilding materials, the use of which it traces from prehistoric times; andit also describes the Roman methods of using masonry, brick, and concrete. The third book is about temples; it derives the proportions of theirparts from the proportions of the human body. The fourth tells of thethree orders: Doric, Ionic, and Corinthian. The fifth describes publicbuildings of other kinds—basilicas, theaters, baths, and so on—and discusses acoustics and the wave theory of sound.

The sixth book tells about dwelling houses, while the seventh goes into interior decoration, with much detail on plaster, paint, and mosaics.Book VIII is on water supply: springs, aqueducts, wells, cisterns, and soforth. The ninth deals with geometry, astronomy, measuring, and thedesign of water clocks. The tenth and last expounds mechanics. In thisVitruvius includes hoisting devices, pumps, water wheels and mills, thewater organ, and a geared taximeter to measure the distance a carriagehas gone. He also devotes several chapters to catapults, tortoises,sambucae, belfries, and other engines of war.
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Painting by Zeno Diemer, Wasserleitungen im alten Rom, in the Deutsches Museum in Munich

Plate XII. The aqueducts of Rome, restored. The Anio Novus and the Claudia in the left foreground, combined in a single structure; the Marcia, Tepula, and Iulia, also borne by one single arcade, on the right.
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(from Schreiber)



Plate XIII. The Pont du Gard, a three-level Roman aqueduct bridge near Nimes, France.
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Plate XIV. Trajan’s bridge over the Danube, with the emperor sacrificing in the foreground. A relief on Trajan’s Column in Rome
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Plate XV. The great clock of Gaza, as described by Procopius.

(from Diels)


Plate XVI. The Church of Santa Sophia in Constantinople (modern Istanbul).

Photograph by Ewing Galloway
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Plate XVII. The stupa of Amravati, restored.(after Brown)
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Plate XVIII. The Temple of the Sun at Konarak, Orissa, India, restored.(after Brown)
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Plate XIX. Su Sung’s astronomical clock tower at Kaifeng, restored.
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Plate XX. The east end of the Cathedral of Notre Dame de Paris,showing flying buttresses.

Photograph by Philip G. Cavanpugh
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Plate XXL A reversible overshot water wheel for hoisting water out of a mine, as depicted in Georgius Agricola’s De ReMetallica (1556).
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Plate XXII. A post windmill, as depicted in Agostino Ramelli’s Le Diverse et Artificiose Machine (1588).
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(from J. J. von Wallhausen: Art Militaire a Cheval, 1616)





Plate XXIII. Light v. heavy cavalry in early +XVII. The lancer on the left wears a three-quarter suit of armor and carries a lance, a sword, and apair of horse pistols. The rider on the right is armored only with helmet andcuirass and armed with sword and pistols.




Vitruvius’ work dropped out of sight in the Middle Ages. But, after amanuscript copy of it was rediscovered in +XV and Vitruvius’ writingsagain became well known, architects came to look upon him as aninfallible authority, much as medieval schoolmen regarded Aristotle.

After the aged Augustus died, his successor, the somber and thrifty Tiberius, did little in the way of public works, save to build a temple toAugustus and restore Pompeius’ theater.

Succeeding Tiberius, the mad Caligula started the aqueduct later known as the Claudian. Instead of concrete and brick, which had becomeusual for such works, he ordered it made of the costlier stone. He alsohad the Isthmus of Corinth surveyed with the idea of cutting a canalacross it. Otherwise he indulged in such freaks as assembling a bridge ofboats across the Bay of Naples, like Xerxes’ bridge across the Hellespont,solely to stage parades led by himself in fancy dress.

Claudius, intelligent and well-meaning if prematurely senile, was a more vigorous builder. He finished the languishing Claudian aqueduct.I have told about his drainage of Lake Fucinus. When a grain shortagecaused the Roman mob to pelt Claudius with bread crusts, he speedilybuilt the harbor of Portus, next to Ostia, to secure the food supply.

The Julio-Claudian emperor with the most creative engineering ideas, however, was Nero. Usually thought of as a monster, Nero was the mostgifted, artistic, and versatile of the line, as well as the most contradictoryand the last.

As a Hellenophile, Nero, despite his personal fondness for murder, deplored gladiatorialism and tried to wean the Roman public away fromit. When he gave “games,” he refused to allow anybody to be killed andeven made hundreds of Roman gentlemen appear in the arena to seewhat it felt like. He also encouraged plays, concerts, and ballets as asubstitute for the gory national spectator sport.

Nero was intensely serious about his own artistic ambitions. While his voice was too weak for good professional singing, his poetry is said tohave been not bad. When he appeared in an artistic contest, he triedto see that the judges judged his performance fairly. But the judges,knowing the spoiled, capricious, and violent temper of their Princeps,took no chances; they gave him the prize regardless of the merits of theperformance.

All this cultural propaganda had no effect on the Romans, who went right back to blood and guts. Nero’s artistry they despised, as this wasnot the sort of thing a Roman gentleman did. They did not especiallymind his having his mother murdered; most agreed that Agrippina deserved what she got. But it incensed them that their emperor should sodemean the Empire as to play the lyre and sing in public.

In +64, a conflagration burned the greater part of Rome. Gone were many structures that had come down from the days of the kings and theearly Republic. Gone, too, were countless art treasures plundered fromthe Greek lands.

During the fire, men were seen running about with torches, spreading the fire and defying anybody to stop them. Some said that these wereNero’s agents, but this is unlikely. Others blamed the Christians, andNero massacred numbers of Christians as punishment. It is not impossible that the incendiaries were in fact Christians, because Christianitythen included many wild-eyed fanatics who went about crying that theworld was about to end. But perhaps the arsonists were merely slaves,venting their hatred of their masters and of Rome, or ruffians out for loot.

Nero energetically directed the fire fighting. Afterwards he took prompt and vigorous action to succor the people, collect contributionsfor their relief, import an emergency store of food, and rebuild the city.

In rebuilding, Nero used the services of a pair of able architects, Severus and Celer. This time the streets were laid out on an orderlygridiron plan, with wide avenues and open spaces in place of the formertangle of crooked alleys. Some of the avenues of modern Rome stillfollow those of Imperial times; thus the Via del Corso is the old ViaLata or Broad Way. The new insulae were limited in height and required to use a certain amount of fireproof construction. They werealso provided with balconies to help in fighting fires, while the waterworks were extended to make more water available for this purpose.

Nero did not forget to reserve for himself a large burned-over tract, stretching from the Palatine Hill to the Oppian Mount. Here he built anenormous palace, the Golden House, with a mile-long colonnade and astatute of himself, by the sculptor Zenodoros, as big as the Colossus ofRhodes but, as a result of advancing methods of construction, completed in a fraction of the time. Vespasianus later turned this figureinto a statue of Helios by putting a crown of solar rays, like those of theRhodian Helios, on the statue’s head. Then the tireless Hadrian, withthe help of the architect Decrianus, had the features reworked to lookless like Nero’s and, by means of twenty-four elephants, moved thestatue to a new site.

Severus and Celer persuaded Nero to an even more daring scheme. This was to dig a 160-mile canal along the Italian coast from Ostia toLake Avemus. There, by means of the channels cut by Agrippa, thiscanal would communicate with the Bay of Naples. Nero mobilized thousands of convicts to do the work. Digging began, but at Nero’s deaththe project was dropped.

Later historians cited this canal as just one more example of Nero’s megalomania. Actually, it was a brilliant idea. By means of this canal,heavy grain freighters would have been able to sail safely to a point closeto Rome. As it was, they had either to stop at Puteoli, which raised thecost of goods by requiring their transportation by land for 160 miles,or to anchor at Ostia with its dangerous bar and cramped harbors.

For most of the distance, the canal was quite feasible; you recall that one already existed parallel to the Appian Way. Southeast of Tarracina the spurs of the Apennines, which come close to the sea in several places, might have given the engineers some trouble, but the projectwas by no means absurd.

In +66, Nero made a grand tour of Greece. While trying to show the skeptical Greeks what a fine artist and cultured Hellene he was, he revived the idea of cutting a canal across the Isthmus of Corinth. Thisplan had intrigued not only his uncle Caligula but also several othereminent predecessors like Julius Caesar.

Again Nero mobilized convicts, including 6,000 Jews captured in the Jewish War, just beginning. He himself swung the first mattock andcarried off the first basketful of dirt, as Ashurbanipal had done in hisday. In +67, however, rumors of plots and revolts at home sent himback to Italy and the digging stopped.

This canal could perhaps have been completed, to the advantage of impoverished Greece. In 1881 a French company, finding Nero’s oldroute the best, undertook to dig the canal. After they gave up, a Greekcompany finished the job in 1893. If it took twelve years with modernmachinery, you can see what a job it would have been for the Romans.The actual quantity of dirt and rock to be moved was so vast that severalemperors in succession would have had to work at it.

Back in Italy, Nero did not long survive, having alienated the Senate by his murders of Senators, the army by his pacifism, and all the otherRomans by his affectation of Greek culture. When revolt burst out inGaul and Spain, the bewildered Nero lost what wits he had but kept tothe last his interest in technical matters. Having summoned the leadingcitizens of Rome to discuss the emergency, “after a brief discussion ofthe Gallic situation, he devoted the remainder of the session to demonstrating a new type of water-organ, and explaining the mechanical complexities of several different models. He even remarked that he wouldhave them installed in the Theater ‘if Vindex [one of the rebellious generals] had no objection.’ ”

A few weeks later, Nero had stabbed himself, murmuring: “What an artist dies in me!”4 Whatever Nero’s artistic merits, it looks as thoughthe world also lost a slightly mad but naturally gifted engineer that day.

Three emperors quickly followed Nero but came to violent ends. Then building began again under the competent Vespasianus and continued under his sons Titus and Domitianus. Making use of cross-vaulting on an enormous scale, they built the sinister but awesome Colosseum,as well as temples, baths, and other public buildings.

After Domitianus was murdered in +96, the elderly Nerva reigned for two years and died, having chosen as his successor Marcus UlpiusTraianus—Trajan, as we call him. Trajan, an upper-class provincial ofmixed Italian-Spanish descent, was one of the ablest Principes. Underhim, the Empire reached its greatest extent. Nerva, Trajan, and thethree who followed them (Hadrian, Antoninus Pius, and MarcusAurelius) are sometimes called the Five Good Emperors; the period inwhich they reigned, +96 to +180, was the most prosperous time thatRome was ever to know. The Romans themselves became better behaved, too. They toned down the wild excesses of the preceding twocenturies and recovered something of their former dignity and sobriety.

Trajan, a mighty builder, employed Apollodoros of Damascus as his architect. The Romanized Spaniard and the Hellenized Syrian adornedRome with its finest forum. It lies, abutting the earlier forum of Augustus, 150 yards northwest of the egregious pseudoclassical nineteenth-century monument to Vittorio Emanuele II.

Entering the forum through a triumphal arch at the south end, one found oneself in a paved plaza about 125 yards long and 100 wide,with an equestrian statue of Trajan at the center, colonnades aroundthe sides, and adjacent buildings that included a library and a market.Athwart the forum at the north end of the plaza stood the Basilica Ulpia,a hall for public business. Covering an area 100 by 500 feet, theBasilica Ulpia must have looked much like the present church of SaintPaul Outside the Walls at Rome.

If one passed through or around the Basilica Ulpia, one reached a smaller open space north of this building, dominated by Trajan’s 100-foot column, which still exists. A spiral band of reliefs, illustratingTrajan’s campaign against the Dacians, runs around this column to thetop. A statue of Saint Paul has taken the place of that of the emperoratop the column.

Finally, at the north end of the forum rose Trajan’s personal temple, famed for size and richness. Two churches now occupy the site.

Elsewhere, Trajan and Apollodoros erected a bath and dug a naumachia. Another of Trajan’s executives, Gaius Julius Lacer, erectedone of the most impressive surviving Roman bridges near Alcantara inSpain. On it he proudly inscribed:

PONTEM PERPETVI MANSVRVM IN SAECVLA

meaning: “I have created a bridge that shall last for the ages.”5

Their Roman contemporaries were even more impressed by the bridge that Apollodoros built for Trajan across the Danube. The purpose ofthis bridge was to enable the Emperor to conquer the Dacians, wholived in what is now Romania. The bridge had twenty piers of squaredstone, 150 feet high, 60 feet wide, and 170 feet apart. Furthermore,these piers were set up where the river was deep and swift, with a muddybottom.

A relief on Trajan’s column shows this bridge. On the stone piers were built a series of wooden arches, and these in turn supported awooden deck. If you will look at Plate XIV, you will see that, if thesculptor who carved the relief was accurate, Apollodoros used diagonalbracing in the wooden part of the bridge. As far as I know, this is thefirst definite example of the truss, which depends for its strength on therigidity of three beams fastened together to form a triangle.

Trajan nominated as his successor his younger cousin Publius Aelius Hadrianus, who turned out to be the most brilliant of all Roman emperors. Hadrian was a writer, poet, wit, musician, artist, architect, critic,philanthropist, lawyer, diplomat, general, and supreme executive. Thinking that the Empire had overextended itself, Hadrian gave up Daciaand removed the superstructure of the Danube bridge to discourage theDacians from raiding into Moesia.

At first Apollodoros worked under Hadrian with another architect, Decrianus. After the latter had moved Nero’s statue by means of histwenty-four elephants, Apollodoros planned a similar statue of the moongoddess. But poor Apollodoros seems to have been too outspoken forhis own good. Hadrian:

. . . first banished and later put to death Apollodoros, the architect, who had built the various creations of Trajan in Rome—the forum, the odeum, andthe gymnasium. The reason assigned was that he had been guilty of somemisdemeanor; but the true reason was that once when Trajan was consultinghim on some point about the buildings he had said to Hadrian, who had interrupted with some remark: “Be off, and draw your gourds. You don’tunderstand these matters.” (It chanced that Hadrian at the time was pluminghimself upon such a drawing.) When he became emperor, therefore, he remembered this slight and would not endure the man’s freedom of speech. Hesent him the plan of the temple of Venus and Roma by way of showing himthat a great work could be accomplished without his aid, and asked Apollodoros whether the proposed structure was satisfactory. The architect in hisreply stated, first, in regard to the temple, that it ought to have been built onhigh ground and that the earth should have been excavated beneath it, so thatit might have stood out more conspicuously on the Sacred Way from itshigher position, and might also have accommodated the machines in its basement, so that they could be put together unobserved and brought into thetheater without anyone’s being aware of them beforehand. Secondly, in regard to the statues, he said that they had been made too tall for the height ofthe cella. “For now,” he said, “if the goddesses wish to get up and go out,they will be unable to do so.” When he wrote this so bluntly to Hadrian, theemperor was both vexed and exceedingly grieved because he had fallen into amistake that could not be righted, and he restrained neither his anger nor hisgrief, but slew the man.6

It does not sound like Hadrian, who was usually genial and tolerant of criticism. Moreover, Dio, who tells the tale, had something of Suetonius’ scandalmongering attitude. And the story is not even self-consistent.7 But that is all we know of Apollodoros’ fate.

Hadrian was the mightiest builder of all. A list of towns and cities in which he erected one or more buildings would include every place ofimportance in the Empire. If you see a Roman ruin anywhere aroundthe Mediterranean and do not know its provenance, there is always anexcellent chance that it dates from Hadrian’s reign.

To take a few examples, Hadrian completed the great Olypieion, or temple of Olympian Zeus, with which the Athenians had been strugglingfor nearly seven centuries. Fifteen of its 104 fifty-six-foot Corinthiancolumns still stand. Another was blown over by a gale in 1852 and lies,its drums leaning slantwise against one another like fallen dominoes.And it was Hadrian who raised a wall across the north of Britain tokeep out the wild Picts.

About +130, Hadrian also built at Tiburtina (modern Tivoli) a villa that was practically a small city. It stretched out over seven miles ofrolling land and included replicas of the most interesting monumentsthat Hadrian had seen in his travels.

So vast and populous was Hadrian’s villa that Hadrian was hard put to it to find a little seclusion. To solve this problem, he dug a pond inthe center of one of the villa’s many courtyards. In the center of thislake rose a tiny island on which stood a marble pavilion containing asingle room. When the emperor crossed the few feet of bridge to hisisland, nobody—not even a Parthian ambassador with an ultimatum might disturb him.

Hadrian’s most celebrated work was the rebuilding of the Pantheon. In place of Agrippa’s building, Hadrian erected a rotunda capped by ahuge dome of concrete, 144 feet in diameter, with a circular opening oreye in its center. This dome still stands, soaring high above the patternedmarble pavement of the interior. Barring earthquakes and nuclear wars,it may stand for many centuries yet, showing the world what Romanengineers could do.

None of the Roman emperors after Hadrian was outstanding as an engineer. Some did build spectacular buildings, like the baths of Caracalla and Diocletian and the circus of Maxentius. The later emperors,however, became too involved in fighting off barbarian raids, suppressingrevolts, and keeping their own soldiers from murdering them to havemuch time for building.

Roman engineering, though vigorous and progressive for many centuries, was almost entirely civil engineering: building baths, bridges, lighthouses, and other static structures. The Romans never botheredmuch with mechanics, save where hoists and similar devices helped themto erect their public works. The reason is easy enough to see. Romansociety was so organized that a leader could get glory by building a bathor other public work. But to tinker with gearing, as the Alexandrianengineers did, would have been deemed merely eccentric.

Meanwhile, however, other technical developments, not directly connected with Rome and its government, had been taking place around the Mediterranean and in adjacent lands.

One such non-Roman development was the wine press. In early times, the juice was squeezed from grapes by trampling them. Later, the grapeswere put in a bag and squeezed. The press consisted of a beam pivotedat one end. When the wine makers chinned themselves on the other endof the beam, or hung weights on it, or pulled it down by a block andtackle, the bag of grapes was crushed.

In Roman times a better press appeared: the screw press, with a capstan for turning the screw. The screw had been invented some timein —IV or —III. But screws were never very common in antiquity. Therewere no screw-cutting machines, except for a simple device, describedby the engineer Heron of Alexandria (+I), for cutting female screwthreads. Therefore all screw threads, or at least all male screw threads,had to be laboriously cut and filed by hand.

Plinius, writing in the +70s, says that the screw press was a Greek invention, made within a century of his own time. In the ruins of Herculaneum was found a clothes press that worked on the same principle.

As Plinius is one of our main sources on ancient technology, he merits a few words. Gaius Plinius Secundus (+23 to +79), called “Pliny theElder” to distinguish him from his literary nephew of the same name,was another of those keen, indomitable, and indefatigable Roman civilservants of the stamp of Agrippa and Frontinus, who kept the Empiregoing despite the Caligulas and Neros. He served as a cavalry officer inGermany, practiced as a lawyer, held various colonial posts, and endedhis life as an admiral. A man of boundless curiosity and limitless energy,he had a slave read to him or take dictation while he bathed or ate, lesthe waste a minute.

The only surviving one of his seven works, his Natural History, is the oldest existing encyclopedia. It was intended as a description of “nature,”meaning everything not man-made or artificial. Plinius, however, included several categories of man-made things like inventions and worksof art. His coverage is enormous but very superficial; he collected factsas a magpie does nest ornaments.

Although Plinius scoffed at Greek writers (whom he nevertheless used for sources) as credulous liars, he had little critical sense himself. Hence,while he tried to distinguish between fact and legend, he never camenear to doing so. However, we can be thankful for the many facts hepreserved, without being forced to believe, as he did, that an elephantcould be taught to write, that the tooth of a hyena caught when the moonis in Gemini is a good ghost repellant, and that there dwelt in India arace of men without mouths, who subsisted by smelling flowers.

Even so, Plinius was sometimes right when his critics were wrong. Once, the most available version of Plinius in English was that whichBostock and Riley translated a little over a hundred years ago, andwhich was published in London. In this edition, where Plinius says:“Indeed it is generally admitted that all water is more wholesome whenit has been boiled,”8 the translators state in a footnote: “This is not atall the opinion at the present day.” Only a decade after this note waspublished, the discoveries of Pasteur about the bacterial nature of diseaseand of Lister about asepsis proved that Plinius had been right after all.

Plinius died as he lived, seeking more facts. In +79 Vesuvius erupted, burying Pompeii under a rain of lapilli—lumps of volcanic ash—andHerculaneum under a landslide of boiling mud. Plinius, stationed withthe fleet at the western tip of the Bay of Naples, ordered out the shipsto rescue the fugitives. He himself prepared to take a ship across thebay to Stabiae, close to the volcano, and asked his nephew if he would like to come along. He received an astonishing answer; as the younger Plinius tells it:

“I replied that I would rather study; and, as it happened, he had himself given me a theme for composition.”9

Whoever heard of a youth of seventeen preferring to study under those conditions? It’s denarii to doughnuts that the boy was simplyscared.

At Stabiae, Plinius puffed his way up to the villa of a friend, whence he had a good view of the eruption. He would not have missed such aphenomenon for anything. Unperturbed, he bathed, dined, and nappeduntil the rain of lapilli became so threatening that all resolved to flee.

To avoid being brained by lumps of lava, Plinius, with perfect selfpossession, directed those with him to tie pillows over their heads with scarves. So armored they set out. But, while waiting to embark, Pliniussuddenly fell dead. He was fat, asthmatic, and in his fifties, and allthis scrambling about through a rain of volcanic debris had been toomuch for his heart.

You will recall from the story of Hellenistic engineering that Philon of Byzantium (—II) mentioned water wheels. He describes overshotwheels, which are merely parts of his puppet shows, to move his figurines and make his little bronze birds seem to twitter. But he also describes a practical undershot water wheel with a circle of paddles and abucket chain for raising water.

Since Philon hints that water-wheel designs other than his own were in use, he was probably not the original inventor of the water wheel; butwe cannot tell what improvements, if any, he effected. Ancient engineering writers, in describing a machine, often neglected to distinguish between their own inventions and those of others, or between a mechanismthat had actually been built and made to work and one that existed onpapyrus only. Therefore we cannot often tell whether they invented aparticular device or merely described what they had seen or heard of.

In any case, towards the end of the Roman Republic, the water wheel came into general use. It was adapted to two tasks, which for thousandsof years had used up many millions of wearisome hours of humanlabor. One was raising water. Swapes, bucket chains, and the Archimedean screw were already known for some time before it occurred toanybody to use the force of the current to lift the water.

Several wheel-shaped devices were developed for hoisting water. One, because of its shape, is called the tympanum or drum. It has holesaround the outside to let water in, while the inside is divided by spiralpartitions. As the tympanum turns, the water in each section is raiseduntil it runs out a hole in the hub. Such drums are still used in Egypt.

Another kind of water hoist has a series of buckets around the rim. These buckets pick up water at the bottom of their journey and dumpit out at the top.

All these water-hoisting devices could be worked by human or animal power, and many still are. But, some time in —II or early —I, they werecombined with a paddle wheel by which the energy of the stream wastransferred to the hoist. The combination of an undershot water wheelwith a water-hoisting wheel is called a noria, from the Arabic na'urah.Vitruvius described a tympanum, a bucket wheel, a bucket chain, andan Archimedean screw, all powered either by treadwheels or by paddlewheels.

The other task to which running water was put was milling. Throughout the ancient empires, bread was the principal food. To make it, wheat or barley grain had to be ground into flour. At first the grain was painfully pounded with a pestle in a mortar, as you can still see done inCentral Africa.

At a later time, the grain was ground between two flat stones, one of which was pushed back and forth over the other. With such a mill,one person—usually a slave girl—could grind each day only enough grainto make bread for eight people. Hence, in a large household, severalsuch women would have to spend their entire day at the weary task ofpushing and pulling the upper millstone. The two ever-present soundsof ancient households were the clack of the loom and the grate of thehand mill.

In classical times, several improvements were made in this simple millstone. One was the lever mill, in which the upper stone was fastenedto a beam, pivoted at one end and free to move at the other. The operator, pushing and pulling on the free end of the beam, worked the upperstone back and forth over an arc-shaped course. There were also rollermills, but the roller proved unsuitable for grain, although it workedwell in crushing olives for their oil.

A further advance was to make the millstones circular, so that the upper stone was pivoted at its center on the lower and could be turnedcompletely around. Spokes projecting from the upper stone enabled theoperator to rotate the upper stone either back and forth or, as laterbecame customary, round and round.

The history of the rotary hand mill or quern is very obscure. The earliest rotary mills may go back before —1000, but the people whomade them saw no reason to inscribe dates on them.

Hellenistic and Roman rotary mills finally took the form of the hourglass mill. While the lower stone was conical, the upper was cylindrical. This cylindrical stone was hollowed out to fit the cone below and hada similar cone-shaped hollow above, into which the grain was fed. Anadjustable wooden pivot made it possible to regulate the clearance between the stones and thus to grind the grain to the desired fineness. Thehourglass mills at Pompeii were huge affairs feet high, weighinghundreds of pounds.
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Fig. 12. Cross-section of a Pompeiian hourglass mill, restored.



Capstan spokes, projecting horizontally, made it possible to turn the upper stone. These stones were usually turned either by an ass walkingthe end of a boom around, or by slaves or free workers of the poorestclass, pushing the capstan bars. Apuleius (+11) describes these unfortunates:

Good gods, what a sort of poor slaves were there; some had their skin bruised all over black and blue, some had their backs striped with lashes andwere but covered rather than clothed with torn rags, some had their membershidden by a narrow cloth, all wore such ragged clouts that you might perceivethrough them all their naked bodies, some were marked and burned in theforehead with hot irons, some had their hair half clipped, some had shackleson their legs, ugly and ill favored, some could scarce see, their eyes and facesso black and dim with smoke, their eyelids all cankered with the darkness ofthat reeking place, half blind and sprinkled black and white with dirty flourmarks like boxers who fight together befouled with sand.10

Apuleius was one of the very few Romans to show any concern over the plight of these wretches. When you hear somebody apologizing forslavery, whether in the old American South or in modern Arabia, andassuring you that the slave was not really so badly off, rememberApuleius’ words.

One would think that an ass, being stronger than a man and cheaper to feed, would have been preferred to even the cheapest slaves. However, classical harness was so inefficient that it strangled the animalwhen it tried to pull really hard, and the boom to which the ass was attached was so short that the beast wasted much of its effort in turning.Therefore the cost of powering a mill by slaves or by asses was aboutthe same.

Two further developments grew out of the use of the rotary grist mill, one economic and the other technical. With the rotary mill it became profitable to mill grain professionally on a large scale. Thus theprofessional miller, first seen in Egypt about —1500, appeared all overthe civilized world in Hellenistic times. Close behind him came the professional baker, first recorded in Rome about —170:

There were no bakers at Rome down to the war with King Perseus [of Macedonia], over 580 years after the foundation of the city. The citizensused to make bread themselves, and this was especially the task of the women,as it is even now in most nations.11

In classical times, the business of milling and baking were usually combined in one shop. However, small domestic hand mills continuedin use, even in the most civilized lands, for many centuries.

The technical development that sprang from the rotary mill was the invention of the crank. The ancient world knew the capstan and thewindlass, which may be described as wheels with spokes but no rims,the former having its shaft vertical and the latter its shaft horizontal. Ineach case, however, the spokes by which men turned the mechanism radiated out from the hub.

By providing one of these spokes with a handle at right angles to the spoke and parallel to the shaft, a crank is made. For many applications,crank motion is a more efficient way of transmitting power than thecapstan and the windlass.

Crank motion first appeared in querns, among people who still ground their grain at home. The quern maker drilled a vertical holenear the edge of the upper stone and stuck a peg in the hole. Theoperator could then spin the upper stone round and round more easilythan she could with radial spokes, where she had to change her gripwith every revolution. In fact, she could turn out about a bushel offlour a day—twelve times as much as before. The first such mills maygo back to —IX in Syria, and crank-operated querns appeared here andthere in the civilized world in Hellenistic times.

It took many centuries, though, for mechanics to adapt the crank mechanism to machines of other kinds. The only positive evidence ofsuch cranks, before the Middle Ages, comes from the bilge pump ofLake Nemi (+I), the medical writings of Oreibasios (+IV), and thesketch in the Utrecht Psalter (+IX), whereof I told you in Chapter Five.

The next stride towards the age of power machinery was to combine the rotary mill with the water wheel, making a water mill. The earliestallusions to the water mill go back to early —I. Strabon mentions that:“It was at Kabeira that the palace of Mithridates [the Great of Pontus,—132 to —63] was built, and also the water mill . . .”12 And a poet,Antipatros of Thessalonika, wrote:

Hold back your hands from the mill, O maids of the grindstone; slumber
Longer, e’en though the crowing of cocks announces the morning.
Demeter’s ordered her nymphs to perform your hands’ former labors.
Down on the top of the wheel, the spirits of water are leaping,
Turning the axle and with it the spokes of the wheel that is whirling,
Therewith spinning the heavy and hollow Nisyrian millstones.13

There are two simple ways to make a water mill. Obviously, the ordinary paddle wheel cannot be directly connected to a millstone, because the paddle wheel has its rim vertical and its shaft horizontal, whereasthe millstone has its rim horizontal and its shaft vertical.

One kind of water mill, the horizontal mill, has a vertical shaft with horizontal paddles on the lower end. The shaft passes up through a holein the lower millstone and is fastened to the upper millstone by a woodencrosspiece. Wheel, shaft, and upper millstone revolve together as wateris squirted from a trough or nozzle at the paddles.

Although it is cheap and easy to build, a mill of this kind has no great power. Since the millstone turns slowly, such a mill will just aboutgrind enough flour for one family. Moreover, it requires a small amountof water at high velocity. Therefore it is useful only in mountainousregions, where small, steep, swift streams are found.
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Fig. 13. Wheel and shaft of a medieval horizontal water wheel found at Drumtullogh, Ireland (from theUlster Journal of Archaeology,1856, No. 6).

In another form of mill, the stream works an ordinary paddle wheel of the noria type. The horizontal shaft of this wheel is connected to thevertical shaft of the mill by gears at right angles. Vitruvius describesthe geared mill, which we call the Vitruvian mill in his honor:

Mill wheels are turned on the same principle, except that at one end of the axle a toothed drum is fixed. This is placed vertically on its edge and turnswith the water wheel. Adjoining this larger wheel there is a second toothedwheel which is placed horizontally by which it is gripped. Thus the teeth ofthe drum which is on the axle, by driving the teeth of the horizontal drum,cause the grindstones to revolve. In the machine a hopper is suspended andsupplies the grain, and by the same revolution the flour is produced.14

To make such gears work required an advance in engineering over that needed for the cogwheels of Ktesibios’ water clocks and the Antikythera machine. In the clocks, the gears had to transmit but littleload other than that of the friction of the machine itself. In the mill, onthe other hand, the gears had to transmit a heavy load at high speed forlong periods of time, so that any weaknesses in the design would at once transpire. It took centuries of experiment with water mills to find the most efficient gear positions, sizes, and ratios.

[image: ]
Fig. 14. Diagram of a Vitruvian water mill; undershot water wheel on the left, millstone on the upper right (from T. Beck: Beitrage ziir Geschichte desMaschinenbaues, 1900).






By +IV, water power in Gaul had been applied not only to milling but also to sawing, as is shown by the verses of the Gallo-Roman poet,Decimus Magnus Ausonius:

Thee, swift Celbis, and thee Erubis, for marble illustrious,
Hurry with servile haste your waters forthwith to mingle:
Celbis renowned for glorious fishes, whereas its companion
Whirling the millstones that grind the grain with rapid rotations, and
Shriekingly drawing the saws through the glassy masses of marble,
Hears from one bank to the other a din that is strident and ceaseless.15

In late Roman times, the city of Rome got its flour from a battery of water mills on the Ianiculum Hill, where the Vatican now stands.In the siege of +537, Wittigis’ Goths broke the aqueducts and thus putthese mills out of action. To avert starvation, the Byzantine generalBelisarius:

. . . fastened ropes from the two banks of the river and stretched them as tight as he could, and then attached to them two boats side by side and twofeet apart, where the flow of the water comes down from the arch of thebridge with the greatest force, and placing two mills on either boat, he hungbetween them the mechanism by which mills are customarily turned. Andbelow this he fastened other boats, each attached to the one next behind inorder, and he set the water-wheels between them in the same manner for agreat distance. So by the force of the river all the wheels, one after the other,were made to revolve independently, and thus they worked the mills withwhich they were connected and ground sufficient flour for the city.16

The Goths attempted to wreck the mills by throwing logs and corpses into the Tiber above the city for the current to carry down. But the resourceful Belisarius thwarted this attempt by stretching chains acrossthe river and detailing men to remove floating objects from the wateras fast as they were carried down against the chains.

Evidently, at this time, water mills had more or less completely replaced mills of other kinds at Rome, or the city would not have been in such a desperate plight when the water mills were stopped. Furthermore, Procopius’ tale of Belisarius’ floating mills is one of the very fewancient accounts of the actual birth of a new invention.

A paddle wheel of the noria type, like that used in the Vitruvian mill, is called an undershot wheel. Although inefficient, it is useful wherethe stream is large but sluggish. A more efficient water wheel is theovershot wheel, where water is poured into buckets at the top and spilledout at the bottom. For an overshot wheel, however, there must be a fallof water at least equal to the height of the wheel.

Water wheels of all three types—horizontal, undershot, and overshot —may have come into practical use in late —II or early —I. However,the undershot wheel—the paddle wheel in reverse—is the only full-sizedwheel whereof a description has survived from pre-Christian times. Amill of about +200 near Arelate (modern Arles, France) was poweredby sixteen wheels, probably overshot. Also, an Irish manuscript, theBook of Senchas Mor, tells of horizontal water mills in Ireland in thetime of Saint Patrick (+V).

Probably the overshot and horizontal wheels were not described until some time after they were invented, because they were only used inmountainous country. Therefore they escaped the notice of literary men,most of whom wrote in the gleaming cities of broad plains and levelseacoasts, where such mills were not to be found.

In Roman times, a number of new materials and substances came into use. Window glass we know about. Wire cable appeared; a 15-footlength of bronze wire cable, an inch in circumference, was found atPompeii.

Another discovery was brass, the alloy of copper and zinc. If we can trust the pseudo-Aristotelian treatise On Wonderful Things Heard—acollection of jottings by a later member of the Lyceum, some factualand others silly—brass was first made by the Mossynoikoi, a people ofAsia Minor:

They say that the copper of the Mossynoikoi is shiny and white, not because tin is mixed with it, but because a certain earth is combined and molten withit.17

The “certain earth” was not metallic zinc. This metal was not discovered until +XVI, when Paracelsus named it Zinken. The “earth” was the ores zinc carbonate and zinc silicate, both called “calamine.” Inaddition, brass was also made with cadmia or zinc oxide, which sometimes occurs as a deposit on the top of a copper-smelting furnace, mixedwith other metallic oxides evaporated and recondensed near the vents.

Good brass is as strong as bronze, easier to work, and prettier. If the zinc comprises about 20 per cent of the total, the brass looks muchlike gold. Hence it was long regarded as a precious metal; Darius theGreat treasured a brazen cup. When Plato wished to show the wealthof his fictional Atlanteans, he credited them with lavish use of orei-chalkon, “mountain copper,” by which he probably meant brass.

Knowledge of brass became part of a body of doctrine that arose in the eastern Mediterranean, especially in Alexandria, in late Hellenisticand Roman times. This body of doctrine, afterwards called by the Arabic name of alchemy, was the forerunner of chemistry. It had four mainsources:

Firstly, the old Egyptian art of making imitations of gems and precious metals for jewelry. When colored glass was first substituted for gemstones, this was not a “cheap” imitation; for, when the making ofglass was in its infancy, glass was a rare and precious substance, andthe glass gems were almost as costly as natural ones.

It was the same with the metals. To the ancients, whose ideas about elements were very different from ours, a metal that looked like gold wasconsidered a kind of gold. Brass was one expensive ersatz gold; anotherwas an alloy of silver, arsenic, and sulfur. Egyptian craftsmen alsolearned to plate or coat the cheaper metals with costlier ones.

In fact, some oriental craftsmen may have gone further than that. In 1936, at Khujut Rabu’a near Baghdad, was found a small pottery jar,about 5½ inches high and 3⅓ inches in diameter. Inside was a cylinderof thin copper, closed by an asphalt plug. Inside the cylinder was arusted iron rod.

Similar jars, without the metal cylinders and rods, had been found at the ruins of Seleucia-on-the-Tigris, twenty-four miles below Baghdad.Three larger jars containing respectively ten copper cylinders, ten ironrods, and ten asphalt plugs, not yet assembled as in the Khujut Rabu’ajar, turned up at Ctesiphon, across the Tigris from Seleucia.18

All these objects date approximately from Roman Imperial times. The only use that anybody has been able to conceive for them is asbattery cells for electroplating small metal objects with gold.

It has also transpired that the silversmiths of Baghdad, within the present century, used a similar apparatus for gold-plating their works.Those who knew about this method long assumed that the silversmithshad learned their electroplating from western sources. Although archeologists are not yet agreed about the mysterious jars, we must atleast consider the strange possibility that electroplating was discoveredin Iraq in ancient times; that, despite the ravages of the Mongols in+XIII, this technique survived down to the present century; and that,nevertheless, it failed to spread to other lands, presumably because themetal workers kept it secret.

A second source of alchemy consists of the Greek speculations about the nature of matter. The most influential ideas were Empedokles’ theorythat all matter was made of four elements—earth, air, fire, and water—and Aristotle’s assertion that these elements could change, one into theother.

The third source of alchemy was an idea developed by the Daoist (or Taoist) philosophers of China, that a man’s life could be prolongedindefinitely by an elixir made of rare substances like powdered gold.One Chinese emperor is said to have died as a result of drinking sucha concoction. This idea seeped over the trade routes of Central Asia inlate Hellenistic or early Roman imperial times, to be picked up by theearly alchemists and added to their stock of lore.

The final source of alchemy was a cloudy mass of mystical, magical doctrine—a conglomeration of myth and legend, cosmic speculation andpetty superstition, the pretensions of priests and the mummeries of medicine men, which in early societies passes for divine wisdom. A greatsurge of Supernaturalism, which took place under the Roman Empire,spilled over into science and technology. It helped to spread and dignifyastrology, and it contaminated the budding science of chemistry until itcould hardly be recognized as a science at all.

As with astronomy and astrology, nobody in those days distinguished between alchemy and chemistry. We know enough today to tell thescience from the pseudo-science, but the ancients drew no such distinction. To them there was just one science, most of whose practitionersinsisted that prayers, incantations, and the use of bizarre ingredientsand unintelligible directions were all necessary parts of sound scientificprocedure.

Some early alchemists wrote treatises that survive. One, that of Bolos of Mendes, may go back as far as —300. The others, probably, all belong to the Christian era. Some were written under the name of HermesTrismegistus, a combination of the Greek messenger-god Hermes withthe ibis-headed Egyptian god of wisdom, Dehuti or Thoth, transformedby legend into a mortal king of Egypt who reigned before the Floodand wrote 36,525 books on alchemy.

Other works were attributed to divinities like Isis and Agathodaimon, or to Moses, King Solomon, Ostanes, Demokritos, and Cleopatra, noneof whom had anything to do with alchemy. However, names of realalchemists like Komarios and Mary the Jewess also appear. Mary theJewess seems to have made significant chemical discoveries and to haveinvented the still. At least, she was the first to describe one. This invention in turn led to the discovery of alcohol in the days of the Caliphate.

While some of these early alchemists made practical discoveries, most of them soon wandered off into the search for picturesque nonentities,especially the Philosopher’s Stone. This substance, usually described asa red powder, could transform a million times its own weight of basemetal into gold or, if its quality was not quite up to specifications, intosilver. It could be dissolved in alcohol to make the elixir vitae, the Elixirof Life, whereby the alchemist could cure all ills, rejuvenate his agingbody, and prolong his life. Some sought the alkahest or universal solvent; though a few had the wit to ask: if you found it, what would youkeep it in?

Moreover, the intense Supernaturalism of late Roman times caused the alchemists so to confound their chemical procedures with magicalrites that discoveries on the material plane became almost impossible.

Besides, a lust for secrecy and a love of mystification led them to write in an obscure and shapeless symbolism. One of these works, about thetail-biting serpent Ouroboros (an old Egyptian magical symbol) says:

A serpent is stretched out guarding the temple. Let his conqueror begin by sacrifice, then skin him, and after having removed his flesh to the verybones, make a stepping stone of it to enter the temple. Mount upon it andyou will find the object sought. For the priest, at first a man of copper, haschanged his color and nature and become a man of silver; a few days later,if you wish, you will find him changed into a man of gold.19

Alchemy flourished in the Byzantine Empire, the Caliphate, and medieval Europe. Its obscurity became more opaque and its magicalcontent larger until one school of modern students has held that thealchemists were not after vulgar gold at all, but spiritual enlightenment,union with God, or some such lofty goal.

Doubtless some alchemists were of this sort. Some were plain fakers and swindlers, while others were professional organizers of secret societies, seeking neither Philosopher’s Stones nor spiritual perfection butyearly dues. These last, under the name of Rosicrucians, we still havewith us.

Most of the alchemists, however, really did busy themselves with retorts and alembics. They did try to make gold, until they ran out of money or gullible backers, or perished from breathing too much mercury vapor.

Scientific chemistry did not separate itself from alchemy until +XVI and +XVII. Chemistry was slower than most sciences to free itselffrom pseudo-scientific associations. The reason is that the laws of chemistry are so complex and interdependent that, in formulating these laws,one must hit upon the right scheme almost all at once, instead of proceeding in normal scientific fashion from the simpler problems to themore complex.

Moreover, chemistry concerns the behavior of atoms and molecules. Since one cannot see atoms and molecules, one must infer their existenceand behavior from other facts, and it takes much trial and error to getsuch inferences right. Still, despite the lack of sound science in mostalchemy, it was, perhaps, a stage through which chemistry had to go,just as an appalling child sometimes grows up to become an admirableadult.

Besides the works of Vitruvius and Plinius, several engineering treatises in Greek have come down from Roman times. One is a book on mechanics by Athenaios (called Mechanikos to distinguish him fromthe better-known Athenaios of Naukratis, author of the literary miscellany Deipnosophistai, “The Dining Professors”). Athenaios the Mechanic used some of the same sources as Vitruvius, as a comparisonof their works makes clear. As neither mentions the other, they maywell have been contemporaries.

Athenaios discusses siege engines: sambucae, flying bridges, rams, tortoises, belfries, and combinations of these. He also discusses the possibility of mounting some of these engines on ships, as Marcellus haddone at Syracuse.

Most of this adds but little to what Vitruvius and Philon had already said. However, Athenaios does propose one new idea: a three-wheeledbelfry in which the front wheel of the tricycle is mounted on a postthat can be rotated by a steering rope. So far so good; but then Athenaios winds this rope around a drum on the main axle, so that, in nearing a hostile wall, the belfry shall follow a zigzag course as the frontwheel of the tricycle turns round and round, to disturb the foe’s aim.

Practically speaking, the idea is absurd. Still, this is the first known attempt at a steering wheel.

From the following century, +I, comes the work of the ablest technical writer of antiquity: Heron of Alexandria. His date was long uncertain. This uncertainty was deepened by the fact that, in his work on catapults, this man gave his name as “Heron Ktesibiou.”

Now, Ktesibiou means “of Ktesibios.” Following normal Greek usage, the whole name would mean “Heron the son of Ktesibios.” But thefamous Ktesibios, the clock-and-organ man, lived in early —III, andHeron was certainly later than that. In fact he describes an eclipse ofthe moon, and the only eclipse that fits his description was that of +62.

That leaves unexplained the term “of Ktesibios.” Perhaps Heron used the term in the unusual sense of being a follower of Ktesibios or anheir to his tradition. Perhaps his father was another Ktesibios. Perhapsthis father was descended from the original Ktesibios. Maybe there wasa whole family in which, in accordance with the usual Greek and Persian custom, the eldest sons were named for their fathers’ fathers, sothat they were called alternately Ktesibios and Heron for several generations. Perhaps the family held some hereditary post of Chief Mechanic in the Museum. . . . But all this is guesswork; we may neverknow.

Heron’s engineering works comprised Mechanics, Pneumatics, Siegecraft, Automaton-making, and The Surveyor's Transit. He also wrote a geometry book, Measurement, and an optical work, Mirrors. There arefragments of another mathematical work, of a book on water clocks,and of a technical glossary. Some of these works have disappeared inthe original Greek and exist only in Arabic or Latin translations.

Heron’s Mechanics is mainly concerned with mechanical advantage. He describes the various means for obtaining this advantage—the windlass, the lever, the compound pulley, the wedge, the worm, and the geartrain—and shows how they can be combined. Being a skilled mathematician he shows how, with such a device, the force applied and thedistance moved vary inversely according to mechanical advantage. Infact, Heron comes close to discovering the modern technical concept of“work” (= force X distance). He also describes cranes, methods of raising large building stones by means of tongs and keys, and screw pressesof the kinds mentioned by his contemporary Plinius.

Heron’s Siegecraft (Belopoiika) tells about several designs for catapults. One is the crossbow; the others are conventional dart and stone throwers. Heron gives details of parts like the shackles that held thetension skeins in place, which we might not otherwise know about. Explaining that, with a very large stone thrower, the slide is too heavy tobe pulled forward to the loading position by hand after each shot, heprovides a second windlass to make this easy.

His Surveyor's Transit (Dioptra) describes a more sophisticated instrument than the Roman groma. On the pedestal is mounted a detachable sighting table, with worm gears for adjusting the table about the vertical and horizontal axes. This part could be removed and replaced by a water level, having at each end a little glass cylinder in whichthe water rises to the level of an eye slit in a bronze plate. Heron alsoprovided leveling posts to sight on, with plumb bobs for setting themvertical and sighting disks hoisted up and down by pulleys. These postslooked much like modern stadia rods.

Heron’s surveying system does not seem to have come into use. It was probably too far ahead of its time. There were not enough mechanicswith the skill needed to make so advanced an instrument as the dioptra.

Heron’s best-known work is his Pneumatics. He begins with a discussion of theory, which he probably took from Straton. Heron not only understands the compressibility of air, but he has also weighed fuelbefore and after burning and has come close to understanding the nature of combustion.

In the main part of the work, Heron describes many gadgets like those set forth by Philon and Ktesibios and tells of others besides. Evenwhen the main idea of the device is old, Heron likes to arrange thingsin his own original way. Many of his devices are worked by siphons andair tubes. A pitcher pours only when the finger is removed from anair hole; another pitcher mixes wine and water in the desired proportions. There are also displays of automata: Herakles slaying a dragon,bronze birds that twitter, and bronze beasts that drink on command.

Some of Heron’s inventions seem to have been for the benefit of the priesthoods of Alexandria, to enable them to awe their worshipers. Inone, the fire of a burnt offering causes air to expand in a tank, forcingwater out into a bucket, whose descent causes temple doors to open. Inanother, opening a temple door makes a trumpet toot.

A combination of vessels and siphons apparently turns water into wine, as an older contemporary of Heron is alleged to have done atCana in Galilee. The biblical incident is probably based upon tales ofHeron’s magical device, just as the story of Joseph and the seven leanyears is derived from the Egyptian legend of King Joser, his ministerImhotep, and the god Khnum; and the story of Moses’ parting the RedSea goes back to the old Egyptian tale of King Seneferu, his wizardJajamankh, and the lost bangle.

Another example of Heron’s sacred sleight-of-hand is the original coin-in-a-slot device, combined with a holy-water dispenser. It is baldlylabeled: “Sacrificial Vessel which flows only when Money is introduced.” Heron’s Mirrors gives directions for making spooks appear bymeans of mirrors. Anybody as useful as Heron was to the crafty priesthoods of Alexandria, with their purifying bronze wheels, their everburning lamps with asbestos wicks, and their spirit-reflecting mirrors,must have done right well by himself. He must also have contributedto the great wave of Supernaturalism that finally killed Roman science.
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Fig. 15. Coin-in-the-slot holywater dispenser, designed by Heron of Alexandria (from Woodcroft’sedition of Heron’s Pneumatics).
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Fig. 16. Heron’s wind-powered pipe organ (Woodcroft).



Heron also shows more useful devices. He understands the check valve and the float valve, such as is used in a modern water closet. Hedescribes a hydraulic pipe organ like that of Ktesibios.

He also describes another, smaller organ powered by a little windmill. This is the first mention of a windmill of any sort. Heron calls his gadget an anemourion or “wind vane,” and the illustrations in the manuscripts, copied and recopied from the originals, show that he had inmind something like a modern toy pinwheel. Perhaps such pinwheelswere used as toys in Heron’s time. Heron’s mechanism, connecting thewindmill with the organ, is unconvincing, and he probably never builtsuch a machine. A striking oversight of classical engineering was thefailure to develop the windmill from a toy to a practical source of power.

Heron also describes a force pump with a nozzle that can be turned up, down, and sideways for fighting fire. Apparently Alexandria hadsome sort of hand-operated fire engine not unlike those used in Europeand America in early +XVIII. Such an engine was merely a woodentank or tub, with handles at the corners for carrying and a pump on top.At the fire, the tub was filled by a bucket brigade, while two or four menworked the pump handles.
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Fig. 17. Heron’s two-cylinder pump, with a dirigible nozzle, for fire fighting



In fighting fires, the ancients used buckets and large syringes. When there was no river, fountain, or other water supply close at hand, they probably did what firemen in London did in early +XIX: dug a holein the street and waited for it to fill with ground water.

Marcus Licinius Crassus, the Roman banker and triumvir (—I), had a private fire brigade of 500 lusty slaves. When a house caught fire,Crassus’ brave fire laddies chased away the laddies of rival companieswhile Crassus bargained with the owner for the property, “so that thegreatest part of Rome, at one time or another, came into his hands.”20

Later, Augustus scotched this extreme form of private enterprise by organizing a corps of vigiles or “watchmen,” who served both as firemen and as policemen. The vigiles were recruited from freedmen, whomight, after faithful service, transfer to the army and thus become citizens. Some other cities had a similar system. Elsewhere, fire fighting wasassigned to soldiers or to members of the builders’ guild, neither soeffective as trained vigiles. At best, ancient fire-fighting methods were sofar below our standards that any great city could expect a conflagrationat least once each century.

Of all of Heron’s inventions, the one most pregnant with future possibilities was his steam engine. Heron modestly calls it “A ball rotated by steam” and explains:

Place a cauldron over a fire: a ball shall revolve on a pivot. A fire is lighted under a cauldron, AB, containing water, and covered at the mouthby the lid CD: with this the bent tube EFG communicates, the extremity ofthe tube being fitted into a hollow ball, HK. Opposite to the extremity placea pivot, LM, resting on the lid CD; and let the ball contain two bent pipes,communicating with it at the opposite extremities of a diameter, and bent inopposite directions, the bends being at right angles and across the lines FG,LM. As the cauldron gets hot it will be found that steam, entering the ballthrough EFG, passes out through the bent tubes towards the lid, and causesthe ball to revolve, as in the case of the dancing figures.21

Heron’s steam engine—or “aeolipile,”22 as it is sometimes called— worked on the reaction principle of the rotary lawn sprinkler. Heron
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Fig. 18. Heron’s steam engine or aeolipile (Woodcroft).



never claimed that it was more than a toy. In another design, he putsthis principle to use by causing heated air, issuing from the ends of aswastika-shaped pipe assembly, to whirl a disk, attached to the pipes, onwhich statuettes are mounted. Hence the reference to “dancing figures”in the above quotation. Elsewhere, as we have noted, he used heatedair to work a piston to open temple doors.

Heron had available nearly all the elements needed to make a practical working steam engine of either the reciprocating or the turbine type. Yet none of the three devices he described was such a steam engine;that is, none could have worked a pump or turned a millstone.

Still, if some emperor had hired Heron to devote a few years of intensive research to the steam-engine problem . . . But it is useless to expect people to attack problems that they do not know exist. As it was,Heron did more creative work than a hundred ordinary men do in thecourse of their lives.

Although Heron’s book was not widely read in later centuries, it was never altogether forgotten. A curious echo of it appeared in the medievalEuropean legends of Virgil the Magician. In these tales, the gentle poetof Mantua, Publius Vergilius Maro, became the wizard Virgil, whofounded Naples on eggs, owned a brazen head that prophesied, built awhirling castle, and kept a demon captive in a glass. He also maintained an army of robots to trounce his foes and otherwise do his will.These yarns are derived from the little figurines of Heron’s puppetshows, expanded to life size, made mobile, and run by magic instead ofby machinery.

Later, the engineers of the Renaissance studied Heron with lively interest. In +XVII, when Europeans began to harness the power of steam, they remembered Heron’s achievements. In the 1670s, a Flemish Catholic missionary in China, Ferdinand Verbiest, made a two-foot modelsteam cart driven by an engine copied from Heron’s aeolipile. Verbiestwas one of a group of Jesuits who for several decades operated theImperial Chinese observatory of Peking. His steam car ran, at least afew inches.

At the same time the Marquis of Worcester, who had also read about Heron’s whirligig, was experimenting with his “water-commanding engine.” This was a steam-powered vacuum pump for pumping out coalmines. Although Worcester never realized the profits he sought fromhis invention, he got far enough so that his successors Savery and Newcomen built up a thriving business installing similar pumps. It was intrying to improve a Newcomen engine that James Watt made hisportentous discovery.

Heron’s was the last of the great classical treatises on the mechanical arts. In early +IV an eminent mathematician, Pappos of Alexandria,devoted the eighth and last book of his mathematical treatise to mechanical problems. But Pappos merely described the standard means of gaining mechanical advantage—the windlass, lever, compound pulley,wedge, screw, and gear train—and various ways of combining them. Headded nothing to what Philon and Heron had already said.

The fall of the West Roman Empire is usually dated +476. In that year, one of the Empire’s many German generals, Odovacar, deposedthe boy-emperor Romulus and declared himself king of Italy, only tobe defeated and treacherously slain soon after by Theodoric the Goth.The various German kings, who already occupied large parts of Gaul,Spain, and North Africa, sometimes acknowledged the supremacy ofthe other emperor in Constantinople; but within a few years all effectiveRoman rule in these lands faded away. During the following century,the eastern emperors recovered parts of Italy, Spain, and North Africa.This recovery did not last, and soon all of North Africa, and Syria aswell, were wrested from the Byzantines by Muhammad’s Arabs.

Formerly, when Europeans assumed that Europe was the only civilized part of the world, this revolution was described as the downfall of civilization. The “Dark Ages” followed, and civilization did not revive untilabout +XI or +XII.

This is of course nonsense. Even at its greatest extent, the Roman Empire comprised but a fraction of the world’s civilized lands, and theChinese Empire under the Tang dynasty (+VII) was much larger andequally civilized. What really happened was that civilization withdrewfrom its westernmost outposts, where it had never been too securelyestablished anyway, but it continued as usual in the East.

The shrunken East Roman Empire—the richer and more populous half of the Empire—proved a tougher nut for barbarian hordes to crackthan its western sister. In fact, it held out against constant assault fora thousand years, until Constantinople fell to Sultan Muhammad II in1453. Even then, the last vestige of Byzantine power was not extirpateduntil Trebizond on the Black Sea, which had its own “Roman Emperor,”surrendered to the Turks in 1461.

The total time from the legendary founding of Rome in —753 to the fall of Trebizond is 2,214 years. Considering that this is a much longertime than the life span of any other government in history, Rome canhardly be said to have failed, even if it finally fell. (Egypt and Chinaexisted longer as recognizable nations, but not as governments, becausetheir history is broken into segments by division within or subjectionfrom without.) Like the dinosaurs, who dominated the earth for 150,-000,000 years, the Roman rulers must be counted a success even thoughthey became extinct at last.

Yet, while civilization continued in the eastern Mediterranean lands and in Iraq, Iran, India, and China as if nothing had happened, thefall of the West Roman Empire was no small event. Over a vast area,Roman roads, aqueducts, and harbors fell into ruin, because there wasno central government strong, rich, and enlightened enough to maintainthem. Literacy, which had been fairly high under Rome, declined almost to the vanishing point. Science became superstition of the mostidiotic sort, and engineering declined to rule-of-thumb craftsmanship.

Some of the German kings who ruled the conquered lands made a pretense of preserving civilization. Thus when Theodoric the Great, kingof the East Goths, ruled Italy under the nominal overlordship of theEmperor (early +VI) he told his minister, the philosopher Boethius,to make a water clock and a sundial as a royal gift to Gundibald, kingof the Burgundians. For a while, some people in these lands were evenbetter off than they had been, because they were freed from the smothering web of Imperial regulations. But then the Avar, Viking, and Magyarraids (+VII to +X) reduced western Europe to a state as barbarousas before the rise of Rome.

To appreciate how far this decline went, you have to read some of the surviving Dark Age literature. Although the Romans had their intellectual limitations, they seem brilliant by comparison.

For instance, a leading man of late +VI was Pope Gregory I, called “the Great.” This man burned the library of the Palatine Apollo, lestits secular literature distract the faithful from the contemplation ofheaven. He also wrote a book, a collection of saints’ lives calledDialogues, which displays an infantile credulity that would shame atribal shaman.

Thus Gregory tells how the pious youth Honoratus, by calling on Christ and making the sign of the cross, halted a boulder that was rollingdown the mountain upon his monastery. When the monk Placidus fellinto a lake, the monk Maurus rescued him by walking on the water andhauling Placidus out by his hair. A nun ate a lettuce in a monasterygarden without crossing herself and consequently swallowed a demon,who possessed her until an abbot exorcized it. The demon reasonablycomplained:

“What have I done? I was sitting there on the lettuce, and she came and ate me!”23

Later, the much more intelligent Pope Sylvester II, or Gerbert (+X), studied in Spain in his youth, collected classical writings, built a waterclock and an organ, and wrote a treatise on the abacus. For these notvery alarming deeds he was reputed a magician. It was whispered thathe had studied astrology, necromancy, and other occult arts at MuslimCordoba, stolen a wizard’s book and daughter, and built a golden head,which answered questions.

Historians have proposed as many different reasons for the downfall of Rome as have been suggested for the extinction of the dinosaurs,and they have found it just as impossible exactly to determine any onetrue cause. Some of their suggestions are: the demilitarization of Romansin the interior of the Empire when soldiers were more and more recruitedeither from people living on the frontiers or barbarians living beyondthem; the loss of money from the Empire, drained off to India andChina to pay for imported luxuries; the loss of manpower in the westernprovinces as a result of the great plagues of +165 and +250, the civilwars from +235 to +284, and the barbarian invasions thereafter; thegrowth of local separatism in the provinces as these acquired the techniques and amenities of Roman Italy and so no longer felt that theyneeded Rome; the restrictive laws of Diocletian and his successors, fixing prices and wages and compelling every man to labor at his father’strade forever.

At least, modern historians agree that Rome did not fall because the Romans reveled in luxury or indulged in orgies. Although there havebeen, in all times and places, some people who liked a little orgy nowand then, the great period of Roman laxity had occurred in —I and +I.The Romans of +IV and +V were different. Many had been Christianized. In any case, as nearly as we can tell, their standards of morals andmanners had become a good deal stricter; in fact, these standards couldprobably be compared with our own.

Some take the view that there was no one cause of Rome’s downfall. Instead, the Roman government, like every other, was confronted by aseries of problems. For a long time it succeeded in solving them wellenough to carry on. At last, however, as much by luck as anything else,a number of these problems piled up all at once at a time when theWestern Empire lacked strong leadership. The wonder is not that Romefell but that it managed to keep going so long.

The principal problem, of course, was the barbarians. Before +400 their incursions had been only raids, destructive but not fatal. However,in +406 the Vandals, Suevi, and Alans burst into Gaul and headed forSpain at a time when the emperors of East and West were too busy fighting each other to defend the frontiers. A few years later the Franks,Burgundians, and others came in, settled, and refused to leave. Althoughwilling at first to acknowledge the Emperor’s rule, they proved too numerous to absorb and too strong to oust; so it was only a matter of timebefore they took over the rule of the lands they occupied.

Another factor in Rome’s fall was that, while the Romans were almost standing still in science and engineering, the barbarians were advancing. They were learning the Roman arts of peace and war, the former by trading contacts and the latter by mercenary service in thearmies of Rome. The arts of peace enabled their lands to support denserpopulations, while the arts of war made them as formidable, man forman, as the Romans.

The tremendously long land frontiers of the Empire had been no great danger when those beyond it had been only a thinly spread population of primitives. But, when the barbarians waxed in numbers, knowledge, and power, these long frontiers became indefensible.

The barbarians across the frontiers had long shown that they could not only learn from the Mediterranean peoples but also devise inventions of their own. Before the Romans conquered them, the Celts ofGaul and central Europe invented soap and the barrel. They were experts at making enameled ware and built advanced four-wheeled carriages, with graceful thin-spoked wheels. It was probably they who hadthe idea of making a metal tire all in one piece, heating it, and shrinkingit on the wheel.

A Celtic native, or perhaps a Roman overlord in a Celtic land, devised the first harvesting machine. On large farms in Gaul, harvesting was done with a kind of header—that is, a device to cut the heads onlyfrom the wheat stalks. It looked something like a large modern garden cart, with an arrangement of fingers and slots along the leadingedge to catch the heads of the wheat. A beast of burden pushed it frombehind.

In Republican Roman times, also, the nomads who roamed the steppes of southern Russia and Turkestan made a number of inventionsthat revolutionized man’s use of the horse.

For one thing, they built a more substantial saddle than was used around the Mediterranean. Classical riders rode either bareback or witha thin pad strapped to the horse’s back. The Scythian saddle, on theother hand, was padded, with a definite pommel and cantle. These madeit easier to stay on the horse when it suddenly started or stopped, instead of falling off behind or before on one’s head like the White Knight.The Romans adopted this saddle in late Imperial times.

Now we come to an invention of even more moment: the stirrup. As the stirrup is closely connected with the rise of the feudal system, it wasone of the world’s most influential inventions, and its origin has beenmuch disputed. According to one theory, about—1000 the Sarmatians,who roamed the plains north of the Caucasus, invented the stirrup. Thisis doubtful; but what the Sarmatians or their kinsmen the Scythians diddevelop was the “tree saddle” with raised pommel and cantie, so that thehorseman was less likely to be pushed backwards off his horse’s rump.Others credit the Indians, who, riding barefoot, hooked their big toesinto the girth or into a pair of rings attached to the girth.

Before this invention, all riding had been without stirrups. As Xenophon pointed out in encouraging his Ten Thousand: “The footsoldier can strike harder and with truer aim than the horseman, who isprecariously poised on his steed, and as much afraid of falling off as heis afraid of the enemy.”24 Although himself an expert rider who wroteon horsemanship, Xenophon scoffed: “Did anyone ever die in battlefrom the bite or the kick of a horse?”

Lacking stirrups, classical cavalry was used to scout, to fight other cavalry, and to cut up a foe who was already broken and fleeing. But,against a well-trained block of spearmen, it could do little, save in thehands of an exceptional general like Alexander or Surena, the Parthianwho destroyed Crassus’ army at Carrhae. During the Hannibalic War,the battle of Lake Ticinus began as a cavalry skirmish but ended as aninfantry fight because so many of the riders had fallen off.

Riders long sought a means to assure themselves a more secure seat than that afforded by a simple knee-grip. Xenophon advised the riderto seize the horse’s mane while galloping uphill or jumping—a methodthat would bring rousing sneers from modern riding instructors.Insecure riders in the Near East were sometimes provided with a footboard hung from one side of the saddle, on which they rested their feetwhile sitting sidewise on their mounts.

The Romans, too, sought greater security for the rider. They fitted their saddles with a projection on each side, just forward of the rider’sknee, which could be grabbed in an emergency. When Apollodoros ofDamascus built Trajan’s Forum, the decorations included a number ofmarble reliefs showing horses and riders. Later, Constantine removedthese reliefs and installed them in the Arch of Constantine, which stillstands a block from the Colosseum. Several horses in these reliefs havesuch knobs on their harness.

Furthermore, a bronze statuette of Marcus Aurelius on horseback, found recently at Velia in southern Italy, has an object shaped like acapital D, with the straight part vertical and the curved part aft, wherethe horse’s breast strap joins the forward edge of the saddle pad. Sothe simple knob of +100 had, by late 441, evolved into a handgripor hand stirrup.

The invention of stirrups changed all this. Use of single leather loop to help the rider to mount may have long been known to the peoplesof the steppes, though we do not know when and where the inventionoriginated. About a century ago, a Russian scholar found, in a gravebarrow at Chertomlyk in the Ukraine, a parcel-gilt silver vase 2 feet,4 inches high, which is the acknowledged masterpiece of Graeco-Scythian art. The date is uncertain but is usually put in —IV. A strainerin the neck indicates that this jug was for kumys (fermented mare’smilk) which the jolly Scythians were wont to drink from cups made oftheir enemies’ skulls.

In addition to birds, gryphons, and other objects, the reliefs decorating the Chertomlyk vase include scenes from Scythian life. The steps inbreaking a horse to the saddle are pictured. One of the scenes showsthe horse saddled, with something like a strap hanging from the saddle.Some consider this object to be such a proto-stirrup, though others denyit; and in any case the relief is too small to be sure.

Before stirrups, a man who wanted to mount a horse was obliged either to vault on to the animal’s back, to step on a mounting block, orto get somebody to give him a leg-up by clasping his hands together.Hence, if not athletic enough to vault, a man unhorsed on the steppeswas in a fix.

The soft-leather loop was probably the first answer to this problem. However, such a loop would not be much help in actual riding, becausethe rider could not kick his foot free is his mount began to fall, or ifhe began to fall off and had to free his foot quickly.

Archaeological discoveries in the last quarter-century have narrowed the invention of the stirrup down to China (or Korea) in late +V. The invention was brought to Europe in +VI by the Avars, a people of Turkish affinities from the steppes of central Asia.25 They werethe second wave of central Asian nomads, the Huns being the first, tomake life interesting for Europeans. They fought for and against theByzantines and settled in the plain of Hungary, which somewhat resembled their homeland. Under an able +VI khagan, Bayan, theyruled a large central-European empire, largely of Slavic peoples. Theyraided far into Germany and Italy until finally crushed by Charlemagneand assimilated.

Astride a saddle with pommel and cantie, feet braced in stirrups, a mounted fighter was much more formidable. Experiments by aBriton, Philip Barker, suggest that the tree saddle and stirrups madelittle difference to the horse archer. But the Avars also brought in themore powerful reflex bow in which, when unstrung, the ends curvearound forward. The warrior could charge home with a lance, whilethe tree saddle kept him seated. Stirrups were of most value in closecombat. Without them, a horseman who swung a sword or an ax at afoe was likely to swing himself clear off his horse.

However, a Greek military writer of early +VI implies in his description of cavalry tactics that stirrups had been in use for some time. The first definite mention of stirrups in the West is in the treatise On Stratagems published about +600 under the name of the emperor FlaviusTiberius Mauritius, or Maurice. Moreover, it is said that stirrups arementioned in China as early as +477.

As a result of these changes in horse trappings, armored cavalry became the mainstay of all western armies, civilized and barbarian, in late Roman and Byzantine times. Infantry remained unimportant fornearly a thousand years, until the Flemish burghers at Courtrai, afoot,slaughtered the French king’s chivalry under Robert of Artois in 1302.The Age of Chivalry was thus, as its name reveals, the age of the horseman. The continental European words for “knight”—chevalier, caballero, Ritter—all mean simply “horseman.” The feudal system was, asmuch as anything, a method of government worked out by trial anderror to enable the countries of Europe to support a class of professionalwarriors who spent all their time practicing the complicated art of fighting on horseback—and, what is more, to support an especially large,voracious, and costly breed of war horses for these knights to ride.

The Belgian, Shire, and Percheron breeds are descendants of medieval destriers. While big enough to carry a man in 70 to 100 pounds of armor, they had to be used with care not to exhaust them. In 1396,King Sigismund of Hungary crusaded against the Turks in the Balkans,with volunteers from many nations. At Nicopolis, inflamed by visionsof personal glory, French knights insisted on a headlong charge intoSultan Bayezid’s well-trained army. They broke through the first linesbut kept on until their horses were blown. Thereupon fresh Turkishforces surrounded and cut them to pieces.

Another improvement was the iron horseshoe. The Mediterranean peoples had a kind of horse sandal, made of thin iron, straw, or thelike, which could be tied to the foot of a horse or a mule in an emergency. The heavy iron shoe, permanently nailed in place, enabled thehorse to run safely over hard or stony ground without cracking or splitting its hooves. Opinions differ as to the time and place of this invention; but at some Roman sites in Britain, iron horseshoes with a distinctive scalloped outer margin, apparently Roman, have been found.

Then there was the matter of draft harness. An ancient horse could pull only a fraction of the load that a modern horse of the same kindcan pull, because of the harness it wore.

The first animal used for heavy pulling was the ox. Now, the ox holds its head low, while its back rises to a hump over its shoulders. In awild state, the ox depends upon its horns for defense and thereforestands with its head down, ready to use them.

The horse, having no horns, stands with its head up, so that it can see its foes from afar and flee. When men began to use the ox forpulling, they found that they could easily yoke a pair of oxen to a plowor a wagon. The yoke, carved to fit over the necks of the oxen in frontof their humps, was held in place by bows: thin wooden collars thatwent under the animals’ necks.

Later, when men began to harness horses, they tried to modify the ox yoke to fit the horse. They put a strap around the horse’s neck andhitched it to a yoke. But, since the horse holds its head up, the loadbore upon the creature’s throat instead of its shoulders and back. Whenthe horse pulled hard, the strap choked it and brought it to a stop.

The first improvement was a Chinese harness with a breast strap, held low down by the other straps. The nomads of the steppes brought thisharness (sometimes called the postillion harness) to the West in lateRoman times. Then, during the Dark Ages, an even better scheme wasdeveloped: the horse collar, carved to fit the base of the horse’s neckand padded so as not to hurt the animal’s skin. Horses are shown plowing with collars in the Bayeux Tapestry, which tells in cartoon formthe story of William of Normandy’s conquest of England in 1066.

These improvements in harness quadrupled the load a horse could pull and thus increased the power available to man. For the first time itbecame usual to plow with horses instead of with the strong but sluggishox.

Note that these advances were all of barbarian or Far Eastern origin. Some thoughtful Romans warned that the barbarians were showinggreater ingenuity than the people of the Empire. Vegetius the militarywriter (about +400) said: “The barbarous nations, even at this day,think this [military] art only worth attention, believing it includes everything else.” An anonymous writer remarked a few decades earlierthat: “although the barbarian peoples derive no power from eloquenceand no illustrious rank from office, yet they are by no means consideredstrangers to mechanical inventiveness, where nature comes to theirassistance.”26

This nameless writer, usually called Anonymus, is an interesting character. Addressing the emperors Valentinian I and his brother Valens (about +370) he urges that they mechanize the Roman army to makeup for the manpower shortage and enable the Romans once again toface the invading barbarians on better than equal terms.

To this end, besides various financial reforms, Anonymus urges the emperors to reduce his military inventions to practice. These include: amobile, rapid-fire catapult; a catapult with an iron bow, cocked by thepower of treadwheels; a spiked battle car to be pushed against the foe;a buckler to be nailed to the battle car; a javelin with leaden weightingand a lateral spike to hamper the foe when it sticks in the ground infront of him; another weighted javelin; an unmanned scythe-wheeledchariot drawn by two horses bearing armored lancers, with means forraising the scythes to the vertical; a one-horse version of the same; another version, with two horses urged on by automatic whips; a thickshirt or haqueton to be worn under armor; a raft held up by inflatedskins; and a warship driven by three pairs of paddle wheels, each pair ofwheels powered by a pair of oxen walking capstan spokes around ondeck.

Plainly, Anonymus was a very ingenious man but one without practical engineering experience. As with the siege engines of Biton and Athenaios, many of his proposals would not work in practice. Still, hisheart was in the right place. We can, for lack of contradiction, hail himas the inventor of the paddle wheel as a means of propulsion. Eventhough his ox-ship would have been too slow to be practical, the idea,which he may have gotten from watching a Vitruvian water mill, isthere.

However, the proposals of Anonymus and the warnings of Vegetius alike fell on deaf ears. A more typical Roman opinion was voiced byour old friend Frontinus, the water commissioner. In a book on militarystratagems, Frontinus said that he would ignore “all considerations ofworks and engines of war, the invention of which has long since reachedits limit, and for the improvement of which I see no further hope in theapplied arts.”27

In other words, all possible inventions, at least in the military field, had already been made. Had Frontinus been able to look ahead a couple of thousand years, he would have had quite a surprise.

The opposed ideas of Frontinus and Anonymus bring us to another Roman “fall,” distinct from the political fall of the West Roman Empire. This is the fall of classical science. Why, under the later Empire,did science and engineering stand still, letting the barbarians catch upin power?

One of the most striking intellectual movements of the Principate was the movement away from science. Alexandrian science was certainlyless vigorous in the time of Augustus than it had been under the firstthree Ptolemies. But it could still produce first-raters like Heron and hiscontemporary, the astronomer Claudius Ptolemaeus.

After this pair of first-century giants, however, the list thins out. There are a few good mathematicians—Diophantos, Pappos, Theon—but no more of the stature of Hipparchos or Archimedes. Outside ofmathematics, there is practically nothing.

Historians have put forward almost as many reasons for this halt in scientific work, under Rome, as they have for the fall of the Empire.They blame the prevalence of slavery, the rigor of Roman rule, theanti-intellectual Roman tradition, and the rise of Christianity. Butslavery declined under the Empire. The early emperors were on thewhole no more tyrannical than the Ptolemies had been. Upper-classRomans of the Empire were strongly Hellenized. Lastly, Christianityhad only local influence through its first three centuries.

A more likely cause of Roman technical stagnation was the fact that the natural resources needed for the next major industrial advances—coal and iron, and to some extent wood and water power—were ratherscarce around the Mediterranean, though abundant in northern Europe.

Another argument concerns the interdependence of pure science and engineering. Science, it is said, went as far as it could without instruments and mechanical aids, such as the wheeled clock, the microscope,and the telescope. As slavery fostered a traditional contempt for manualtinkering, classical scientists had no urge to invent these gadgets themselves. So they got stuck and could go no further until these inventionswere made, over a thousand years later. Even if they had conceivedthese inventions, the craftsmanship of classical times was not skilledenough to make such devices workable.

Although there is probably some truth in these contentions, they are not the whole story. We have seen that Heron had most of the ingredientsfor a successful steam engine. Likewise the techniques that could makeelaborate water clocks and geared astronomical computers of the Antikythera type could also have produced a wheeled, weight-driven clock.All that was really needed was for somebody to invent an escapement.

As for optical instruments, burning glasses had been known since —V, and magnifiers were also known though made little use of. Plinius notedthat: “a glass globe full of water, if placed opposite the sun, becomeshot enough to set garments on fire.” Furthermore, Seneca observed that“Letters, however small and dim, are comparatively large and distinctwhen seen through a glass globe filled with water.”28

No scientist, Seneca thought that the wetness of water had something to do with this magnification. Further, he shows that men of his timeunderstood the principles of curved mirrors. He tells of a Roman namedHostius Quadra, whose whim it was to indulge his lusts, natural andotherwise, in a room lined with curved mirrors, so that he could beholdhis own acts grotesquely magnified.

So optical instruments could have been invented in Roman times if anybody had taken the trouble. So could other useful devices like theprinting press, the canal lock, and the full-sized windmill. But they werenot. A patent law protecting inventors might have helped, but eventhat might not have overcome the two great anti-scientific and anti-technical forces, which took possession of the Roman Empire and whichwe shall soon discuss.

Nor would it be right to say that everybody agreed with Frontinus that all discoveries had already been made. Seneca, a much more influential writer than the water commissioner, declared:

The day will yet come when the progress of research through long ages will reveal to sight the mysteries of nature that are now wholly concealed. Asingle lifetime, though it were wholly devoted to the study of the sky, doesnot suffice for the investigation of problems of such complexity [as those ofastronomy]. . . . The day will yet come when posterity will be amazed thatwe remained ignorant of things that will to them seem so plain.29

Even if Seneca was a bit of a windbag, here he really grasps the idea of scientific progress. But alas! when he looks about at Nero’s world,what sees he? That . . far from advance being made toward thediscovery of what the older generations left insufficiently investigated,many of their discoveries are being lost.”30

There was no active discouragement of science under Rome, at least before Christianity came into power. But science has to compete for attention, belief, respect, interest, and financial support with politics, commerce, art, literature, religion, entertainment, sport, war, and all theother areas of human activity. If any one of these interests greatly expands its appeal to the people, it does so at the expense of the others.

Now, the great intellectual movement of the classical world under the Principate was towards Supernaturalism; that is, religion, mysticism,and magic. There was nothing new about these. All went back to primitive times. Mystery cults had flourished in Greece from —500 on andprobably earlier if the record were complete.

But, under Rome, those who exploited the human love of the marvelous and fear of the unknown made striking advances in methods, just as metal workers learned to make brass and glaziers to make windowpanes. They found that it added to their following and advanced theirown power, glory, and wealth to flourish a body of sacred writingswherewith to confound the heathen; to promise lavish rewards andpunishments after death, in order to right the injustices of earthly life;to set up a tightly knit, far-flung, conspiratorial organization; to expounda verbose and seemingly logical body of spiritual doctrine; to impose afixed code of morals and tabus—some reasonable and some purely arbitrary—on their followers; and, most of all, to incite a fanatical hatred ofrival groups and a grim determination to win the world to one’s ownfaith.

All these procedures were inventions, just as much as Heron’s toy steam engine. With these new techniques, the priests, prophets, andmagicians could more effectively compete for public attention and support. Credulity they redefined as “faith,” and fanaticism as “zeal,” whilerespect for the laws of cause and effect was condemned as “blind materialism.”

The success of a cult depended upon its fidelity to these principles. This success, needless to say, had nothing to do with the objective truthof its doctrines, any more than the success of a modern advertisingcampaign has to do with the virtues of the cigarette or detergent beingsold.

As a result, the world witnessed a great “return to religion.” The new cults grew swiftly. The old Greek and Roman polytheisms, with nocentral organization, no theology but a mass of childish and inconsistent myths, and no particular doctrine of future life, crumbled beforethe tide. The worship of Kybele, Mithra, Isis, Yahveh, Serapis, Abraxas,and Christ waxed mighty. The magical cults of the Neopythagoreans,the Neoplatonists, and the Gnostics throve. The pseudo-science of astrology flourished, and hedge-wizards like Simon Magus swarmed.


The methods listed above had already, before the Christian era, appeared to some extent in Judaism and Zoroastrianism. So it is not surprising that the strongest of the new religions should prove to be Christianity and Mithraism, heretical offshoots of Judaism and Zoroastrianism respectively.

Of all the mass religions, Christianity made the most effective use of these principles. Possessed of the tightest organization, the most bewildering logic, the most impressive sacred literature, and the most fanaticalspirit of any, it captured the Principate while Christians were still asmall minority in the Empire. Then, armed with the terrifying doctrinesof exclusive salvation, eternal damnation, and the imminent end of theworld, and backed by the Emperor’s executioners, it soon swept itsrivals from the board.

This, however, happened long after classical science had withered in the sirocco of a resurgent supernaturalism, of which Christianity atfirst was but a small part. It withered because few paid any attentionto science any more. Who wanted to spend years in pursuit of someobscure natural law, or pay somebody else to do so, when by joiningone of the new cults you got drama, passion, mystery, a feeling ofsuperiority to all non-members, and a promise of eternal bliss in heaven?

Supernaturalism could offer these things, since nobody came back from the dead to complain that he had been swindled. Science couldnot, so science lost out. People who might have become scientists becamemystics or theologians instead; it seemed more worth while.

This is not to say that Supernaturalism does no good whatever. Strabon of Amasia, the great geographer of the time of Augustus, knewwhat he was talking about when he remarked: “The great mass ofwomen and common people cannot be induced by mere force of reasonto devote themselves to piety, virtue, and honesty. Superstition musttherefore be employed, and even this is insufficient without the aid ofthe marvelous and the terrible.”31 But Supernaturalism is not, on thewhole, friendly to science and technology, and there is no use pretendingthat it is.

The collapse of classical science affected engineering. Engineering, however, never ground to so complete a stop as pure science. Althoughits pace slowed, it forged ahead somehow. Rulers still wanted grandiosebuildings and other public works. There remained a demand for millwrights and other engineering craftsmen, even in parts of the WestRoman Empire that had come under barbarian rule.

Thus, by +350, when the West was distracted by civil war and barbarian raids, the city of Antioch had installed the world’s first system of public street lighting. In late +V, when in Italy Odovacar was contemptuously tossing little Romulus off the Imperial throne, an overshot water mill was set up in the marketplace of Athens. And around +500,some unknown craftsman built, at Gaza on the frontier between Egyptand Palestine, the most elaborate water clock that had yet been seen.

We know about this clock from a battered manuscript in the Vatican, attributed to Procopius of Caesarea, the historian of Justinian’s wars,together with some details added by al-Jazari in early +XIII. Accordingto Procopius’ Description of a Clock, the mechanism was housed in anopen marble building about 8 feet wide and 19 feet high. The actualclock stood at the rear, while a marble barrier topped by iron spikesran around the sides and front to keep the vulgus out. Marble pillars atthe front comers upheld the roof.

Above the clock, near the roof, a Gorgon’s head glowered down. Below this decoration stood a horizontal row of twelve small doors. Atnight these doors were opened, and time was told by a lamp, which theclockwork moved slowly from right to left behind these doors.

Lower down was a second row of twelve doors, and below these a number of large statues, including one of Herakles in the center, holdinga gong in one hand and his club in the other.

During the day, a tiny statue of Helios, moving along the molding below the doors, told the time. At each hour, as the Helios passed theappropriate door, the Gorgon’s eyes rolled, the big statue of Heraklesbeat the gong, the door next to the Helios opened, another statue ofHerakles popped out, an eagle above the door bent forward and droppeda crown of victory on the hero’s head, this little Herakles bowed andslid back into his compartment, and the door closed. Each of thesetwelve “jacks,” as such timekeeping statues are called, illustrated one ofHerakles’ twelve labors.

Instead of striking the numbers of the hours from one to twelve, however, this clock sounded them from one to six, beginning over againat noon. When the day was done, a statue of the god Dionysos blew atrumpet. Evidently there was still some engineering talent at large inthe world, to construct so imposing a machine. Remains of a similarclock can still be seen in the Bu’ananiyya Mosque in Fez, Morocco.

Withal, engineering did slow down all over the Roman Empire after +I. Advances during the next few centuries were few and modest. Onlya few new inventions such as the onager, the truss, and the pendentivecan be credited to the late Roman Imperial period, and their dates arenot closely known.

Another factor in the collapse of science and the paralysis of engineering under Rome was the “reforms” of Diocletian. By a series of laws, beginning in +301, this emperor fixed prices and wages and boundevery man in the Empire (with few exceptions) to his father’s trade.

Diocletian did this to stabilize economic conditions in the Empire, which had just gone through a half-century of destructive civil war. Inthis fifty-year period, there had been twenty-seven emperors and at leasttwice as many would-be usurpers.

These wars had made a shambles of the Empire. For, despite all the centurions of the type of “Fetch-another” Lucilius, soldiers of the Empire were a disorderly lot, much given to mutiny and to killing emperorswho did not please them. In times of civil war, Roman soldiers gotcompletely out of hand and marched through the countryside, robbing,burning, and massacring like the barbarians against whom they weresupposed to protect the people, while the emperors and generals whocommanded them did not dare to try to stop their ravages for fear ofbeing murdered.

Since the laws of economics had not yet been discovered, Diocletian could not understand that his restrictive legislation, however justified itmay have seemed in an emergency, in the long run only made mattersworse. He and his successors succeeded in combining the faults of socialism and capitalism without the virtues of either.

In particular, the laws confining people to their ancestral occupations gave the Roman Empire a system of universal serfdom like the castesystem of India. These laws probably affected the masses less than theywould today because, in pre-industrial nations, most sons follow theirfathers’ trades anyway. Many people even like a caste system, because itassigns them a secure and definite place in the social order and largelyrelieves them of the need for competing and thinking. As Bertrand Russell once said: “Most people would die sooner than think—in fact, theydo so.”32 Nevertheless, the ever stricter ordinances issued by Diocletian’s successors show that there were still many people who wanted toquit their occupations, simply because, under the Diocletianic system,they could no longer make a living at them.

How did this Imperial strait-jacket affect science and invention? It helped mightily to strangle them. Such restrictions are fatal to technicalprogress, as is shown by the long technical stagnation of ancient Egyptand of more recent India under similar dispensations. What baker’s sonwill fool around with an idea for a bicycle when he is compelled to makebread all his life willy-nilly? And when all occupations are hereditary,how could anyone even imagine an occupation, like that of a maker ofbicycles, if it did not already exist?

With the fall of Rome, the ancient world, as usually defined, came to an end. Engineering was not dead; only stunned by Supernaturalismand hog-tied by caste legislation. Several centuries had to pass beforethe beginning of modern times in the technical field, and many thingswere to happen. Let us look them over.


THE ORIENTAL ENGINEERS
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EIGHT

With the decline of civilization and engineering in Europe after +500, the scene of our story shifts eastward. Here, in the Balkans andAsia Minor, the Byzantine Empire—that eastern rump of the RomanEmpire—tenaciously clung to life for many centuries more. BeyondByzantium, the ancient kingdom of Iran, now ruled by the vigorousSassanid dynasty, still flourished. Beyond Iran lay India and China,whose technologies were already old.

During the thousand years that followed the fall of the West Roman Empire, the Byzantine Empire continued certain trends begun in thelater years of the united Roman Empire, while at the same time it wasevolving into a medieval Greek kingdom. Although Greek replacedLatin as the official language, and although in +XI the Normanswrested from the Empire its last Italian possessions, the Byzantines stillcalled themselves Romaioi. Their ruler still termed himself the RomanEmperor and his domain the Roman Empire, and he was insulted whenCrusaders called him “the King of the Greeks.” We use the term“Byzantine” as a convenience, but the Byzantines themselves never did.

One of the late-Roman trends that carried over into the Byzantine Empire was towards an extremely centralized, bureaucratic, despoticgovernment, minutely regulating the lives of its subjects. Russia was toinherit the Byzantine governmental tradition, with results of worldwidemoment for our own times.

In contrast to the early Roman Emperors, who affected to be merely the “first citizens” of the Empire, the Byzantine Emperors lived, like theancient watershed emperors, in godlike seclusion, surrounded by a hugeapparatus of servants and agents. Diocletian began this practice in hisimplacable search for means of stabilizing the Empire, and his successorsexaggerated it. When the emperors appeared in public, their appearancewas made the occasion for ceremony of stupefying formality, with aparade of precious metals and jewels, gorgeous costumes, pompous titles,and gestures of servility. The Byzantines thought that this ostentatiousdisplay of wealth would overawe the simple barbarians who came topay their respects. In fact, it merely whetted their appetites.

Another trend was toward extreme religiosity. All the keen Greek intellect that had gone into art, science, and philosophy was now turnedinto channels of subtle theological dispute. Next to chariot racing, thisbecame the leading obsession of the Byzantine masses. As early as +IV,the bishop Gregorius of Nyssa complained that at Constantinople:

People swarm everywhere, talking of incomprehensible matters, in hovels, streets and squares, marketplaces, and crossroads. When I ask how manyoboloi I have to pay, they answer with hairsplitting arguments about the bornand the unborn. If I inquire the price of bread, I am told that the Father isgreater than the Son. I call a servant to tell me whether my bath is ready; herejoins that the Son was created out of nothing.1

When church councils were called to settle these matters, partisans of one theory or another concerning the Trinity proved their points by setting upon their opponents with clubs and beating them senseless.

Later, when the Crusaders arrived in Byzantium in late +XI to fight beside the Byzantines and regain the Holy Land for the Cross, it was acase of dislike at first sight. The Crusaders found the Byzantine Greekspompous, subtle, sly, bitter, and cynical; the Greeks for their part foundthe “Franks” (so called because most Crusaders were Frenchmen) dirty,noisy, rude, and violent. Each party found that it liked the Saracens, thecommon foe, much better than it liked its nominal ally.

In such a world it is not surprising that science and engineering did not advance far. Although the Byzantine Empire performed functionsvaluable to civilization, by preserving part of the classical Greek literature and rolling back wave after wave of comparatively barbarous Huns,Bulgars, Arabs, Avars, Cumans, Russians, and Turks, the culture ofthe Byzantines would not seem attractive to most intelligent people today.

In the Byzantine Empire, as in the Latin West, intellectual activity became the monopoly of churchmen. The Mesopotamian monk SeverosSebokht (+VII) brought to the notice of the West the Indian system ofnumbers, which we now call “Arabic” numerals. History also flourished;although today only professional scholars read the works of the excellent Byzantine historians.

A few of these churchmen were interested in science; some even did scientific work of their own. About +500, for instance, Ioannes Philiponus pondered earnestly on physics and even, it would seem, performedan experiment or two. He cleared up some of Aristotle’s mistakes aboutmotion and grasped the idea that a fluid offers resistance to the motionof a solid body through it, instead of helping it along as Aristotle hadthought. Thus he approached the modern concept of friction. He performed, or at least recorded, the experiment that Galileo is supposed,on doubtful authority, to have done more than a thousand years later:

For if you let fall from the same height two weights of which one is many times as heavy as the other, you will see that the ratio of the times requiredfor the motion does not depend upon the ratio of the weights [as Aristotlehad asserted], but that the difference in time is a very small one.2

The attitude of most of the Church Fathers towards science, however, was one of indifference or hostility. Eusebius, the noted historian of the early Christian Church, said of scientists: “It is not throughignorance of the things admired by them, but through contempt of theiruseless labor, that we think little of these matters, turning our souls tobetter things” such as preparing one’s soul for the imminent end of theworld. Basil of Caesarea declared it “a matter of no interest to us whetherthe earth is a sphere or a cylinder or a disk, or concave in the middlelike a fan.” Lactantius called the study of astronomy “bad and senseless.” Like many other churchmen, he combated the pagan Greek notion that the earth was round and argued on scriptural grounds that itmust be flat.3

Justinian, who reigned from +525 to +567 and temporarily recovered parts of the Western Empire from the Germans, might be called eitherthe last Roman or the first Byzantine Emperor. He, of course, neverimagined himself to be anything other than the Roman Emperor. Thetransition from classical Rome to medieval Byzantium was spread outover so many centuries that Justinian could not know that he marked anend or a beginning.

Like Augustus and Hadrian, Justinian was a great builder. But, where the earlier emperors built temples, baths, and circuses, Justinian’sconstructions ran more to churches and fortifications. In his churchbuilding, Justinian employed Anthemios of Tralles and Isidoros ofMiletos, among the ablest architects of their time. Anthemios also builtmachines, including some sort of steam or hot-air engine, which shookhis house when he ran it. To get rid of unwanted callers, Anthemios hadonly to start his engine, and the visitors, thinking that the earth wasquaking, fled.

A Christian church was always less of a god-house and more of a meeting hall than the pagan temples had been. Therefore, when Christianity became legal, Christians sought a type of building more suitablefor churches than the temples of Zeus and Minerva and the rest.

The most efficient plan for a church building was found to be that of the old Mediterranean basilica or town hall, where officials conducted their business, judges held court, and guilds and other associationsmet. This was a building of simple, rectangular, boxlike form, usuallywith a row of columns down each side of the interior, dividing the hallinto three aisles and upholding a raised central section of roof. The gapbetween this high monitor roof and the lower roofs along the sides wasfilled by clerestory windows.

One end of the early church ended in a half-dome, beneath which the sacred functions were performed on the raised area called the apse.Later, a cross-hall called the transept was placed in front of the apse,giving the whole building the plan of a cross.

Many early churches used columns and other marbles taken from pagan temples. As time went on, the Byzantines developed ornatechurch-building styles, using a great deal of mosaic, which even ran incorkscrew bands up the columns. The rows of arches that were oftensupported by these columns rested on pieces of stone called impostblocks, tapering downward, circular below (where they rested on thetops of the columns) and rectangular above (where they supported thearches).

Most characteristic was the use that the Byzantine architects made of the dome supported by pendentives. The church that most strikinglycarried out Byzantine ideas of sacred architecture was Justinian’s SantaSophia in Constantinople.

Near the Imperial Palace and the Hippodrome, which stood at the end of the main peninsula on which Constantinople was built, therehad been a Church of the Christians, more popularly known as theChurch of Santa Sophia, or Divine Wisdom. During the Nike rebellion of +532 (so called from the war-crynike,“conquer!” used by the rioters) this church was burned by the mob.
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Fig. 19. The pendentive dome (from T. G. Jackson: Byzantine and Romanesque Architecture, 1913).






To replace the old church, Anthemios and Isidoros built an enormous new Santa Sophia of stone and brick. The central part covered an area120 feet square. At each comer of this square rose a huge 100-foot stonepier. In building these piers, sheets of lead were laid between the coursesof stone to avoid concentration of the load, which otherwise might havecracked the stones.

These piers in turn supported four arches, each 60 feet high. The arches upheld a pendentive dome; that is, a dome cut out to make fourpendentives joined at the corners. You can get an idea of its shape bysetting a half-orange flat side down, making four vertical cuts aroundthe edge so that the half-orange is square in plan and shows a semicircle of peel on each side, and then slicing the top off level with thetops of these semicircles.

Thus the pendentive dome formed a transition between the square below and the circle above. On this circle the architects mounted asingle low dome. This was not a complete hemisphere, but a smallerfraction of a sphere, so that the silhouette was flattened at the top.

On the east and west sides of this square, half-domes supported by semicircular walls buttressed the structure and provided room for thechancel and nave. The inside of the church was partitioned by arcadesmounted with impost blocks on rows of columns plundered fromtemples at Athens, Ephesos, and Ba‘albakk. Additional buttressing andhalf-domes strengthened the structure from without. Most of the ornatedecoration was inside, in the form of gilding, mosaics, and coloredmarbles; the outside was left bare.

In +558 an earthquake damaged Santa Sophia. When Isidoros the Younger, grandson of the first Isidoros, repaired the damage, he dismantled the original dome and built a new and taller one.

For many centuries Santa Sophia, the most sumptuous building in the world, dazzled visitors to Constantinople. In +987 the mighty PrinceVladimir of Russia decided to abandon the paganism of his forefathers,with its hearty human sacrifices, for one of the religions of the neighboring lands. Accordingly he sent envoys abroad to learn how the followers of the Roman, Greek, Muslim, and Jewish faiths conducted theiraffairs.

The envoys reported that the Muslim Bulgars seemed a sad and dirty lot, so their religion could not be much good. The Roman Catholicchurches of the Germans struck them as ugly. But, in Constantinople,the representatives of Orthodoxy welcomed them to Santa Sophia andturned on the full splendor of the Greek ritual. The dazzled envoys toldVladimir: “We no longer knew whether we were in heaven or on earth.”4So, thanks to the charm of Santa Sophia, the terrible Slav embracedthe Greek Orthodox faith, sent his 800 concubines packing, and spentthe rest of his life in good works.

When Muhammad II captured Constantinople in 1453, he paused in awe at the entrance of Santa Sophia. Inside he found a Turk choppingup the floor with an ax and asked:

“Why are you doing that?”

“For the Faith,” replied the soldier.

The Sultan hit the man. “You’ve got enough by pillaging and enslaving the city!” he cried. “The buildings are mine!”5

Muhammad had the mosaics whitewashed to conform to the Muslim tabu on images and turned the church into a mosque, adding minaretsat the comers. The modern Turkish Republic has made the buildinginto a museum and, by taking the whitewash off the mosaics, has at leastconjured up a ghost of its ancient splendor.

Justinian was also active in fortifying the cities and frontiers of the Empire and furnishing the cities with water supplies.

For instance, the city of Daras, on the Persian frontier, straddled a small tributary of the Khabur. Although the stream flowed through thecity, enemies were kept out by an iron grate at each end. Once, however,a flood swelled the stream until it washed away part of the city. To keepthis from happening again, the architect Chryses of Alexandria built aflood-control dam:

At a place about forty feet removed from the outer fortifications of the city, between the two cliffs between which the river runs, he constructed abarrier of proper thickness and height. The ends of this he so mortised intoeach of the two cliffs, that the water of the river could not possibly get by atthat point, even if it should come down very violently. . . . The barrier wasnot built in a straight line, but was bent in the shape of a crescent, so that thecurve, by lying against the current of the river, might be able to offer stillmore resistance to the stream. And he made sluice gates in the dam, in bothits lower and its upper parts, so that when the river suddenly rose in flood,should this happen, it would be forced to collect there and not go on with itsfull stream, but discharging through the openings only a small volume of theexcess accumulation, would always have to abate its force little by little, andthe city wall would never suffer damage.6

Thus Chryses invented the horizontal arch dam, like an arch lying on its side. After Chryses, however, this invention seems to have been forgotten—despite Procopius’ clear description—until it was revived in modern times. Besides the dam, Chryses built an aqueduct leading from thedam to the city, with the usual Roman water-distributing system.

When a similar flood of the Skirtos devastated Edessa, Justinian’s engineers dug an overflow channel about the city, even though they hadto raze a hill to do so. They also added to the harbor works of Constantinople, not only on the shores of the main city, but also in the suburbsacross the Bosporus in Asia Minor. Justinian weaned his wilder Armenian and Caucasian subjects from brigandage by building roads throughtheir mountains and encouraging them to take part in honest trade.

In their fortifications, the Byzantines continued the Roman system of crenelated walls and towers. The huge triple wall built by Theodosius IIstretched across the base of the peninsula on which Constantinoplestood, while a sea wall surrounded the city along its waterfronts. LaterByzantine Emperors extended and strengthened the city’s walls, whichmight have remained impregnable for aye, had not cannon been invented.

In military technique the Byzantines, like their Roman predecessors, relied upon armored cavalry. When he became Justinian’s commander-in-chief, Belisarius found himself in command of a motley collection ofimperial guards, feudal retainers, local levies, and barbarian mercenaries—mostly Huns, Germans, and Arabs. He reformed the army and adopteda particular type of horseman, well armored and equipped not onlywith lance and sword for close work but also with a powerful bow, asstandard.

For several centuries these highly trained kataphraktoi or knights were the world’s best soldiers. Used in carefully thought-out ways by adroitand crafty Byzantine generals, they again and again defeated superiornumbers of Byzantium’s swarming foes. Most of these troopers werefarm boys from the provinces of Asia Minor. After the Empire lostthese provinces to the Turks, following the disastrous battle of Manzikert(1071), the Empire was forced to rely on mercenaries, and its doomwas sealed.

The only significant new military invention by the Byzantines was the so-called Greek fire. Incendiary mixtures go back at least to —IV, whenAineias the Tactician wrote a book On the Defense of Fortified Positions.Said he:

And fire itself which is to be powerful and quite inextinguishable is to be prepared as follows. Pitch, sulfur, tow, granulated frankincense, and pinesawdust in sacks you should ignite if you wish to set any of the enemy’s workson fire.7

Later it was found that petroleum, which seeps out of the ground in Iraq and elsewhere, made an ideal base for incendiary mixtures becauseit could be squirted from syringes of the sort then used in fighting fires.Other substances were added to it, such as sulfur, olive oil, rosin, bitumen, salt, and quicklime.

Some of these additives may have helped—sulfur at least made a fine stench—but others did not, although it was thought that they did: Salt,for instance, may have been added because the sodium in it gave theflame a bright orange color. The ancients, supposing that a brighterflame was necessarily a hotter flame, mistakenly believed that salt madethe fire burn more fiercely. Such mixtures were put in thin wooden casksand thrown from catapults at hostile ships and at wooden siege enginesand defense works.

In +673, the architect Kallinikos fled ahead of the Arab invaders from Helipolis-Ba‘albakk to Constantinople. There he revealed to the emperor Constantine IV an improved formula for a liquid incendiary. Thiscould not only be squirted at the foe but could also be used with greateffect at sea, because it caught fire when it touched the water and floatedflaming on the waves.

So Byzantine galleys were armed with a flame-throwing apparatus in the bow, consisting of a tank of this mixture, a pump, and a nozzle.With the help of this compound the Byzantines broke the Arab siegesof +674-76 and +716-18 and also beat off the Russian attacks of +941and 1043. The incendiary liquid wrought immense havoc; of 800 Arabships that attacked Constantinople in +716, only a handful returnedhome.

By careful security precautions, the Byzantine Emperors succeeded in keeping the secret of this substance, called “wet fire” or “wild fire,” sodark that it never did become generally known. When asked about it,they blandly replied that an angel had revealed the formula to the firstConstantine.

We can, therefore, only guess the nature of the mixture. According to one disputed theory, wet fire was petroleum with an admixture ofcalcium phosphide, which can be made from lime, bones, and urine.Perhaps Kallinikos stumbled across this substance in the course of alchemical experiments.

One treatise on military engineering has come down from Byzantine times. This is a Book of Machines of War by a writer who calls himself“Heron the Mechanic” or “Heron the Second.” He is generally knownas “Heron of Byzantium.” Whether his name really was Heron, orwhether he used that name to capitalize on the repute of the famousHeron of Alexandria (whom he calls “Heron the Mathematician”) thereis no way of telling.

His treatise, however, contains very little that is new. The author frankly states that his purpose is to combine the works of the classicalpoliorcetists and to express their teachings in up-to-date language, forGreek had changed as much between Hellenistic and Byzantine times asEnglish has changed since Shakespeare wrote.

Heron’s main source is Philon of Byzantium. Like Philon, Heron tells of mantlets, jugs used as tank traps, the ram, the bore, the flying bridge,the sambuca, and catapults.

One of Heron’s less practical ideas, taken from Philon, is a pneumatic scaling ladder—that is, a ladder whose uprights are a pair of inflatablesausage-shaped leather bags. Another is a flying bridge decorated witha pair of gaping model heads of lions or dragons to frighten the foe.The section on catapults is short and perfunctory, as if the author didnot understand these mechanisms very well.

In fact, Heron adheres so closely to his classical models that there would be little reason to date the treatise so late, save that the authorrefers to a Bulgar invasion in +X and to Greek fire. To keep the defenders of a wall from overthrowing scaling ladders, he advises thata flying bridge be maneuvered up to the wall and that on this bridge aman stand and “attack the faces of the enemy with fire by means of aportable flame-throwing weapon.”8

Despite the keenness of the Byzantine mind in many directions, technology was not its strong point. Craftsmen in Constantinople continued to make mechanical toys like those of Philon of Byzantium and Heronof Alexandria many centuries before, but they failed to develop thesegadgets into machines of practical utility.

In the desperate 1440s, when the Turks were closing in, the patriarch Bessarion, one of the Empire’s most learned scholars, wrote from Italyto Constantine Palaeologus, lord of one of the surviving fragments ofthe Empire. Bessarion urged Constantine to send young men to Italy tostudy Western techniques, which had far outstripped those of Byzantium.He spoke of Western improvements in textiles, glass, arms, ships, metallurgy, and the use of water power to save labor in sawing and in pumpingbellows. But then it was too late.

East of the Euphrates, the warlike Iranians ruled their vast, thinly peopled land of parching deserts and towering crags from the expulsionof the Macedonians in —II to the conquest by the Arabs in +VII. During the first half of this period the realm was called the ParthianEmpire, because it began in the province of Parthia, or the Arsacid Empire after its founder Arshaka. In +III, a Persian kinglet overthrew theParthians and set up a Persian dynasty called the Sassanid after Sassan,an ancestor of the founder.

The government under these dynasties was in some ways a continuation of the Achaemenid Empire. In others, it resembled the feudal regimes that later arose in Europe, with grades of nobility and a class of knights who fought as armored horsemen. Although Iran was far inferiorto the Roman Empire in population and resources, the valor of itsknightly class enabled Iranian rulers for seven centuries to meet Romansand Byzantines on equal terms. As a result, the Romans and Byzantineskept half their army on the eastern frontier, next to the only adjacentstate that was comparable to their own in culture and power.

Like the Byzantines, the Iranians were not very technically minded. But the kings kept up the roads and the irrigation works, especially thegreat canal network of Babylonia. From time to time they either hiredarchitects from the Roman world or employed those they captured inwar with the Romans to put up buildings, bridges, and other structures.A great irrigation dam at Shuster, still used in modern times, was builtby captives from Antioch taken by Shapur I in his invasion of +260.But the Persians did not go in for temple building, as the only regularZoroastrian sacred structure was a pair of fire altars out of doors.

The Iranians built many bridges, however, of which some survive from the time of Shapur I (+III). Eight such bridges, of which thefoundations at least probably go back to Sassanid times, still stand inLuristan. Another bridge near Susa, of which traces have survived downto modern times, was described by the Iranian encyclopedist Zakariyyaal-Qazwini (+XIII):

Idady is a country lying between Ispahan and Khuzistan, subject to earthquakes. The greatest wonder there is the bridge Harah Zad, built by Ardeshir’s mother over a dry stream-bed. This runs water only when a heavy rain falls;then its water rises like a sea, at which time it extends over a breadth of 1,000cubits and reaches a depth of 150 feet. The structure, furthermore, narrowsas it rises. The gap between the foot of the banks and the bridge, which risesabout 40 cubits from its base, is filled with a poured-out mass of iron slagmixed with lead. The abutments on which the bridge rests, which projectfrom the highest peaks above the bridge, are composed of this substance.Thus the entire interval between the stream banks and the bridge is filled by amixture of clinkers and lead. The bridge has but a single arch, a marvel ofconstruction on account of its internal reinforcement. However, the bridgewas destroyed after the time of Mazdai and long remained in this conditionto the detriment of travel; during which time also the neighboring peoplestook away a large part of the lead which reinforced the structure. At last therepair of the work was again undertaken by ’Abu ‘Abdallah Muhammadibn-Ahmad al-Awmu, who was the vizier of al-Hasan ibn-Buyas. He hiredworkers and surveyors and directed all their means and effort to this project.Most of the workers had to be lowered to the highest part of the bridge by awindlass in baskets and nets to rebuild the bridge, whose completion tookmany years. Most of the workers were brought from Ispahan and Idady tothis job; their daily wage, moreover, was over 350,000 pieces of gold, spenton things connected with this bridge, which still endures to our time and is awonder to see.9

Building up the abutments with a mixture of clinkers and lead shows that the Sassanid Persians followed the extravagant Roman system ofusing molten lead as we should use concrete. Qazwini’s tale also showswhat happened to all such installations sooner or later.

The Sassanid kings of +IV also built a great palace at Ctesiphon. This was their capital on the Tigris, northeast of deserted Babylon anddownstream from the village of Baghdad. Part of this palace still stands,including most of the vaulted dining hall, “the widest single-span vaultof unreinforced brickwork in the world.”10

This vault is 77 feet wide at the base and 112 feet high. The hall has small entrances at the sides and at one end, while the other end wasapparently left open or was closed only by a huge curtain, giving theeffect of a colossal tent made of brick.

The open end was flanked by a pair of facades connected by an arch. One facade collapsed in a flood in 1909; the other, reinforced, stillstands. Although these facades have been described as “a masterpieceof bad taste, a surprising example of the unimaginative application ofthe bare principles of copy-book Roman architecture,”11 the palace isstill an imposing piece of work for a non-technical people, and thesoundness of its structure is shown by the length of time that parts of ithave endured.

East of Iran lies India, a peninsula jutting out from the continent of Asia, having just about the same area and population as Europe.

Although civilization in India is almost as old as in Iraq, much less is known of its ancient history. There are several reasons for this state ofaffairs. For one thing, after the Aryan conquest, writing did not againcome into wide use for many centuries. For another, the usual writingmaterial was a paper made from palm fronds, which did not last longin that country of climatic extremes and abundant insect life.

Finally, the Indians showed but little interest in history. Indian philosophy, with its doctrines of endless cycles and the unreality of the material world, led Indian interests away from mundane events. Therefore mostof what we know of Indian history before the Muslim conquest is basedon the findings of archeologists and the writings of a few foreigners—Greeks, Chinese, and Muslims—who visited the land.

Back in the days of Khammurabi of Babylon and Amenemhat III of Egypt—about —2000—a civilization flourished in western India, inthe valley of the Indus River. This civilization is best known from theruins of two of its chief cities, Harappa and Mohenjo Daro (“Place ofthe Dead”). The culture is sometimes called “Harappan.” These namesare all modern, as we have no idea what the people who lived in thesecities called them. For, although the Harappans had writing, its decipherment has only begun.

The Harappan cities were made of brick and laid out on a standard grid pattern with a large temple area, a central bathing pool, and anelaborate drainage system. To some archeologists the layout suggests theauthoritarian rule of a priestly caste. The work, though carefully plannedand neatly finished, displayed little artistry or decoration. The wallstapered upwards with a pronounced batter, as in Egypt. There werecorbelled arches but no true arches.

In the middle of the second millennium b.c., the Aryans, as the eastern branches of the Indo-European-speaking nomads called themselves,overran northwestern India. These barbarians extended their rule acrossthe north of India and down the Ganges Valley to the Sea of Bengal, butin the south their conquests were halted. In the areas they conquered thecultural level declined, as it did in western Europe after the fall of Rome.People went back to simpler buildings of mud brick, wood, and bamboo,of which no trace remains today.

The Aryans either imposed on the darker but more civilized folk they conquered, or (more probably) took over from them, a peculiar form ofsocial organization. This system is marked by division of society intocastes. Each caste member is confined to certain occupations, all strictlyhereditary. Men are forbidden to marry or even to eat with personsoutside their respective castes.12

The Aryans naturally gave themselves the highest ranks in the system. The priests developed the doctrine that, if a man was born into a lowcaste, it was a punishment for a sin in a prior incarnation. If, in this life,the sinner behaved himself, and if he respected and obeyed those in thehigher castes, he might be promoted in his next incarnation. This is perhaps the most diabolically clever method of making the downtroddenresigned to their lot that an ingenious species has yet thought up. Fromthe religions of the Aryan invaders and their Harappan subjects evolvedthe modern religion of Brahmanism or Hinduism, with its bewilderingvariety of gods, cults, tabus, and philosophies.

The reason for going into these social matters is that the Indian social system affected India’s technology. It made the country extremely conservative. It purchased order and stability at the cost of progress andadaptability. Indian workmanship shows the qualities to be expectedwhen the workman is born into his trade and has no thought or hope ofleaving it: extreme technical skill and finish coupled with an almostcomplete lack of progress from age to age.

An added factor in blocking progress in India was a Hindu religious tabu against sea voyages. This tabu discouraged Indians from travelingabroad and learning what the rest of the world was doing.

Despite India’s long technical and scientific torpor, some modern Indians like to assert that India had airplanes or nuclear power ten or fifteen thousand years ago. The basis for these ridiculous claims is thereferences in ancient Indian myths, legends, and epics to their heroes’magical powers and devices. One could argue with equal effect, fromthe lines in the Odyssey:

’Neath it the deep black water is swallowed by mighty Charybdis.
Thrice in the day doth she swallow it down and thrice she rejects it.13

that the ancient Greeks had electric washing machines.

When the great Darius conquered the Panjab around —515, Persian building methods were introduced into India. However, the Indians longcontinued to prefer wood to stone for building. Even city walls were ofwood, except for Rajagriha, the capital of the powerful kingdom ofMagadha on the lower Ganges, which had a wall of cyclopean stonework.

Later, Seleukos I (a successor of Alexander) sent Megasthenes (—III) as ambassador to India. An adventurer named ChandraguptaMaurya had conquered the Panjab and Magadha and had built himself a new capital at Pataliputra (modern Patna) on the Ganges. Megasthenes found the self-made emperor reigning in a fine palace with vasthypostyle halls in the Persian manner—but all of wood. Wooden pillarsupheld the roofs, and round these pillars twined golden vines whereonperched silver birds.

While Darius was conquering the western corner of India, a man named Siddhartha Gautama, born an aristocrat in a small north-centralIndian state, was walking about India in search of wisdom. When hebecame convinced that he had found wisdom, he spent the rest of hislife preaching it. Therefore his disciples called him Buddha, “the enlightened one.” Although he accepted the Indian belief in reincarnation,he ignored the swarming legions of Indian gods and put all his stresson right conduct and unselfishness.

In its original form, the austere creed of Buddha was less a religion than an ethical philosophy, comparable to the Stoicism of the later classical world and the Confucianism of China. Subsequently, Buddhisttheologians fancied it up with a hierarchy of gods, demons, Buddhas,ex-Buddhas, and apprentice Buddhas.

Our interest in Buddhism, however, arises from the changes it brought about in Indian building. The new creed spread over India. A laterMaurya king, Ashoka14 (—III), conquered most of India and madeBuddhism his state religion.

Before the Mauryas, most Indian religious structures had been unpretentious little wooden shrines. The Buddhists, however, developed new types of religious structure. One was a monastery, with scores ofcells ranked about a compound or placed in tiers up a hillside.

Another was a shrine called a stûpa, housing the relic of a Buddhist saint. The main feature of the stupa was a large domed structure overthe actual relic. There were also four symbolic gateways on the foursides, a railed walk around the base of the dome, and in front of themain gateway a pillar bearing the Wheel of Life.

At first the domes of stupas were made of brick, but under Ashoka they began to be made of stone. Some later stupas had the dome squaredoff like the crown of a Victorian derby; some were stepped pyramids; butthe standard form was the simple hemispherical dome. These domes,which littered the land like roc’s eggs, were topped with stone finialsof many shapes.

After Ceylon (whose early kings built one of the most elaborate irrigation systems ever attempted in ancient times) went Buddhist, the stupas built there reached enormous size. In some the dome was over300 feet in diameter and the whole monument over 250 feet high, sothat in bulk they compared with middle-sized Egyptian pyramids.

When the Ceylonese king Duthagamini (—II) began such a stupa of brick and rubble, he laid the first brick himself while a band played, ahost of dancing girls performed, and 40,000 men stood at attention.This king’s construction resembled modern reinforced concrete. Theinterior was built up of layers of stones, clay, and networks of iron.To pack down the mixture, the king had his elephants, shod withleather boots, march back and forth over the rubble.

The third distinctive Buddhist structure was the rock temple. This was a temple dug into the side of a rocky hill, as the temple of RamesesII was dug at Abu Simbel. Such temples might have some constructionin stone and wood outside, forming an ornamental entrance, but themain part was a series of artificial caves. Such structures were practicalonly in hilly or mountainous regions. It is thought that the work required to excavate such a temple was actually less than that needed toerect in the open, by the primitive hauling and hoisting means that theIndians had, an equivalent structure of stone.

The main part of such a cave temple was the chaitya or hall of worship. This had an ornamental arched entrance, opening into an elongated hall with a row of pillars down each side, a roof shaped like a ribbedbarrel vault, and a small stupa at the far end.

We must, however, distinguish these “arches” and “vaults” from those of the Mediterranean and Euphratean worlds. Until the Muslimconquests, India knew not the true or voussoir arch, dome, and vault.The wooden buildings of India used structures shaped like arches,domes, and vaults, but all of wood. The wooden arch of India differs greatly from the voussoir arch in its engineering principles, possibilities, and limitations.

In the village houses from which these wooden arches evolved, the shapes were attained by means of semicircular hoops of bamboo,thatched with reeds. In temples and palaces, the same shapes were used.But here the hoops became curved wooden beams, built up of shorterpieces mitred and dovetailed together with the immemorial skill of theIndian carpenter.

When the Buddhists began digging their temples into hillsides, they simply imitated, in stone, the shapes employed in wooden buildings.Hence these pseudo-arches and pseudo-vaults in solid stone. In fact, themasons copied the details of wooden construction with such meticulouscare that we know quite a lot about the wooden buildings of BuddhistIndia, even though not one joist or lath from these buildings has comedown from ancient times.

Hinduism revived in —II. For several centuries Hindus and Buddhists struggled for control with almost the zeal and cruelty of the monotheisticfaiths of the West. In +III a Hindu empire, that of the Guptas, arose.Thenceforth Buddhism declined in India and virtually disappeared by+VII, although it had spread far and wide over the other lands of eastern Asia.

When Hinduism rallied, Hindus took to building cave temples also and continued to do so down to +X. The last Hindu work of this typewas a set of huge temples at Ellora in western India, standing in theopen but carved out of the solid rock of a hill, which was cut awayaround them. These monolithic temples had a curious parallel: themonolithic Christian churches, chiseled from outcrops of solid rock in+XII in Abyssinia.

Resurrected Hinduism not only copied the Buddhist cave temples but also built large stone temples in its own style. Such a temple mightbe composed of a series of separate buildings, or these buildings mightbe run together into one. A typical temple consisted of four main parts:a porch or entranceway, a hall of assembly, a vestibule, and a sanctuary.15 The sanctuary comprised the dark, cell-like shrine room, housing the main ikon, and towering over it a spire, the shikhara.16 Theremight also be other auxiliary structures.

The shikhara, sometimes rising over 200 feet, was square or octagonal in plan, with rounded corners and an intricately ribbed pattern. On top rested a large stone disk shaped like a flattened pumpkin or around cushion, so that the whole shikhara has the look of a huge, ornatesalt shaker with a screw cap.

The phallic symbolism of these towers is well known. The temples of aberrant sects, especially the Temple of the Sun at Konarak in theEast and others at Khajuraho near the center of the country, are notorious for their erotic carvings.

In the South, where the Aryans never established lasting rule, temple architecture followed other paths. The salient feature of the South Indian or Dravidian temple compound was the gopuram or monumentalgateway. This was a tall, tapering structure, like a huge wedge standingupright. Four such portals were placed on the four sides of the templeinclosure.

A gopuram usually has a foundation of stone and a superstructure of brick and plaster, the whole covered with statuary. Being averse toblank spaces, Hindu architecture lavishly covers them with statuaryand reliefs.

The Indians used post-and-lintel construction and also corbelled arches and domes. They built these domes by filling the space beneaththe structure with sand and shoveling the sand out afterwards. Like theclassical Greeks, they made but little use of mortar, preferring to holdthe stones of their temples together with iron dowels. Large stones, likethe capstone of a shikhara, were raised on high by hauling them upearthen ramps.

Though technologically backward in some ways, the ancient Indians were skilled in iron work. One of their monuments is the Iron Pillar ofDelhi, a 24-foot shaft set up by a king17 about +415 to bear the statueof a garuda or man-bird, the steed of Vishnu. Although the garuda hasdisappeared, the pillar still stands. Its remarkable resistance to rust islaid to the extreme purity of the iron and to the fact that most of theyear the climate is too dry for rust to get a start. The pillar is thoughtto have been made by welding together a series of iron disks and smoothing down the outer surface by hammering and filing. About the sametime, the Chinese Buddhist monk Fa Hsyen, traveling in India, discovered that the Indians made suspension bridges held up by ironchains.

Ancient India was one of the few lands where the secret of good steel was known. In Roman times, two of the world’s main iron centerswere Austria and India, whence steel of high quality was exported allover the civilized world. Then and later, ingots of Indian steel weretaken to Damascus, where Syrian smiths made them into the famousDamascene sword blades. Elsewhere iron was made and used locally insmall amounts.

In the northwest of India, where Indian civilization arose, few architectural relics of ancient times have survived; for, in this region, man and nature have combined to destroy them. From +VI on, the landwas devastated by a series of invasions by Huns and Turks, who expressed their hatred of Buddhism and Hinduism by trying to destroyall the monuments and temples of these religions. Of the northwesterntemples that the invaders overlooked, most were toppled by a greatearthquake in 1819.

Little by little the Turks extended their control over the whole Indian peninsula; for the Indians, while they fought bravely enough, had withtheir usual conservatism not changed their methods of warfare in a thousand years. Muslim rule became complete with the foundation of theMughal Empire by Babur of Kabul in +XVI. The thoughtful, hard-drinking, tubercular Babur defeated the vast but ill-organized Indianarmies with that terrible new weapon, the cannon. The Turkish conquest halted the development of native Indian technology and ends ourconcern with that land.

The conquests of Babur formed the closing act of a movement that began with Muhammad ibn-Abdallah, a sometime traveling salesman,caravan leader, and shopkeeper of Makkah or Mecca. Early in +VII,Muhammad led a religious revolution in Arabia. By the time of hisdeath in +632, Muhammad ruled all of Arabia proper. A little over acentury later, the domains of Islam (literally “peace”) stretched fromSpain to Turkestan.

At first this whole vast empire was under the rule of the Khalifah (“successor”) or Caliph. In time the central power weakened. Partsof the realm broke away under separate Muslim dynasties. Other partsbecame independent in fact even though they paid lip-service to theKhalifah. Finally the Turks seized the secular power in most of theCaliphate, leaving the Khalifah with spiritual authority only. For a time,however, the Khalifah’s writ ran from Lisbon to Samarqand.

The first four Khalifahs, friends and relatives of Muhammad, ruled from Arabia. After battle, murder, and sudden death, the Caliphatecame into the hands of Mu‘awiyyah (+661) of the Meccan clan ofUmayya. Mu‘awiyyah made Damascus his capital.

For ninety years the Umayyads ruled from Syria, using the existing Byzantine bureaucracy. Their rule was on the whole tolerant. Islam theyregarded as a racist Arab movement. Therefore, they tried to convertall Arabs—Christian, Jewish, and pagan—to Islam, but they made it hardfor non-Arabs to become Muslims. They wanted a Muslim Arab aristocracy to rule a non-Muslim, non-Arab, taxpaying populace.

In conquered Iran, however, this policy was for various reasons reversed. Here everyone was forced to become Muslim. Zoroastrianism was persecuted out of existence. The religion of Darius and Sassan diedout save among refugees who took it to India, where they became theParsees.

Thereafter Muslim policy vacillated between tolerance and forced conversions. Where wholesale conversions were encouraged or compelled, the original Arab aristocracy was soon diluted out of existence.Muslims, though speaking Arabic, worshiping Allah, and conforming tomany Arabian customs, were superficially Arabized Syrians, Iraqis,Egyptians, and so forth. Of the “big four” of Arabic science—ar-Razi,al-Biruni, ibn-Sina, and ibn-al-Haytham18—all but the last were Iranians, and ibn-al-Haytham was born on the borders of Iran at Basra.They were “Arabs” only in the sense in which Heron of Alexandria andApollodoros of Damascus were “Romans.”

In +VIII, dissident Muslim elements overthrew the Umayyad Caliphate and set up another line, of the Arabian clan of Abbas. In +762 the second Khalifah of the Abbassid line, the energetic and boundlesslytreacherous al-Mansur, built a new capital on the southwest side ofthe Tigris, at the site of the ancient Babylonian town of Baghdad. Laidout by the Jewish astronomer Mashallah and the Persian engineer al-Nawbakht, Mansur’s Baghdad was (like Plato’s dream-city of Atlantis)a perfectly circular city, 3,000 yards across. A moat and a dyke surrounded it. Inside the moat rose two circular walls close together. Inthe center of the circular city a small circular wall inclosed the royalprecinct and the governmental buildings.

By +X, however, the wandering river had destroyed part of Mansur’s circular walls, and the bulk of the city had shifted to the northeastbank. Today Baghdad sprawls for miles along both banks of the Tigris.Nothing is left of Mansur’s round town, and few structures from thelater Abassid period survive. In 1258 Hulagu Khan’s Mongols burnedthe whole city and massacred 800,000 inhabitants, so that Baghdaddid not again become important until modern times.

Under the Umayyad and Abbassid caliphs occurred an Arabic renaissance of science. This is not so strange as it might seem. For one thing, the original Arabian conquerors were more civilized at the start than theGermans who conquered the West Roman Empire. They were quicker than the Germans at mastering the arts of those they conquered, and they never killed off whole populations as did the Mongols. Althoughmany of the Arabs of the conquering armies were desert nomads, Arabiaalso had cities, writing, agriculture, and well-developed trade and commerce. Muhammad himself had been an urban merchant.

Arabian engineering, as shown by the great dam of Ma’rib and the multistory houses of the Hadhramawt, was far from primitive. Thegreatest of these tall buildings was put up in +I by an Arab king19to protect his townspeople against the nomads. This was the castle ofGhumdan in Yaman. Later writers said it had twenty stories, each tencubits high, of granite, porphyry, and marble. Although the size andsplendor of this Arabian skyscraper have probably been much exaggerated, there is little doubt that Ghumdan was an imposing structure.

The mere setting up of a large and reasonably well-run empire, with a single official language and without internal barriers, brings aboutmaterial prosperity for a while. The abolition of national boundariesstimulates trade, which causes wealth to accumulate, which providesthe means for scientific research and engineering works. Making traveleasier in itself stimulates technical progress because, as I have alreadyexplained, it increases the size of the intercommunicating, interconnected population, so that a discovery made in one place quickly spreadsto all.

It is only later that the shortcomings of such a government begin to catch up with its virtues. In the case of the Caliphate, one shortcomingwas the primitive political naivete of the Arabs. Politics in Islam nevergot beyond a simple, cutthroat scramble for unlimited power andprivilege.

There is no trace in early Islamic history of the evolution of constitutional government. Government was despotism tempered by inefficiency. It was as absolute as under the ancient watershed empires, without even the stability that the king’s divinity gave to those realms.Hence the Caliphate, like the third-century Roman Empire, was kept inconstant turmoil by palace plots and murders, revolts, and civil wars;and it proved easy for the Turks to subvert and the Mongols to destroy.Things have not utterly changed in modern Muslim nations.

Arabic science owed something to an earlier movement that took place in Mesopotamia and southwestern Iran. In +VI, Justinian closedthe pagan philosophical schools of Athens. He and other Byzantine emperors also persecuted dissident Christian sects, the Nestorians andMonophysites. Hence many Byzantine scholars fled to Iran, where theSassanid king Khusrau helped them to set up a medical school atJundishapur. Here, writings in Greek and Sanskrit were translated intoSyriac and Persian. For two centuries Jundishapur was the world’s scientific capital.

After Baghdad was founded, it outshone Jundishapur as an intellectual center. For a century and a half, until about +900, the Khalifahs employed scholars, mostly Christians and Jews, to translate the wisdomof the unbelievers into Arabic.

As these translations took effect, original Arabic science developed. In science, the Arabs were weaker in theory than the classical Greeksbut stronger in practice. Where the Greeks had been mainly interestedin knowing things, the Arabs were interested in accomplishing things.Their main advances were in medicine, mathematics, chemistry, astronomy, and geography.

During the great age of the Caliphate, Arabic engineering, while not negligible, was not so outstanding as that of the Roman and Hellenisticperiods. Although the Khalifahs kept up the roads and canals, they didnot create such spectacular structures as the Pharos of Alexandria ormake such striking advances as Sennacherib’s aqueduct or the AppianWay. In traveling, the Arabs were satisfied, like their forebears, to rideon the backs of animals. Hence there was no general paving of roadsand no revival of the wealth of wheeled traffic that had rumbled alongthe roads of Rome. And when the last ancient bridge across the Tigriscollapsed in +X, it was not replaced.

In fortification, the Arabs continued the system of battlemented walls and towers that they had inherited from the Romans and Byzantines.They preferred the square tower, which if more vulnerable was easier tobuild, to the more effective round tower.

The Arabs made one advance in fortification (+VIII) which Europeans later copied. This was machicolation: the mounting of a parapet, not on the main wall, but on a row of stone corbels or brackets extending out several feet beyond the main wall. Between each pair of bracketswas an opening in the pavement, filled with a trapdoor. When the trapdoor was taken up, the defenders could shoot arrows, drop stones, andpour boiling oil, molten lead, or red-hot sand straight down on theheads of unwanted visitors without exposing themselves to return fire.

At Blarney Castle in Ireland, visitors today are lowered down headfirst through one of the machicolations to kiss the Blarney Stone, which forms part of the bottom course of stones of the parapet. The idea ofmachicolation probably arose from the stone latrines, projecting outfrom the side of the outer wall, with which castles were often furnishedfrom Byzantine times on.

The Arabs also revived the ancient practice of making the entrance to a fortress in the form of a dog leg. He who would enter had to makea right-angled turn or two and could not, from the outer gateway, see orshoot into the inner courtyard.

The building of houses continued in Islam much as it had before. The inside-out courtyard house was everywhere common.

The one distinctively Muslim type of building was the mosque. The first mosques were plain little boxlike brick buildings, but the Arabssoon began to build more splendid houses of worship. They borrowedwholesale from the architecture of the lands they conquered, using theByzantine dome and the Syrian pointed arch. They often made thevoussoirs of their arches alternately of black and white stone, as inthe Alhambra of Granada and Suleyman’s Mosque in Damascus.

The inside of a mosque has always been rather plain. The only permanent features, aside from the structure itself, are a niche in one wall indicating the direction of Mecca, and the pulpit. Muhammad’s severetabu on graven images caused Muslims to avoid all pictorial art otherthan conventionalized foliage, especially in mosques. It also incited theArabs, in the first fine iconoclastic frenzy of conquest, to destroy amultitude of works of art that had come down from former ages. TheArabs themselves used geometrical patterns and verses from the Qur’anfor decoration instead. But the Iranians, who had a well-developed pictorial art at the time of the conquest, refused to take this prohibitiontoo seriously, even after their conversion.

Another distinctive Muslim structure is the minaret, a tall slender tower from which the mu’adhdhin calls the faithful to prayer. Minaretsin Cairo are now fitted with electronic public-address systems, and thecall to prayer is made by a recording. The shape of the original minaretsmay have been inspired by that of the Pharos, and they may in turnhave inspired the medieval Italian bell towers.

The most remarkable minaret was that built by the Khalifah al-Mu‘tasim (+IX). Mu‘tasim raised a corps of Turkish soldiery who, though excellent fighters, proved a trial in other ways. They gallopedfull-tilt through the streets of Baghdad and rode down the Baghdadis,who therefore hated them and lynched them whenever they caughtthem alone. So Mu‘tasim built a new capital at Samarra. This includeda conical minaret with a spiral path to the top. This tower, looking likean ancient ziggurat, still stands.

Mu‘tasim’s son Mutawakkil tried to bring water to the new city by means of a canal. But his engineers miscalculated, and the water failedto flow. So, after Mutawakkil’s death, the capital was moved back toBaghdad.

The Umayyad and Abbassid caliphs were great canal builders. The former extended the canal system by which Damascus receives and distributes the water of the Barada River. The Abbassid caliphs did likewiseon a grand scale with the canals of Mesopotamia. They cleared out theold Sassanid canals and dug new ones. They redug the great Nahrwancanal from Baghdad to Kut-al-‘Amara, which dates back to Babyloniantimes.

Arabic engineers also made water clocks like those of their predecessors. In the more elaborate Islamic clocks, when the hour passed, balls fell into bronze vessels, trumpeters tooted, drummers drummed, cymbalists clashed their instruments, and lights appeared and vanished. For theastrologically inclined, indicators showed in what signs of the zodiacthe sun and moon currently dwelt. The jack work was usually operatedby strings, pulleys, and weights attached to a float that rose or sank.

Gearing, long known but rarely used because of the difficulty of making well-fitting gears, now became common. The learned Iranian al-Biruni (+XI) described a geared astrolabe by which the phases of the moon could be determined for any desired date by turning the mainshaft. A similar device, made in +XIII by another Iranian engineer andlooking something like a large brass watch, is preserved in the Museumof the History of Science at Oxford. And in 1232, Sultan Saladin20 ofEgypt, who gallantly led the Saracen host against the warriors of theThird Crusade, sent the Emperor Frederick II a gift of an orrery showing the movements of the sun, the moon, and the planets.

Al-Jazari, a leading mechanician and clockmaker of +XIII, introduced a water wheel as part of his striking mechanism. Water, poured into the buckets of the wheel at striking times, made the wheel turn soas to trip lugs and move the jacks.

The idea of perpetual motion arose in Islamic times in connection with water wheels and water clocks. Arabic and Indian experimentersmounted closed tubes, partly filled with water or mercury, slantwisearound the rim of a wheel. They hoped that the liquid would run to theouter ends of the tubes on one side of the wheel and back to the innerends on the other, so that the side on which the liquid was farthest fromthe center would overbalance the other side and provide free power.

So began another of man’s many snark hunts. For centuries, men tinkered with wheels, levers, pulleys, gears, pumps, and magnets, tryingto get a perpetual-motion machine that would work. Of course noneever did. The poor experimenters thought it was just a matter of calculation and workmanship; they did not realize that they were upagainst a law of nature.

This idea traveled to Europe along with the rest of Arabic science. The notebook of the medieval French craftsman Villard de Honnecourt(+XIII) has a sketch of a perpetual-motion machine, consisting of awheel with a circle of mallets pivoted round the rim. Not until +XIX,with the discovery of the law of conservation of energy, did the hopelessness of this quest transpire.

Arabic millwrights actively developed water power. They floated barges on the Tigris on which they mounted mills of various kinds,driven by undershot wheels.

The first practical use of the windmill also took place in the Caliphate. In the vast dry plains of Seistan, in northeastern Iran, a tremendousgale blows from the same direction for months at a time. Here, a thousand years ago, the dwellers in this forbidding land set up batteries ofwindmills to grind their grain. Like Iraq, Seistan was a populous landuntil the Mongols destroyed the irrigation system. Timur the Tatardevastated the country in +XIV in revenge for a wound he receivedthere, and after that the land returned to desert and swamp.

These windmills, some of which are still in use, are quite different from those we are used to. Instead of a horizontal shaft like that of anelectric fan, the Persian windmill has a vertical shaft like that of a revolving door. To make the wind blow on the vanes of one side only, theSeistanis put a wall of brick around half the structure, leaving an openspace for the wind to blow through the other half. This scheme worksonly so long as the wind blows consistently in one direction.

Knowledge of the vertical-shaft windmill traveled to China, where the Chinese improved upon it. In the Chinese version, the shaft is alsovertical. A bamboo framework carries a circular array of slatted sails,like those of a junk, so pivoted that they catch the wind from any direction.

Arabic science fell into decline in +XII and +XIII, and Arabic engineering declined along with it. The most obvious reason for the stoppage of effective Muslim scientific work was the Turkish and Mongol invasions.

The Turks, newly Islamized Mongoloid shepherds from the steppes of Central Asia, filtered into the Islamic world from +IX on.-First used asmercenary soldiers, they soon seized power in the Caliphate, much asthe Germans seized the rule of the West Roman Empire. By 1100, although a Khalifah still reigned in Baghdad, the real power in Islamwas wielded by the Turkish sultans.

These were no longer Turks in a strict ethnic sense. As a result of the Turks’ boundless appetite for the women of the conquered peoples, theiroriginal Mongoloid racial type disappeared by dilution in a few generations. Suleyman the Magnificent (+XVI), the most famous of all theirsultans, was a perfect example of the Armenoid type, which has predominated in Anatolia ever since Hittite days.

The Turks excelled in the martial virtues. Even their foes the Crusaders found them brave, chivalrous, and sometimes even honest. But they had the defects of their virtues. They had little imagination andlittle interest in technical and scientific matters. These were a people whodestroyed much but created little. They looked upon those they subduedmuch as they looked upon their sheep and camels. They built, or commanded their subjects to build, some fine mosques and palaces, but theyinvented nothing.

The only technical field in which the Turks showed a progressive spirit was that of warfare. In this art, for a couple of centuries, theyled the world. In +XV, when European armies still relied upon armoredknights, clattering about on plow horses, the Turkish armies includedcompanies of musketeers, clad in uniforms, marching in step, and firingby volleys. In 1453 Muhammad II, the Othmanli sultan, took Constantinople with the world’s most powerful artillery, including the biggestcannon of the age: “A measure of twelve palms is assigned to the bore;and the stone bullet weighed above six hundred pounds.”21 Althoughthese measurements are not consistent and therefore cannot be accurate,it was still quite a gun. The Turks’ supremacy in war enabled them toswallow up the Balkan peninsula and twice besiege Vienna, until theEuropeans caught up with them in the technique of organized bloodshed.

The effect of the Turkish invasions on the civilization of Islam was compounded by the Crusades and by the outburst in +XIII of the Turks’kinsmen, the Mongols. Both Christian and Mongol invasions, especiallythe latter, were highly destructive. If the Turks looked upon those theyconquered as domestic animals to be exploited, the Mongols lookedupon them as nuisances to be extirpated.

The Mongols erased the strongest Muslim power of the time, the kingdom of Khuwaresm in Iran and Turkestan. Northern Iran, which had given Islam some of its greatest scientists, was almost depopulated.Jengis Khan ordered his soldiers, when they had captured a Khuwaresmian city, to cut off and stack the heads of all the corpses, lest any human being should escape by shamming death. Baghdad was razed, thebooks of the great libraries of that city thrown into the Tigris, and Iraqturned into a waste.

In +XIV another of the same breed, Timur the Tatar, repeated the performance, dotting Asia with pyramids of human heads. After takingIspahan he made one of 70,000.

As a result of these devastations, Islam underwent another change: a return to religion. Many caliphs had been indifferent Muslims—skeptics, materialists, winebibbers. In view of the disasters that had fallenupon Islam, the time was ripe for a return to the true faith.

In +XII and +XIII lived two of the greatest philosophers of the age. The first was an Iranian, al-Ghazzali; the second, a Neapolitan, Tomasod’Aquino or Saint Thomas Aquinas.

The pious and learned Saint Thomas (1225-74) spent much of his life arguing, at enormous length and in tiny illegible handwriting, thatthere was no conflict between science and religion; that all truth wasone, and that therefore Aristotle’s logic must fit the Christian faith. Infact, Saint Thomas promoted Aristotle to a kind of pre-Christian saint.

The pious and learned Ghazzali (1058-1111) also studied the science and philosophy of the Greeks but came to different conclusions. After mature and searching consideration, he decided that these studieswere harmful, because they shook men’s faith in God and underminedreligion; “they lead to loss of belief in the origin of the world and inthe creator.”22

Europe followed Saint Thomas, while Islam followed Ghazzali. For example, in 1150 the Khalifah of the moment proved his piety by burning the books of a philosophical library of Baghdad. As a result ofthese diverging trends, science and technology flowered in Europe sorichly and advanced so swiftly that the rest of the world is still breathlessly trying to catch up. On the other hand, science in Islam witheredaway.

The real irony is that Ghazzali was right and Saint Thomas wrong. Science does shake men’s faith in God and undermine religion. It hasbeen doing so for many years and shows every sign of continuing todo so. As to how it will all end, and whether this is a good thing or abad thing, only our remote descendants—if any—will be able to say.

At the sunrise end of the Old World lies China, bounded by the China Sea, the jungles of southeast Asia, the high mountainous plateauof Tibet, the Gobi Desert, and the once-forested Manchurian plains. Thejungle, plateau, and desert cut off China from the rest of the Main Civilized Belt—except for a slender tentacle of territory where travel waspossible.

This strip of traveled land begins in China’s rugged but fertile northwest, in the province of Kansu. Thence it runs westward, between the Tibetan plateau to the south and the Mongolian desert to the north.Precariously skirting the feet of the Tibetan mountains, it creeps westto the oval Tarim Basin, larger than Texas, where the Tarim River, likea sluggish snake, winds across a howling waste to lose itself in a clusterof reedy lakes.

Some travelers skirted the basin to the north, along the bases of the Tien Shan Mountains, while others went south along the Kunluns. Afterthese routes rejoined at Kashgar, the travelers crept over the passes ofthe Pamirs. Winding between the Afghan peaks and the Turkmen desert,they straggled down into Iran, whence the way lay clear to the southand west. It was a rugged route but, once men had the camel, not impassable save when the tides of war washed over it or it shriveled inthe flames of brigandage.

East of the Tarim Basin, from early times, dwelt a vast population of Tibetan mountaineers, Mongolian nomads, and Chinese peasants. Allwere of the same stocky, flat-faced, yellow-skinned Mongoloid race. All,probably, had once come from Siberia, for the Mongoloid racial type isadapted to cold, just as the Negroid type is to heat.

Although connected by the slender umbilical cord of the Tarim Basin route with the other nations of the Main Civilized Belt, the East Asiaticswere also isolated by the difficulty of the route. They were even moreisolated than the people of India were by the mountains and desertswest of India. Hence it is no surprise that Chinese civilization arose laterthan the civilizations of the Near and Middle East.

Once it had arisen, however, there was continuous traffic over the Tarim Basin route, from China to India, Iran, and the West. But, because of the length and rigor of this journey, the route itself acted as afilter. Things passed along it more easily than thoughts.

Traders carried goods back and forth, but seldom did any single trader make the entire journey. Rather, each had a beat of a few hundred miles. Back and forth he plied this beat, picking up goods at eachend and reselling them at the other, but never getting more than a fewdays’ ride from his home. Thus an artifact might be passed from handto hand from Anyang to Babylon, but knowledge had a much hardertime in making the trip.

To judge from archeological remains, the first stirrings of Chinese civilization took place along this trade route. In Kansu a prehistoricChinese culture, comparable to that of early Sumer, blossomed around—2000. When trustworthy Chinese history begins, however, the scenehas shifted eastward a thousand miles, to northern Honan. Here, around—1500, the Shang emperors of the first historical dynasty reigned fromAnyang.

Before trustworthy Chinese history comes a lot of pseudo-history. This is a mass of legend in which a few historical facts may be embedded, as in the tales of Moses, Achilles, and King Arthur. We cannot, however, strain the mixture to separate the facts from the fiction.

Thus the Chinese historians tell of the emperor Fuhi, who invented marriage, the calendar, and the domestication of animals; of Shennung,who invented agriculture; of Hwangdi,23 who built roads and inventedthe oxcart, while his empress founded the silk industry and his ministersinvented well-digging, clothes, arithmetic, and other useful things. Weread that in the reign of Yau,24 a great flood caused the waters of theHwang-ho—the Yellow River—to mingle with those of the Yangtze, making a great inland sea. The eminent engineer Yu spent many years bringing it under control and later became emperor in his turn.

Actually, these people are no more real than were Osiris, Prometheus, and Noah. But, with the rise of the Shang, real history comes to light.Many or all of the Shang emperors may have been living mortal men.China then had a well-developed bronze-age civilization, with artisticbronze vessels and picture writing on bones and strips of bamboo.

These early emperors did not rule anything like the area of modern China. They ruled only what we should call the north-central part,within a few hundred miles of Anyang. Their realm was the watershedof the Hwang-ho.

Nor was their power so absolute as it later became. The early emperors seem to have been more like high priests, representing the people indealings with the gods, than secular rulers. Most political power lay inthe hands of local kings and lords. Nevertheless, when an emperor wasburied, hundreds of people were sacrificed and buried with him.

In —1122 the Jou25 dynasty succeeded that of Shang and continued until —220. During the last three centuries of this dynasty, however, thecentral power became so weak and the lesser rulers so strong and quarrelsome that the time is called the Age of Contending States.

In late Jou times, trade over the Tarim Basin route became brisk. Traders learned that westerners would pay its weight in gold for Chinesesilk. Silk was already manufactured on the Aegean isle of Kos from thecocoons of the local, wild silk moth, and Aristotle knew whence camethis filmy textile. But, when the superior Chinese silk appeared in theMediterranean in Hellenistic times, Greek silkworm culture languished.

It was supposed that Chinese silk had some origin different from that of Mediterranean silk. Perhaps, thought the Greeks, it was a plant fiber.The question was not settled until +VI, when a pair of Iranian monkssmuggled silkworm eggs from China to Constantinople in their walkingsticks.

The silk trade, which made the Tarim Basin route into the “Silk Route,” stimulated traffic in ideas as well as in material things. Buddhismtraveled the route from western India to China. Chinese iron was broughtto the West. Later, the inventions of paper, printing, and gunpowdertraversed the same route to westward.

Several themes run through Chinese history. One is an alternation between periods of strong central power on one hand and of feudaldisorder on the other. Nevertheless, even in times of invasion and anarchy, there was usually an emperor, or somebody who claimed to besuch. This continued from Shang times right down to the “Republic”(which turned out to be just another clutch of Contending States) of1912.

Hence there is a continuity and unity to the history of China over 3,500 years that is not found in any other civilization for any suchperiod. There is no such sharp distinction in China between “ancient”and “modern” as we are used to in European history.

Another Chinese theme is periodical invasion and conquest by the nomads of Mongolia. These, though racially much like the Chinese,spoke languages of another group, the Ural-Altaic. They had adoptedthe horse-riding, stock-herding, nomadic way of life from their Aryanneighbors, such as the Sakas, to the west. As one or another tribe—Huns, Avars, Turks, Uighurs, Tatars, Mongols, Uzbeks—rose to briefsupremacy, most of the nomads for a time went by the name of the dominant tribe. But the distinctions among them were never hard and fast.

Possessing the extreme hardihood, valor, and practicality that nomadic life demands, these people invaded China whenever that country was weak and made themselves lords of large parts of it. In time theywere either driven out or absorbed.

Another Chinese theme is the internal political conflict between a progressive or radical faction, interested in foreign explorations and adventures and in scientific and engineering enterprises, and a conservativefaction wishing to restore the ceremonies and alleged virtues of formertimes.

Despite the many revolutions, invasions, and times of anarchy thathave befallen it, Chinese civilization has remained remarkably true tothe features it developed in early days. These culture traits include itsemphasis on courtesy and ceremony, its callous indifference to humanlife, its deep-rooted xenophobia, and its skeptical, rational, practicalbent. The sheer size of the land and of its population, its remotenessfrom other great powers, the difficulty of mastering its written language,and its centralized bureaucratic government have given it powers ofresistance to foreign influence and of absorption of foreign invadersunmatched elsewhere in the world.

The materialistic Chinese practicality, which contrasts sharply with Indian mysticism, governs the history of Chinese science and engineering.Chinese science, like that of the Arabs, has always been weak in theoryand strong in practice. Before the European scientific revolution, Chinawas one of the world’s main sources of ingenious inventions. For instance, Jugo Lyang,26 a general and inventor of the time of the ThreeKingdoms (+III), is said to have invented that valuable if humble vehicle, the wheelbarrow. However, because of the semi-isolation of China,these inventions have sometimes taken many centuries to reach the West;it took the wheelbarrow a thousand years.

Although China has sometimes led the world in technology, she has usually lagged in pure science. One reason is that the two leading Chineseschools of philosophy have been anti-scientific.

The most important school was Confucianism. For thousands of years this was the official ideology, which aspirants to the well-organized civilservice—another Chinese invention—had to master. Confucianismstressed ethics, morals, filial piety, and etiquette. Like Sokrates, itsfounder Kung Fu-dz27 (—VI) or Confucius scorned science in favor ofrelationships among people.

The next most important school, Dauism or Taoism, affected to admire nature. But the Dauists admired nature in a romantic, mystical way. The founder Lau-dz,28 an older contemporary of Kung Fu-dz, taughtthat man should adapt himself to the universe. Lau-dz never thought ofadapting the universe to man.

Another handicap to science in China was the nature of the language. This tongue is very odd indeed. The classical or literary form of thelanguage is made up of comparatively few sounds, and these may becombined in only a limited number of ways. Only 412 different syllablesare possible.

Moreover, another rule of the language was: One syllable per word. This meant an absurdly small vocabulary. The use of different tones todistinguish words otherwise identical in sound enlarges the list of possible vocables to 1,280, but this is still a ridiculously small number for a civilized tongue.

As a result, any one syllable may have scores of meanings. To distinguish these meanings, the Chinese use a system of compounding. It is somewhat as if we had only the one word “cat” for all members of thecat family and had to distinguish the lion, tiger, cheetah, and pussycatas king-cat, stripe-cat, dog-cat, and house-cat. All languages do this tosome extent, but none to the degree that Chinese does. In the spokenlanguage such compounds are tending to become permanent, formingpolysyllabic words; but not so in the literary form. The language istherefore ill-adapted to scientific thought, which needs a large vocabulary capable of minute distinctions.

Turning to Chinese engineering, let us first consider the art of building in China. Since China has always been a large and varied country, withgood internal communications and a rich variety of building materials,Chinese builders were never limited to one or two materials, in the waythat the Mesopotamians were confined to brick.

Hence the Chinese early adopted a composite style of architecture, with stone foundations, wooden superstructures, tile roofs, and brickhere and there. Even when a house has walls of stone or brick, theweight of its roof is still carried, not by the walls, but by wooden columns.

The Chinese also knew the barrel vault from early times. But, despite their skillful use of wood, they never discovered the truss. Instead, builders held up their roofs by a complex system of posts, lintels, and brackets.

The larger Chinese private houses have for thousands of years been built on the inner-courtyard pattern of the Near East. In pretentiousprojects like palaces, buildings of modest size are scattered about anenormous complex of terraces, courtyards, and monumental stairways.

A distinctive feature of Chinese building is the use of a curved roof, presenting a concave surface to the sky. In the Han dynasty, whichflourished at the time of Christ, Chinese roofs were straight as they arein most places. Some time later, they became curved. The roof cornersare often given an additional upward sweep, like the toe of a Turkishslipper. The use of several roofs, one above the other, is characteristicof East Asian building.

Regional styles evolved in China through the centuries: comparatively simple in the North, floridly ornate in the South. The peculiar richnessof Chinese building styles comes from the lavish use of lacquer, gilding,and colored tiles. A distinctive type of Chinese building is the ta orpagoda, which evolved from the Buddhist stupa. This is a memorial tower, usually attached to a temple. It has a number of stories, each with a roof running around it.

The Chinese also built bridges of the common primitive types: floating, beam, and suspension. Later they developed more sophisticated bridges. The exact history of Chinese bridgebuilding, however, is hardto follow, because the existing old bridges have been repaired and replaced so often that we cannot tell much about their original forms.

However, the Chinese did develop some original methods of bridgebuilding. They hung suspension bridges from cables made of bamboo fiber, a strong and durable substance which they also used for ship’scordage and towropes. Bamboo is a two-phase material, made of cellulose fibers imbedded in the woody substance lignin. The Chinese buriedbamboo stems until the lignin rotted away and then dug up the fibers toweave into ropes and cables. After the Buddhist monk Hsuan Dzang29returned from India (+VIII) the Chinese began building suspensionbridges upheld by iron chains, like those of India.

The Chinese also built curious wooden cantilever bridges, in which beams projecting out from stone piers act as brackets to support thedeck. And they built many stone arched bridges, with marble parapetsand wooden roofs. They anticipated the European invention of thesegmental-arch bridge, as in Li Chun’s +VI bridge on the river Xiao,which still stands.

After China had long been convulsed by wars among the Contending States, the ambitious king of Tsin, Tsin Jeng,30 conquered all the otherContending States, chopped off the head of anybody who showed adesire to go on contending, and about —220 took the name of TsinShi’ Hwang-di.31 We may translate this with tongue only slightly incheek as “Mr. Tsin, the First Divine Autocrat.”

The Chinese soon found that they had exchanged King Log for King Stork with a vengeance. Tsin, China’s Rameses II, gave that nation itsfirst strong, centralized, autocratic rule. He dotted the land with 60-tonstatues of himself, standardized weights and measures, and slew hisgrandparents when they opposed him. He conquered China south of theYangtze, where dwelt a number of comparatively backward peoples. Hesent a fleet to look for a rumored fairyland, the Isles of the Genii; theexplorers found Japan and settled there, glad to escape Tsin’s energetictyranny.

Naturally, these drastic measures aroused mixed feelings. Conservatives bitterly opposed them. To thrash the matter out, Tsin called a meeting of his chief officials and leading scholars. After one of the scholars had criticized Tsin’s innovations as severely as he dared, the chancellor Li-sz32 spoke:

Beware these idling scholars! Bred on the past with senseless veneration of everything that is old, they cannot appreciate anything fresh. If you issue anedict, they criticize its language; if you order a new project, they declare it isunprecedented. Their one test is, has it been done before? They go aboutsowing unrest and sedition among your subjects. Their influence must bebroken if the empire is to prosper. It is founded on books; destroy then thebooks. Their occupation will be gone, and none can arise to succeed theirgeneration of them. Some books of course there are which are of value. Preserve all that relate to medicine, husbandry, and divination; preserve also therecords of this illustrious reign. Let all else be destroyed, break with the past. . . with natural science, religion, medicine, and law be content, and let themere literary classics cease to curse the land!33

Tsin so ordered. While the ruthless ruler could not make a clean sweep of all the literature in the empire, he came close to it. Because paper hadnot yet been invented, books were still written on strips of wood andbamboo. And because these strips were awkward and bulky, like Ashur-banipal’s clay tablets, books were far rarer than they later became.When horrified scholars protested Tsin’s book-burning, he had 500 ofthese reactionaries buried alive.

But Tsin Shi Hwang-di also created a more lasting monument than his repute as a book burner. It was, in terms of sheer size, the greatestsingle engineering work of antiquity. Alone of the works of man, itcould be seen from the moon. It is the Great Wall of China, a greaterwonder than any of the Seven Wonders of the Greek writers.

When he came to supreme power, Tsin disbanded the many little feudal armies of China. To cope with raids by the Mongolian nomads,known at this time as Huns, he commanded the building of a wall clearacross the northern boundary of China, from the sea to the far northwest.

And so it was done. Under the direction of General Mung Tien, hundreds of thousands of workers—conscripted artisans, soldiers, criminals, and paupers—were rounded up. Their first step was to lay outfarms along the course of the wall and get crops started so that the armyof builders should have a secure supply of food.

The construction of the wall varied in different sections, according to the local materials available. Parts of the old walls built by kings of theContending States against each other and against the Huns were incorporated where possible. In most places, the wall was about 30 feet highand 25 feet thick at the base, tapering to 15 feet at the crest. A paved roadway ran along the top. On the northern side of this roadway rose a6-foot crenelated parapet; a 3-foot parapet protected the southern side.

In most sections, the core of the wall was rammed earth or rubble, while the sheathing was of harder material—ashlar masonry, rough fieldstone, or brick and mortar. The roadway was paved with slabs of stoneor brick. In the sections sheathed in squared stone, the masonry is ofexcellent workmanship. Naturally! Tsin ruled that a workman wholeft a crack between stones wide enough to stick a nail into should beinstantly beheaded.

At intervals of about 250 yards, watch towers, averaging 35 feet square and 45 feet high, straddled the roadway on top of the wall. Gatetowers, to control traffic through the wall, were built at longer intervals.The road atop the wall was a practical route for marching soldiers,though the steep grades and the narrow arched openings in the towersmade it impractical for the ponderous Chinese chariots.

Additional watch towers and beacon towers were set up along the route, separate from the wall itself. There were altogether 25,000 towersstraddling the wall and 15,000 detached towers. North of the wall, azone 200 yards wide was fortified by a triple ditch with obstacles onthe embankments. Where practical, these ditches were filled with water.

Like a colossal caterpillar, the wall stretched over mountain and vale for a crow’s-flight distance of 1,400 miles, so that if its eastern end werein Philadelphia the western would be in Kansas. Counting all the bends,branches, and loops, it totals about 2,550 miles, farther than from NewYork to Reno. In the eastern parts, north and west of Peking, the wallforked and rejoined to make a loop, and there was a long southwardextension. Near the western end, a double loop and branch guarded theKansu-Shensi region not only against the Huns to the north but alsoagainst the Tibetans to the southwest.

The general form of the wall was much like that of the standard Chinese city wall. The design of the wall represented no special engineering advance, except for the scale on which it was built and the way itfunctioned. Tsin, you see, had a theory about his wall.

The wall was not high enough or thick enough to halt invaders all by itself. Nor was it possible to station enough soldiers along its entire lengthto stop all nomadic raids. The Huns could always rush a section of wall,drive the local defenders to cover by massed archery, and get over thewall with scaling ladders.

But, while a man can climb a ladder, a horse cannot. Therefore the raiders had to leave their horses on the northern side of the wall and go clumping about the Chinese countryside in their heavy boots. Withouttheir horses they lost most of their fearsomeness and were easily attackedby the local garrisons, especially when they were trying to get back overthe wall with their booty.

A large Hunnish army, by bringing up battering rams to knock down a section of wall or by besieging one of the gate towers, could get itshorses through. But these tasks took time, during which larger Chinesearmies could assemble near the threatened point.

Tsin’s theory proved successful. The Huns, repulsed from China, surged westward, driving other nomadic peoples before them. Amongthe fugitives were the Goths. These Germanic folk, originally from Sweden, had set up a short-lived Russian empire, being the dominant poweron the steppes until elbowed out by the Huns. In their retreat, the Gothsforced their way into the Roman Empire, to whose fall Tsin thus indirectly contributed.

Of course, if the Chinese were weak enough and the nomads strong enough, or if the nomads were led by a military genius like JengisKhan, the wall did little good. The Jurchen Tatars proved this in +XIIby conquering the northern half of China and setting up the Gin34dynasty. A century later the Mongols repeated the feat, conquering notonly the Gin but also the native Chinese dynasty of Sung in the south aswell.

In the ages after the wall was built, weak emperors and fragmented empires let the wall decay, while strong emperors repaired it. Therefore it is hard to say how old the various parts of the existing work are.Long stretches in the West are in ruinous shape, since the peasantshave taken away the sheathing of stone and brick and the remainingearthen core has eroded down to a mere ridge.

In the East, however, much of the wall is still in good condition. Although the battlements crumble here and there, weeds grow up between the stones, and little gray lizards scuttle over the masonry, the wall wouldstill be an effective defense against sheepskin-clad, fur-capped archerson shaggy ponies.

Tsin Sh’i Hwang-di did not succeed in founding a lasting dynasty. When he died in —210, his son Tsin Er-shi35 promptly sliced the headsoff his twelve brothers, ten sisters, and all other relatives who mightconceivably covet the throne. But his ability did not match his ruthlessness. Revolts broke out. Aspirants fought the armies of Tsin and eachother. Eight years later, a general named Lyou Bang36 ascended thethrone as the first emperor of the Han dynasty.

Meanwhile the First Divine Autocrat had been interred under the sacred Mount Tai, where, says folklore, his body floats on a pond ofmercury to foil tomb robbers. Later Chinese historians portrayed himas a villain, which he was. But so are most autocrats; they have to be.In any case, Tsin ranks as one of the greatest builders of history; andhis wall was not only a grandiose idea but, in its time, an outstandingsuccess.

For thousands of years, China has been a land of canals. Chinese officials took much the same pride in the canals they dug that Romanpatricians felt in the roads and aqueducts they built.

Most of these canals were of modest size, suitable for irrigation but navigable only to a limited extent. Although Chinese engineers led canals down slopes through a series of sluice gates, they never discoveredthe true canal lock. Today, as a result of 3,000 years of diligent digging,there are about 200,000 miles of canals in China, the greater part inthe lower basins of the Hwang-ho and Yangtze rivers.

The foremost canal of China is the Grand Canal, the Yun-ho, which runs 1,200 miles north and south through the eastern part of the land,from Tientsin to Hangchow. No one emperor built it; it is the result ofengineering labors over more than a thousand years.

The Yun-ho was built piecemeal. Some parts probably go back to Jou times, before —III. The main work of linking the parts was done by twoemperors of the Swei dynasty, who reigned around +600.37 A book oflater times tells us that 5,430,000 workers were conscripted for the workand guarded by 50,000 policemen. Shirkers were beheaded whenevercaught. Two million perished in the course of construction.

These numbers have probably been inflated like those of Xerxes’ army, but the picture of masses of men toiling with simple tools underferocious discipline is probably true enough. In any case, the Swei emperors aroused so much opposition by their vast public works that in+617 the dynasty fell and was replaced by the Tang.

Subsequently, the great Kublai Khan not only renovated the Grand Canal but also built a branch to his capital of Khanbaliq (Marco Polo’sCambalu) near Peking. The finished canal was 40 paces wide. Roadsran along its banks, which were planted with willows and elms. Polonoted that it was “navigated by so many vessels that the number mightseem incredible. ... It is indeed surprising to observe the multitudeand size of the vessels that are constantly passing and repassing, ladenwith merchandise of the greatest value.”38

Knowledge of iron reached China from the West about —700, though for a time it was used only for tools and implements. Bronze remainedthe standard metal for weapons.

Then, however, Chinese iron-working technique swiftly improved. By —IV the Chinese had discovered how to make cast iron. In ImperialRoman times China, like India, became an exporter of high-grade ironto the West. From +X to +XV the Chinese made pagodas entirely ofcast iron, of which two or three still exist. In +X they cast an iron statueof a lion 20 feet high, which still stands at Tsang-jou. The Chinese ledthe more westerly nations in the development of iron-working machinery,such as a forge bellows in the form of a double-acting piston, whichappeared some time in the first millennium of the Christian era.

The most portentous Chinese inventions, however, had to do with writing. In the latter years of +1 the eunuch Tsai Lun39 became a privycouncilor of the emperor Ho-di and later inspector of public works.An official history written some centuries later explained:

In ancient times writing was generally on bamboo or on pieces of silk, which were then called ji.40 But silk being expensive and bamboo heavy,these two materials were not convenient. Then Tsai Lun thought of using treebark, hemp, rags, and fish nets. In +105 he made a report to the emperor onthe process of paper making, and received high praise for his ability. Fromthis time paper has been in use everywhere and is called the “paper of Marquis Tsai.”41

For years the mortar in which Tsai Lun was supposed to have mashed his rags and fish nets was kept in an imperial museum. In actual fact,the invention of paper—a thin felt of fibrous materials—may have been amore gradual process than the story indicates. Several men in successionprobably contributed to the process, as has been the case with mostmajor inventions.

Subsequently Tsai got involved in intrigues among the emperor’s womenfolk. This was an occupational hazard with imperial eunuchs.When commanded to appear before judges for examination, Tsai “wenthome, took a bath, combed his hair, put on his best robes, and drankpoison.”42

The new invention appeared when Tsin’s decrees against the classics had just been rescinded. It turned out that while much had been lost inthe great burning, much also had been saved. Some books had beenhidden away, while some old scholars had memorized parts of those thathad been utterly destroyed. So the classics, with some gaps, were reconstituted.

The new invention, paper, spread slowly. It had reached Turkestan in +VIII, when the armies of Islam entered the land from the other side.Two Turkish tribes feuded; the Arabs took the side of one, the Chineseof the other. The forces of the Prophet defeated those of the Tang emperor at a mighty battle at the Talas River (+751) and drove the Chinese out of Turkestan.

The Arabs, however, captured some Chinese paper makers and brought them to Samarqand to practice their trade. By +793 the art hadreached Baghdad; by +900, Cairo; by 1100, Morocco; and by 1150,Spain. During +XIII and +XIV paper spread over France, Italy, andGermany, ousting papyrus altogether and relegating parchment to officialdocuments.

The invention of printing, which followed that of paper and was dependent upon it, is not so simple and straightforward a tale. Printingin the modern sense grew out of a number of different processes, and wecannot tell which of these processes contributed the most.

For example, people had been stamping seals on documents for thousands of years. The seal might be made of stone, brick, wood, or metal; it might make an impression in clay or wax. Babylonian kings had theirnames stamped on the bricks of their buildings. In China, about +V,a new method of impressing seals came into use. In this method, inkedcharacters were impressed on paper by means of a wooden seal, as wedo today with a rubber stamp.

Another process that may have contributed to printing was the block printing of patterns on textiles. This method was known in the Mediterranean in Roman times. If it did not originate there, it probably spreadthither from India.

The supernatural also entered into the evolution of printing. The Chinese placed great faith in written charms and spells to avert misfortune. To make the charms more effective, the Chinese made up sealsbearing the charms, which they impressed in great quantities, first on clayand then on slips of paper. It is possible though not certain that playingcards, another early application of printing, may have evolved fromthese charm prints.

When this practice of printing charms reached Japan, the Empress Suiko and her co-ruler, the regent Shotoku (+VIII) had one millioncharms printed. Each charm was put into a tiny wooden pagoda, and thepagodas with their charms were distributed among the temples of Japanto guard the kingdom from maleficent influences.

All these experiments with stamps and printed charms resulted in Chinese block printing. The oldest known printed book was found byAurel Stein, the intrepid Hungaro-British explorer, in 1900. Steinlearned of a sealed manuscript chamber in a Buddhist cave temple atDun-hwang, in the northwest panhandle of Kansu. The chamber contained over 15,000 manuscripts (now distributed among British, French,and Chinese museums) including this printed version of a Buddhistscripture.

The printed book consists of seven large sheets (one with a woodcut picture) pasted together to form a roll or scroll. It ends with the statement (the date being translated into our calendar): “Printed on May11, 868, by Wang Jye,43 for free general distribution, in order in deepreverence to perpetuate the memory of his parents.”

We have already seen that all ancient books on papyrus, parchment, or paper took the form of the roll. In +I the codex—a book made ofseparate sheets, glued or sewn together at one side to make a tome likea modern book—appeared in the Mediterranean and gradually took theplace of the scroll. For one thing, it was less likely to be torn if thereader dropped it. Furthermore, turning from one part of the book toanother was much easier with a codex than with a roll, of which thereader had to roll up one end while he unrolled the other.

The codex must have traveled eastward as paper went westward, for another book at the Dun-hwang temple was a codex, printed in +949.It was a codex of a transitional type. The text was written in the usualChinese columns on one side of a long strip of paper. This strip wasthen folded zigzag, like an accordion. The folds at one side were pastedtogether, so that each page of the book was a double sheet of paperprinted on the outer side.

During the time of disorder that followed the fall of the Tang in +907, printing books from wooden blocks became a well-establishedChinese practice. Governments encouraged it, not to enable the masses toown books—an idea that never crossed the officials’ minds and wouldhave alarmed them if it had—but to make sure that the texts of the Confucian classics and other important works were reproduced with absoluteaccuracy.

We should not speak of a Chinese printing press, because no press was involved. The Chinese block printer holds a pair of brushes at opposite ends of the same handle. With one brush he inks the woodenblock, on which the characters of a page have been carved in relief.With his other hand he lays the paper on the block and runs the drybrush over the paper to insure full contact. Then he peels off the paper.An expert can thus print 2,000 or more sheets a day.

A by-product of Chinese block printing was paper money. After some preliminary experiments, paper currency was put on a regular basis bythe local government of the kingdom of Shu in +X. When the Sungdynasty reunited the country, this practice continued. It worked fine aslong as the central government was strong, wealthy, and prudent enoughto keep its notes at par.

When hard times and Tatar invasions around 1100 put a strain on the national finances, however, the inevitable happened. Finding it mucheasier to spend printed money than to extract it from the people bytaxes, the government allowed the number of notes in circulation to risesteeply. Hence the value of this paper sank out of sight. China underwent all the hardships of runaway inflation until the Mongols conqueredthe country (1234-60). The Mongol or Yuan dynasty issued its ownpaper currency, which likewise held its value until the dynasty got intotrouble.

Paper money reached Iran in +XIII and led to the usual inflation. This hazard has persisted ever since in every country that has adoptedthis convenient but treacherous invention.

A Chinese, Bi Sheng44 (+XI), invented movable type: that is, type in which each character forms a separate piece, which pieces can beassembled to print a page and then broken up and redistributed untilthey are needed again. Bi used clay types glued to an iron plate. Later,types of tin and wood were found to be better. In +XIV the Koreansdeveloped the art of printing from movable cast-bronze type.

However, movable type proved less important to printing in the Far East than it did in Europe. The reason is the nature of the Chinesewritten language. As in early Egypt and Sumeria, this script began as aseries of pictures, one picture per word. In China, however, these picturesnever evolved into a phonetic alphabet. Although conventionalized andcompounded to make up the familiar Chinese characters, they have remained in the state of logographs (word-signs) or ideographs (ideasigns), a different sign being needed for each word.

Knowledge of printing probably did not come through the Arabic world, which transmitted so much else. The Muslims never took toprinting, even when they knew about it. The only things they ever printedin quantity down to modern times were charms and sacred texts believedto act as charms, as the Chinese had done. Being in the state of mindlessconservatism that followed the Arabic age of science, they rejected withhorror the idea of printing the holy Qur’an. It had always been handwritten, they said, and therefore it would be impious to reproduce itotherwise.

What was brought from China to Europe was the idea of block printing. The idea of movable type probably did not make the journey, because the first European printing was block printing. In early +XV, enterprising Europeans began to do what their opposite numbers inChina and Islam had done. In response to a demand for cheap sacredpictures and texts believed to act as magical charms, they printed andsold single sheets. The existing screw press, then used on clothes andgrapes, was adapted to this new use.

About the middle of the century, several Europeans were experimenting with movable type, of wood and of metal. One was a Dutchman, Laurens Janszoon Coster.45 Another was Johann Gutenberg of Mainz.Although Gutenberg was in partnership at various times with severalpeople in Mainz, these partnerships usually broke up in lawsuits, becauseGutenberg seems to have been a litigious man.

With the backing of his partner Fust, Gutenberg in 1456 printed a tremendous new edition of the Bible. This was as big an advance overpreviously printed books as Fulton’s steamboat was over its predecessors.46 Little is known of Gutenberg’s later life, except that the archbishop of Mainz pensioned him during his last years.

Because of lack of records and Gutenberg’s own secrecy, we do not know exactly what he invented and how the credit for the different stepsin the invention should be apportioned. The only direct account of theseevents appeared in the Chronicle of Cologne for 1499, half a centuryafter they happened. Although the Chronicle calls Gutenberg the “inventor of printing,” he certainly was not. Some unknown Chinese hadbeaten him to it back in +IX.

Some think that Gutenberg invented movable type, independently of Bi Sheng. But some credit this invention to Coster, while others deny itto both. Some think that Gutenberg’s invention was the adjustable typemold; others, that he was the first to adapt the screw press to its newtask.

In any case, printing, like the steam engine, had no single inventor. It was developed by a long series of inventors, known and unknown, overmany centuries. There is no question, however, that it is one of the mostimportant of all inventions in its contribution to civilization.

The Chinese possessed geared machinery from an early age-some think as far back as —IV. They readily took to the devices developed inthe West in the Hellenistic Age and in +I began using water wheels andnorias. Chinese engineers preferred the horizontal water wheel to thevertical. The earliest known application of the water wheel in China wasto work a bellows in the furnace of a forge.

Water clocks of the Hellenistic type reached China as early as +VI. Chinese mechanicians elaborated them. Since the wheels of these complex clocks required more power to drive them than could easily befurnished by a float rising or falling in a vessel, the Chinese engineersdrove their clocks by means of water wheels.

The biggest Chinese step in clockwork was the escapement. This mechanism makes it possible closely to regulate the speed of a clock andto drive it with a comparatively small power source. The first knownclock with an escapement was built about +724 by Lyang Lingdzan.47This apparatus included a celestial sphere that turned with the heavens,a model sun and moon that went around the sphere as the real onesseem to do about the earth, and jacks that struck bells and beat drumsto mark the passage of time.

The bell of Lyang’s clock marked the Chinese “hour” or sh'i, which is twice the length of one of ours. The drum sounded a shorter period,the ko. This is of a solar day, or 14 minutes and 24 seconds on ourtime scale. Like more westerly peoples, the Chinese originally dividedday and night into intervals, which stretched and shrank with the seasons.Later, about +11, the Chinese adopted a system of equal, permanentperiods that stayed the same regardless of the wanderings of dawn andsunset. This change made clock-making easier.

In Lyang’s clock, “Water, flowing [into scoops], turned a wheel automatically, rotating it one complete revolution in one day and night.” The machinery of the clock included “wheels and shafts, hooks, pinsand interlocking rods, stopping devices and locks checking mutually.”48

“Pins and interlocking rods” describes the escapement, which was needed to make the wheel revolve so slowly. The escapement was presumably a simple system of tripping lugs that held the water wheelagainst rotation until one scoop had been filled and then allowed it tomove only far enough to bring the next scoop into the filling position.The water flowed from a system of vessels like that of the traditionalwater clock of the Ktesibian type.

Lyang’s clock kept better time than anything seen before, although it would no doubt have seemed impossibly inaccurate by our standards.The delighted Emperor49 composed a poem, which was inscribed onthe ecliptic ring around the celestial sphere:

The moon in her waxing and waning is never at fault
Her twenty-eight stewards escort her and never go straying,
Here at last is a trustworthy mirror on earth
To show us the skies never-hastening and never-delaying.50

After Lyang’s time, corrosion of the parts of bronze and iron put the clock out of action, and it was retired to a museum. Later mechaniciansbuilt grander clocks. In +976, Jang Sz-hsiin51 built a clock that occupieda pagodalike tower over 30 feet high. This had nineteen jacks, whichnot only rang bells and beat drums but also popped out of little doorsholding signs to show the time. Other parts showed the movements ofthe heavens, the sun, the moon, and the planets. To keep his clock frombeing stopped by the freezing of the water in winter, Jang rebuilt it touse mercury instead of water as the working fluid.

The grandest of these imperial water clocks was built by Su Sung in 1090. Su Sung’s memorial to the emperor Shen Dzung52 describes hisclock, with diagrams, so that if anybody wished to do so he could reconstruct the clock with fair accuracy today.

At this time the Sung dynasty ruled most of China, though a nomad tribe, the Kitans,53 had conquered some of the northern provinces. SuSung had a long career in the imperial bureaucracy. His eventual listof titles included: Official of the Second Titular Rank, President of theMinistry of Personnel, Imperial Tutor to the Crown Prince, Grand Protector of the Army, and Kai-gwo Marquis of Wu-gung.

When Su was sent on a mission to the Kitan court to congratulate the khan on having passed the winter solstice, he found that he hadarrived a day too early. The Sung astronomers had erred by a quarter-hour in calculating the exact time of the solstice. Su saved his sovran’sface by blandly lecturing on the difficulty of exactly calculating suchevents.

But, when Su returned to the Sung capital of Kaifeng,54 he urged the Emperor to let him build a clock accurate enough to avoid suchcontretemps. Receiving approval, Su, like any competent engineer, builta couple of wooden pilot models, one small and one full-sized, to getthe bugs out of the design before tackling the final clock.

The finished machine occupied a tower at least 35 feet high, counting the penthouse on top. Water, flowing through a series of vessels, filledthe thirty-six scoops of a water wheel, one after the other. An escapement allowed the wheel to rotate, one scoop-interval at a time. Thewheel revolved once in nine hours, while the water fell from the scoopsinto a basin below the wheel.

The wheel turned a wooden shaft in iron bearings. This shaft, by means of a crown gear, turned a long vertical shaft that worked all therest of the machinery, to which it was connected by gearing. The machinery included an armillary sphere (a set of graduated intersectingrings corresponding to the horizon, the ecliptic, and the meridian) inthe penthouse on top. There was also a celestial sphere, with pearls forstars, in the top story, and five large horizontal wheels bearing jacks.

Some of these jacks carried signs to indicate the shi, the ko, sunrise and sunset, and the watches of the night. Others marked these eventsby ringing bells and beating gongs and drums. Altogether Su’s clockmust have been an impressive spectacle, what with the continual splashing, the clatter of the escapement, the creak of the shafts in their bearings, and the frequent outbursts of drums, bells, and gongs.

One shortcoming of the clock was that it was not so placed that a natural source of water could power it. Hence it had to be “wound up”from time to time. This was accomplished by hand-turned water wheels,which raised the water from the basin, into which it cascaded from thescoops of the main water wheel, to the reservoir above this wheel.

In early +XII another Tatar people, the Jurchens, whose kings reigned under the dynastic name of Gin, conquered the Kitan lands and someSung provinces as well. In 1126 they captured Kaifeng and carried away,to their own capital of Peking, Su’s clock together with mechanics torun it. The captive horologists built a new tower and succeeded in making the clock run, after they had adjusted its astronomical parts forthe change of latitude.


After a few years, though, the parts wore out, the clock stopped, and lightning wrecked the upper part of the tower. The Gin emperors leftthe remains of the clock behind when they fled before the Mongols inthe 1260s, and it disappeared.

Meanwhile the Sung emperors wanted another imperial clock. But Su Sung was dead, and nobody could be found who knew the subject wellenough to build such a complicated mechanism. Similar clocks were,however, built under the Mongol or Yuan dynasty.

Although he was an incapable ruler, the last Yuan emperor55 made a hobby of mechanical engineering and took part in the constructionof tail-wagging dragons and other automata. But when the Ming overthrew the Yuan in 1368, all the clocks, mechanical dragons, and othermachines built for the Mongol emperors were scrapped as “useless extravagances.”

Thereafter Chinese clockmaking languished. The Chinese went back to simpler clocks, powered by water or falling sand. In late +XVI, Jesuitmissionaries arrived and began importing European clocks or buildingclocks according to European designs to please the emperors.

Meantime, however, knowledge of the escapement mechanism, pioneered by Lyang Lingdzan and Su Sung, reached Europe in early +XIV. As with printing, it is not known who brought this knowledge, or when,or in how much detail. Europe at this time relied on water clocks ofthe traditional Ktesibian type, as well as on sundials, hourglasses, andtime candles.

But European mechanics were already tinkering with improved timekeeping mechanisms. One such improvement was to drive the clock by means of a falling weight suspended from a chain wrapped around adrum. This is an obvious development from the Ktesibian water clock,with its counterweight attached by a string and pulley to the rising float.To slow the descent of the weight they tried brakes of various kinds,such as a little windmill driven through gearing, or a small drum, likethe classical tympanum, charged with mercury that leaked through apinhole from one compartment into the next.

The Chinese escapement was just what the clockmakers needed, and in the early 1300s they put it to use. In 1364, Giovanni di Dondi, ofan Italian clock-making family, published a description of a weight-powered, escapement-regulated clock which, except for improvements indetail, is essentially a modern clock. Dondi became famous, and astronomers came from foreign lands to look at his marvelous clock. Galileolater substituted a pendulum for Dondi’s crown-shaped balance wheel,but in watches and small clocks we still use Dondi’s device.

The main difference between our clocks and Dondi’s masterpiece, aside from improvements in detail and workmanship, is that clocks havebeen drastically simplified since Dondi’s time. Clockmakers graduallygave up trying to show not only the time but also the movements of allthe heavenly bodies. Many grandfather clocks, however, still show thephases of the moon.

A few years after 1500, Peter Henlein of Nuremberg invented the spring-driven watch, so called because it was originally used by watchmen. Henlein’s “Nuremberg egg” was about the size of a large modernalarm clock, had a single hand, and hung from a chain around the neck.Early watches gave their owners much difficulty; as Maximilian I ofBavaria (+XVIII) used to say: “If you want troubles, buy a watch.”56

When the Mongol army arrived before Kaifeng—once the capital of the Sung but now that of the Gin—in 1232, the armies of the Ginchecked the invincible Mongols for a while by secret weapons. One called “heaven-shaking thunder” was an iron bomb lowered by a chain from the city’s walls to explode among the foe. The other, an early rocketcalled an “arrow of flying fire,” whistled among the Mongols with muchnoise and smoke and stampeded their ponies.

Charcoal and sulfur had long been known as ingredients for incendiary mixtures. As early as 1044 the Chinese learned that saltpeter, added to such a mixture, made it fizz even more alarmingly. We do notknow who first learned that if you grind charcoal, sulfur, and saltpeterup very fine, mix them very thoroughly in the proportion of 1:1:3.5or 1:1:4, and pack the mixture into a closed container, it will, whenignited, explode with a delightful bang.

But somebody did so between 1044 and 1232. It has been suggested that experimenters, believing that salt made a fire hotter because it madeit brighter, tried various salts until they stumbled on potassium nitrateor saltpeter. The mixture was applied both to fireworks and to the primitive military devices used at Kaifeng. An old Chinese custom was tothrow bamboo stems into open fires so that the bamboo should burstwith a loud bang and scare away evil spirits. Firecrackers made of thenew powder proved an even better demon repellent.

The rocket probably evolved in a simple way from an incendiary arrow. If one wanted to make a fire arrow bum fiercely for several seconds, using the new powder, one would have to pack the powder in a long thin tube to keep it from going off all at once. It would also benecessary to let the flame and smoke escape from one end of the tube.But, if the tube were open at the front end, the reaction of the discharge would be in the direction opposite to the flight of the arrow andwould make the missile tumble wildly. If the tube were open to the rear,on the other hand, the explosion would help the arrow on its way.

In fact, it was probably soon discovered that with a discharge to the rear the arrow did not even have to be shot from a bow. The forwardpressure of the explosion, inside the tube, would move the device fastenough.

Although these new weapons failed to save Kaifeng, the lesson was not lost. It soon reached Japan. A Japanese woodcut of 1292 shows abrave archer loosing his bow while hostile shafts whistle about him anda big black bomb explodes nearby. In late +XIII, several writings appeared describing gunpowder and its properties. Strictly speaking, it wasnot yet “gunpowder” because the gun had not been invented.

For instance, at some date in +XIII an otherwise unknown Marchus Graecus, “Mark the Greek,” wrote Liber Ignium, or The Book of Fire.Marchus told how to make explosive powder by a mixture of “onepound of live sulfur, two of charcoal and six of salt-peter.” This wouldgive a weak explosion. Albertus Magnus gave the same formula asMarchus, while Albertus’ contemporary Roger Bacon recommended“seven parts of saltpeter, five of young hazelnut wood and five of sulfur.”57 This would also produce a feeble bang.

Moreover, about 1280 the Syrian al-Hasan ar-Rammah wrote The Book of Fighting on Horseback and with War Engines. Herein he toldof the importance of saltpeter for incendiary compounds and gavecareful directions for purifying it. He also told of rockets, which hecalled “Chinese arrows.”

Thus knowledge of explosive powder was well established in Europe, Islam, and the Far East by 1300. As with printing and the clock escapement, we do not know just how this knowledge traveled from Chinawestward: whether over the northern route through Russia, then underthe Mongol yoke, or south through Islam.

The Chinese performed some further experiments in the military use of explosive powder. They put it into tubes of bamboo, making thefirst Roman candles. Early Roman candles had alternate packings ofloose and compressed powder, so that as the powder burned down fromthe muzzle, the solid lumps were thrown out and burned as they flew.Solid particles such as stones could also be thrown with some force.

The Roman candle soon reached Europe. Soldiers found that:

. . . it is useful to tie certain tubes of paper on wooden forms to the ends of the lances of the cavalry, or on the ends of the pikes of the infantrymen . . .Then, having put in a good fuse and turned the fire-emitting end toward theenemy and having tied it well to the lance or pike, at the proper time causethem to burn as you wish. From the thing made in this way you will see afearful and very hot tongue of fire more than two cubits long, full of explosions and horror.58

While these Roman candles would not greatly harm troops who were used to them, they could frighten the foe’s horses into bolting.

The Roman candle was as close as the Chinese came to the invention of the gun. Although the invention of the real gun is an obscure anddisputed event, it probably took place in Germany. The Chronicle ofthe City of Ghent for 1313 states that “in this year the use of guns(bussen) was found for the first time by a monk in Germany.”59 Notwithstanding that some consider this document a forgery, the statementmay be not far wrong, because from then on mention of guns becomesmore and more common.

Thus a manuscript of 1326, Walter de Milemete’s De officiis regum,shows a primitive gun called a vasa or vase. This is a bottle-shaped thing shooting massive darts. An Italian manuscript of the same yearmentions guns. In the 1340s, Edward III of England and the cities ofAachen and Cambrai all paid bills for guns and powder.

A story about the origin of the gun appears in the anonymous Fireworks-Book of the 1410s. According to this, one Konstantin Anklitzen entered the monastery at Freiberg a century previously and took the religious name of Friar Berchtholdus, although he was better known asBerthold Schwartz; that is, Berthold the Black.

Friar Berthold, the tale goes on, dabbled in alchemy. He put sulfur, saltpeter, mercury, oil, and lead into a massive copper vessel, sealed it,and set it on the fire. The mixture exploded with a frightful roar, hurlingthe lid of the pot against the ceiling and convincing Berthold’s terrifiedfellow-monks that the Devil had come for his own. Berthold, notingwhat his lid had done, went on to develop the gun.

Although it is a charming story, some historians of technology consider it fiction. Unfortunately the monastery of Freiberg and its records were destroyed in the Reformation, so there is no checking it at firsthand.
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Fig. 20. Hand-gunner of about 1400 firing his piece by means of a heated iron bar (from Konrad Kyeser: Bellifortis, 1405).



Some of the earliest guns were of wood strengthened by iron hoops, or of copper and leather. Guns soon evolved into cannon and handguns. The latter at first were small cannon lashed to poles, which thegunners held under their arms like lances at rest. Cannon evolved intolong guns for direct fire and very short guns, called mortars from theirshape, for high-angle fire. For a time, balls of iron or lead were used inhand guns and balls of stone in cannon.

Iron cannon balls soon replaced those of stone, because iron is much denser than stone and iron balls therefore carried more kinetic energyfor a given bore. Now cannon had to be made stronger and of smallerbore, because if a cannon designed for stone balls were fired with aniron ball of the same size, the gun would burst. Biringuccio, writing inthe 1530s, said of iron cannon balls:

This is surely a very fine invention and a horrible one because of its very powerful effect. It is a new thing in warfare, because (as far as I know) ironballs shot from guns were never seen in Italy before those that King Charlesof France brought here for the conquest of the Kingdom of Naples againstKing Ferrandino in the year 1495.60

The gun soon brought the feudal system tumbling down. This was not accomplished by shooting holes in the armor of knights. The earlyhand guns were not so effective as all that. They did not completelydisplace the crossbow until +XVI, and they did not put the armormakers out of business until +XVII, three centuries after guns came intouse.

What the early gun did was to knock down the walls of the castles whence the local lordlings had domineered the countryside and defiedtheir king. By shattering the feudal castle, just as it had the walls ofConstantinople, the cannon prepared the way for the era of sun-kingsruling by divine right. The towering medieval fortresses with their drawbridges and machicolations became mere relics. The new fortress, developed by Francesco di Giorgio Martini, an Italian engineer in theservice of the Duke of Urbino (+XV), and others, was a low, sprawling,star-shaped structure of huge ditches and massive earthen embankments.

Meanwhile the hand gun in its turn improved until it outshone the cannon. As the flintlock musket, it became cheap enough for any citizento own, simple enough for him to use, and deadly enough to enablehim to face regulars. Then the stage was set for the fall of kings andthe setting up of republics.

Another Chinese discovery was the magnetic needle, from which the mariner’s compass evolved. Quietly and rather suddenly around 1200,the magnetic compass came into use all the way from the North Seato the Yellow Sea.

Many nations, from the Finns to the Chinese, have been credited with the invention of this instrument. The story from the Chinese end is asfollows: A history of +IV tells that the legendary emperor Hwangdi,along with all his other inventions, also created something called a jinan-gu or sz-nan-gu. This may be translated as “south-pointing chariot.”

Although Hwangdi is a legendary figure, there are several references to south-pointing chariots from historical times, from —XIII to +XII.While the earlier references to this device do not say just what it was,later allusions speak of it as a geared mechanism.

So far the south-pointing chariot does not sound at all like a magnetic compass and not much like a chariot, either. A modern theory holdsthat it was a cart on which was mounted a pointer—probably a statuettewith outstretched arm—on a turntable. The turntable was connected withthe wheels by a differential gear, made of wooden peg-toothed gearwheels. As the cart turned in one direction, the statue turned in the otherat the same rate. Hence, if the statue were adjusted to point southward,it would continue to point to the south during a short journey, windingthrough city streets.

This would make an impressive magical device, like those which Heron invented for the Alexandrian priests. Probably the works werehidden and the gadget was used to awe visiting barbarians. However,the chariot could not be employed as a compass over longer distances,because to do so would have required more accurate manufacture andsmoother roads than existed in ancient China. Derek Price has calculatedthat if the wheels differed by 0.1 per cent in diameter, the south-pointingstatue would be pointing north by the time the cart had gone two miles.

The first definite allusions to the magnetic needle in China date from +VIII, when the Buddhist priest and astronomer Yi Hing is said to haveobserved magnetic declination; that is, the fact that the needle does notnecessarily point to the true north and south. By +XI the Chinese wereusing the needle—but not for navigation. They used it, instead, for thebranch of Chinese magic called geomancy. This is a system for locatinghouses, graves, and other constructions where the occult and spiritualinfluences will be most favorable.

The first Chinese reference to the mariner’s compass comes from about 1100. A writer states that foreigners (Arabs and Persians) arriving at Canton navigated by a south-pointing needle. Of course thecompass needle points south just as surely as it points north. But, since itwas early associated in people’s minds with the Pole Star—the South Poleof the heavens being invisible from Europe even if there were a star tomark it—Europeans fell into the habit of saying that the needle pointednorthwards.

In Europe, the compass is first mentioned in a poem of 1190. A few years later Cardinal de Vitry, who had been to Palestine with the FourthCrusade, wrote that the compass came from “India.” One solution tothe problem, then, is that the Chinese discovered the magnetic needlebut used it only for magical purposes. Muslim navigators seized uponthis invention for navigation, and that knowledge reached Europe bysea in the course of the mass movements of the Crusades.

An alternative, which some scholars prefer, is that knowledge of the compass—or at least of the magnetic needle—came first to Europe overthe Silk Route. It was first adapted to nautical use in the Mediterranean.Several medieval historians mention a certain Flavio of Amalfi as theinventor of the compass, and this Flavio may have taken one or moreof the steps required to change a simple magnetized needle, hung froma thread, into the more sophisticated instrument of later times, with itsrotating card. Then the Muslims, the theory goes, carried this improvedinstrument back to China. There is no hard-and-fast proof as to whichis right.

In any case, the Chinese soon borrowed back their magnetic needle in the form of the mariner’s compass. The ships they navigated by thismeans were then the largest and most advanced sailing vessels afloat.

A junk of this type had a central, stempost rudder at a time when westerners were still using quarter rudders or steering oars. The ship wasdriven by the Chinese lugsail, stiffened with slats or battens of bamboo.This was the most efficient kind of sail then in use.

A big ship had four permanent masts and two temporary ones that could be taken down in bad weather. The hold was divided into as manyas thirteen watertight compartments, so that the ship could survive beingholed. Crews numbered up to 600. In their day, these were the mostseaworthy ships in the world.

In early +XV the Ming emperors sent fleets of these great ships, carrying 1,000 men apiece, to cruise the Indian Ocean and extort tribute from petty kings as far away as Ceylon. At least seven such cruisestook place, most of them under command of the Grand Eunuch, JengHo.61

The Chinese showed equal enterprise in developing fresh-water craft. They built, about this time, boats propelled by paddle wheels turnedby treadwheels.

In the coastal province of Chekiang they developed the quaintest method known to history, and still in use, of transporting salt. The saltis put in casks, which are put on small flatboats, which are tied togetherin trains of as many as six. Each train is towed by a water buffalo, whichswims along the canal under the guidance of a driver on the first boat.The people of Chekiang have developed a special breed of buffalo forthis damp duty.

Until the Ming overthrew the Yuan dynasty in 1368, China led the world in technology and engineering. Within the next half-century, however, China had lost this lead. Chinese technical enterprise slowed andlanguished as had that of the Mediterranean world under the Romans.

For one thing, the Ming dynasty represented a nationalistic, conservative, isolationist reaction against the rule of the hated Mongols. The Mongols were never accepted by the masses even after they had takento Chinese speech and garb. As nationalists, the Mings and their supporters despised everything foreign and discouraged contacts betweentheir own people and foreigners. The Silk Route was closed; the voyagesto the Indian Ocean stopped.

In the case of the voyages, the officers of the army and the Confucian scholars of the bureaucracy ganged up on the clique of imperial eunuchs,who had promoted this and similar enterprises. Resentful of the powerthat these eunuchs had arrogated to themselves, the officers and scholarspersuaded the emperors to confine the eunuchs to lesser duties. Theycontemned all foreign ‘‘barbarians” and anybody who dealt with them.The scholar-bureaucrats, who got their jobs by passing stiff examinationsin the Confucian classics, were naturally stuffed with the anti-scientificviews of Kung Fu-dz.

Another cause of Chinese technical stagnation, advanced by Joseph Needham, is that the overwhelming power of the centralized Chinesebureaucracy, brought into being by the need for large-scale hydraulicworks, smothered the growth of the vigorous capitalism necessary for thepromotion of the pure and applied sciences.62

Whatever the relative importance of these supposed causes, Chinese science and engineering certainly became torpid, just when Europe wasbeginning its scientific and technological revolution. Although the Mingemperors persuaded the Jesuit missionaries to cast cannon for them, theJesuits and other foreigners were expelled in the early 1700s. ThereafterChinese military technics remained so static that, when Britain in 1839-42 attacked China to compel the Chinese government to let British merchants sell opium in China, the British easily scattered the spear-armedrabble the Chinese sent against them.

While China, Islam, and the Byzantine Empire stagnated and India remained sunken in mystical dreams of cycles and karma, medievalwestern Europe sprang into the lead in the useful arts of peace and war.By the time the older civilizations became aware of the threat from thisvigorous new culture, it was too late to catch up, except at the cost ofdrastic and painful revolutions in their own civilizations.


THE EUROPEAN ENGINEERS
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NINE

At first the decline of civilization in western Europe, after the fall of Rome, was gradual. We have the letters of two scholarly men,Sidonius and Cassiodorus, who lived while the barbarians were actuallycarving up the West Roman Empire into German kingdoms. These letters show little awareness that the writers were living at a time of greatchange, or that they deemed the upheavals around them unusual.

In fact, at the end of +VIII, civilization revived a little. King Karl of the Franks—Charlemagne to us—conquered most of Europe from theOder to the Pyrenees. On Christmas, +800, the Pope crowned Charlemagne Roman Emperor, although this big, hearty, semi-literate Germanhad even less in common with Augustus and Hadrian than did the other“Roman” Emperor in Constantinople. Nevertheless this shadowy title,assumed by a long line of German and Austrian kings, continued likean unlaid ghost to trouble the politics of Europe down to Napoleonictimes.

Charlemagne, however, tried to live up to his imperial title. To revive the Roman road system, he appointed a road commission and commanded his feudal lords to co-operate with the commissioners. The commission repaired some old Roman roads and built others, but thework petered out after Charlemagne’s death.

Charlemagne also built a huge wooden bridge across the Rhine at Mainz. It took ten years to build. Then it caught fire—whether by accident or arson—and burned up in three hours.

In addition, the new Emperor of Europe embarked on a grandiose plan to link the headwaters of the Rhine and Danube rivers by a canal.But his engineers were not up to their task. They were defeated by quicksands, heavy rains, and (according to the chronicles) by the hideouslaughter of fiends at night, which terrified the workmen. The clergy, whowrote the chronicles, thought that God thus showed his disapproval ofchanging the face of nature. A Rhine-Danube canal was finally completed in +XIX, fiends or no fiends.

Charlemagne’s empire broke up at his death, and the Vikings began raiding the lands of the former West Roman Empire. By +900 theyhad reduced western Europe to its lowest estate in a thousand years. Atthe same time, another wave of Mongolian nomads, the Magyars, ravaged Europe far and wide from their bases in Hungary before they settled down to adopt the rudiments of civilization.

During this age of chaos, Roman buildings were demolished to make crude fortifications of the stone. Communities tore up nearby Romanroads and broke down Roman bridges to make it harder for maraudingarmies to reach them. Most Europeans lived again in isolated villages,much as they had lived in the early days of the Agricultural Revolution,by farming and home manufacture.

Then, little by little, civilization began to recover. Mining revived in Muslim Spain and in Central Europe. Coinage, which had almost vanished, came back into use. Venice began her career as the leading shipping center of the Inner Sea. And brisk manufacturing activity sprangup in the cities of northern Italy.

Here too republicanism, which had seemed to perish from the earth with the triumph of Augustus, revived. And in +XIII some Italian city-states gained eternal honor by being the first governments in the worldto abolish slavery.

Several importations and inventions helped to raise the dismal European standard of living. Cotton and sugar cane were for the first time planted on the shores of the Mediterranean. The horseshoe, already invented, came into general use. So did the new horse collar, which madeit possible to plow with horses. Where oxen continued to be used asdraft animals, improvements in their harness and the practice of shoeingthem made their efforts more effective.

A new kind of plow appeared in northern Europe. This was a heavy wheeled plow with a colter or knife to slice open the turf in front ofthe share. The colter made it easier to plow the thickly grassed fieldsof the damp northern lands.

Another source of power, the water mill, became common everywhere. But water power was not now limited to swift streams, because the tidalwater mill appeared in +XI. Millwrights built basins in bays and estuaries. They let water run into these basins at high tide and out again atlow, turning water wheels both ways.

During the Dark Ages, as the period from +VI to +X is called (though some modern historians dislike the term), engineering and architecture ceased to be recognized professions. The work of engineers andarchitects was carried on by craftsmen such as master masons. Duringthe decline, construction in stone became rare. Wood and plaster wereused instead, whence the familiar half-timbered medieval house.

Kings and popes, using clerics as architects, continued to put up churches in the Romanesque style: plain, massive stone buildings withsmall windows and many round arches. The curious “central” type ofchurch flourished for several centuries. This was built in the shape of acircle or a polygon, with the altar and pulpit in the middle and the aislesradiating out from them like spokes. The emperor Constantine beganthe first of these churches, the octagonal Domus Aurea, at Antioch in+327.

The literature of the time consists mainly of dryly terse monkish annals, religious tracts, and highly fictional lives of saints. However,technology was not entirely mute. Some time in +X, a certain Eracliuswrote a book called On the Arts of the Romans.

About a century later, the German monk Theophilus wrote a longer book, which drew upon Eraclius and other sources and which was calledA Treatise on Various Arts (Schedula diversarum artium). Theophilus’work deals with the arts that a cleric needed to know for decoratingchurches, making religious vessels and other accessories, and illuminatingmanuscripts. He tells how to make paint, glue, gold leaf, tin leaf, glass(clear and stained), metalworking tools, and wire. He explains how totemper a file, build an organ, cast a church bell, carve ivory, and cutglass. His first chapter is called: “On the Mixture of Colors for theNude,” which is a little startling for a medieval monk until we realizethat Theophilus is merely giving directions for mixing the pigments forflesh tints in paintings.

Among Theophilus’ formulas is an alchemical one that must have reached him from the Islamic world. It reads:

There is also a gold called Spanish gold, which is composed from red copper, powder of basilisk, and human blood and acid. The Gentiles, whoseskillfulness in this art is proverbial, make basilisks in this manner. They have,underground, a house walled with stones everywhere, above and below, withtwo very small windows, so narrow that scarcely any light can appear throughthem; in this house they place two old cocks of twelve or fifteen years, andthey give them plenty of food. When these have become fat, through the heatof their condition, they unite and lay eggs. Which being laid, the cocks aretaken out and toads are placed in, which may hatch the eggs, and to whichbread is given for food. The eggs being hatched, chickens issue out, like hens’chickens, to which after seven days grow the tails of serpents, and immediately, if there were not a stone pavement in the house, they would enter theearth. Guarding against which, their masters have round vessels of largesize, perforated all over, the mouths of which are narrow, in which they placethese chickens, and close the mouths with copper coverings and inter them inthe ground, and they are nourished with the fine earth entering the holes forsix months. After this they uncover them and apply a copious fire, until theanimals inside are completely burnt. Which done, when they have becomecold, they are taken out and carefully ground, adding to them a third part ofthe blood of a red man, which blood has been dried and ground. These twocompositions are tempered with sharp acid in a clean vessel; they then takevery thin sheets of the purest red copper, and annoint this composition overthem on both sides, and place them in the fire. And when they have becomeglowing, they take them out and quench and wash them in the same confection; and they do this for a long time, until this composition issues throughthe copper, and it takes the color of gold. This gold is proper for all work.1

The mythical basilisk was a kind of pygmy dragon, which could turn people to stone by looking at them and therefore was hunted with mirrors in which it stared itself to death. Aside from this excursion intomagic, however, Theophilus’ work is sober and sensible.

Another factor in the revival of European civilization was the importation of literature from lands where letters had never fallen so low. Moreover, some Roman writings had been saved in the lands of theformer Western Empire by Benedictine monks, who copied and recopied the manuscripts as a work of merit.

From +X on, other manuscripts trickled in from the Byzantine Empire and the Caliphate. Some were Greek, some Arabic translations from Greek, and some original Arabic works. As Greek and Arabic were almost unknown in western Europe, these works had to be translated intoLatin, the international language of the time. The main center of thework of translation was Spain, and many of the translators were Jews.

At the beginning of +VIII, the Muslims conquered all of Iberia except a strip along the northern coast. Arab rule was in many ways more endurable than the Roman-Visigothic government whose place it took;but the Arabs, with their usual political fecklessness, quickly broke upinto a lot of quarreling petty states. In the North a similar group ofChristian states took form and began to win the Spanish peninsula backfrom the Muslims.

For most of two centuries, Iberia was a constellation of Muslim and Christian statelets, which fought incessantly. Not taking religion too seriously, a Christian and a Muslim lord often cheerfully formed an alliance to fight other Christian or Muslim lords.

Despite all this jovial murder and mayhem, Muslim Spain was at this time the most civilized part of western Europe. In this lively and liberalChristian-Muslim Spanish world, most of the translation of Greek andArabic works into Latin took place.

At the end of +XII, however, a wave of Berbers from Morocco, newly converted to Islam and filled with the fanaticism of ignorance, overranthe peninsula. Combining the political anarchism of the Arabs with abrutish hatred of thought and knowledge that was all their own, theBerbers soon ended the Golden Age of Muslim Spain, without beingable to stop the advance of the Christian states.

Their fanaticism aroused a counter-fanaticism among the Christians. The Church became ever more powerful in Christian Iberia. It imposedsuch effective thought control that, even while Spain was rising to be theleading power of Europe (+XVI), it was also becoming the intellectualcipher that it has been ever since.

The terms “Middle Age” and “medieval” are not hard and fast in meaning. The age called by these names can be extended from the fallof the West Roman Empire around +500 to the beginning of the Ageof Exploration around 1500. Some historians, however, prefer to consider the age a shorter period. Moderns invented these terms to denotethe interval between classical times and their own.

Of course, medieval folk did not think of themselves as medieval, or as mere intermedia between the ancients and the future. They thoughtof themselves as modern, advanced, and enlightened people. The name“Age of Faith” better describes the medieval period, because during thismillennium the conflicts between the major monotheistic religions, Christianity and Islam, and between the sects and schisms within these faiths,were a major fact of life.

The twelfth and thirteenth centuries are sometimes called the High Middle Ages, especially by people who idealize this stage of man’s history. During these centuries, the things that we think of as particularlymedieval reached their peak. This was the great age of knighthood, of castles and cathedrals, of the Crusades, of feudalism, of troubadourism,and of scholastic philosophy.

The High Middle Ages were a time of grim asceticism and riotous self-indulgence. Costume was wildly colorful, thanks for advances inthe loom and in dyeing. The buttonhole, invented in +XIV, revolutionized dress as buttons replaced pins and laces. Gems glittered withnew brilliance as a result of the recent discovery of faceting. Therewere frenzied outbreaks of religious hysteria, fanaticism, and cruelty,resulting in such monstrous mischiefs as the Children’s Crusade andthe massacres of heretics and Jews. Superstitious supernaturalism,typified by the twelve Holy Foreskins venerated as relics in variouschurches, ran wild. Literacy was still so scarce that in 1215, King Johnof England did not sign the Magna Carta, because he could not write.He affixed his seal instead.

For us, the High Middle Ages were the time when engineering regained most of the ground lost after the fall of Rome. In some ways, technology advanced well beyond its classical prototypes.

During this time, also, scholars thought and speculated about the behavior of matter. They pondered the nature of motion, force, and gravity. Later on, their reasonings became important to engineering when, in the early modern period, science and engineering came to dependon each other.

The work of the scholars did not, however, much affect the engineering practice of their own time. At that early date, engineers were anonymous craftsmen who worked by rule of thumb, using the skills handed down to them during their apprenticeship. They had little to do withscholars and scientific principles.

Medieval scholars included some very intelligent men and acute reasoners. They made some progress in straightening out physical concepts, although they worked under handicaps. For one thing, like the ancientGreeks, they made little use of experiment.

Furthermore, most medieval thinkers took Aristotle’s doctrines in physics as basic truths. As these doctrines were nearly all wrong, themedieval scholars’ advances in physics consisted for a long time of finding the errors in Aristotle and laboriously convincing their colleaguesthat “the master of those that know,” as they called him, could makemistakes.

Finally, the scholars had difficulty in handling such concepts as force, mass, weight, distance, velocity, and acceleration because no hard-and-fast, clear-cut, agreed-upon use of words had yet been worked out.Hence, when a medieval scholar wrote of “quantity of motion,” it is hard to tell whether he meant the distance an object moves, or its speed, or some combination of these.

A leading scientific scholar of the High Middle Ages was the English monk Roger Bacon (1214-92). Having studied at Oxford, Bacon spentmost of his adult life as a lecturer at the University of Paris.

Although his voluminous writings summarized much of the scientific beliefs of his period and added something to human knowledge, Baconhas been overrated in modern times. For most of the last fifteen yearsof his life he was imprisoned by his fellow Franciscans for uttering“novelties,” the nature of which is not known. Therefore, many havesupposed that Bacon was a scientific martyr persecuted by the Church.

From the scanty records, however, it appears that Bacon was religiously more orthodox than those who condemned him. He may have gotten into trouble for any of several possible reasons: because he violated a Franciscan rule against writing books; because he was a quarrelsome man who berated his colleagues as ignorant asses; because hisfriend Pope Clement IV, on whose protection he counted, died; andlastly because he got involved in a power struggle within the Franciscanorder.

Nevertheless, Bacon’s works contain many interesting features. He wrote much of value on optics, although most of his ideas on this subject were taken from the Muslim scientist ibn-al-Haytham. He wrotethe first known European account of gunpowder (at least, the first ofwhose date we can be fairly sure) and foresaw its use in warfare. Hepreached the importance of experiment when most clerical scholarsavoided it as dangerously close to black magic.

On the other hand, much of his work we should call superstitious. He attributes the victories of the Mongols, then sweeping Asia fromHonan to Hungary, to the Mongols’ having better astrologers than theirfoes. And, because his writings did not begin to be published until+XVIII, half a millennium after Bacon’s time, they had little influenceon the development of science and technology.

In a famous passage, Bacon predicts the results of applying experimental science to the useful arts:

Vessels can be made which row without men, so that they can sail onward like the greatest river or sea-going craft, steered by a single man; and theirspeed is greater than if they were filled with oarsmen. Likewise carriages canbe built which are drawn by no animal but travel with incredible power, aswe hear of the chariots armed with scythes of the ancients. Flying machinescan be constructed, so that a man, sitting in the middle of the machine, guidesit by a skillful mechanism and traverses the air like a bird in flight. Moreover,instruments can be made which, though themselves small, suffice to raise orto press down the heaviest weight. . . Similar instruments can be constructed,such as Alexander the Great ordered, for walking on the water or for diving.2

Furthermore, Bacon’s studies in optics convinced him that:

If a man looks at letters or other small objects through the medium of a crystal or of glass or of some other transparent body placed above the letters,and it is the smaller part of a sphere whose convexity is toward the eye, . . .he will see the letters much better and they will appear larger to him . . .Therefore this instrument is useful to the aged and those with weak eyes. Forthey can see a letter, no matter how small, sufficiently enlarged . . . Thewonders of refracted vision are still greater; for it is easily shown by the rulesstated that very large objects can be made to appear very small, and thereverse, and very distant objects will seem very close at hand, and conversely. . . Thus from an incredible distance we might read the smallest lettersand number of grains of dust and sand ... So also we might cause the sun,moon, and stars in appearance to descend here below . . .3

Now, Bacon never built a telescope or an airplane. Neither did he leave instructions that would enable others to build them. Thereforethese statements by Bacon are imaginative speculations, not actual advances in science and engineering.

Nevertheless, Bacon’s speculations have their place in the story of the growth of knowledge. An invention must be imagined before it canbe built, even though he who imagines it may not be he who reduces itto practice. From Bacon’s time on, more and more of such conceitsfound their way into writing. When these inventions had been imaginedoften enough, people became sufficiently used to the ideas so that someactually began tinkering. Thus, little by little, Bacon’s imaginary devicesbecame realities.

Bacon was but one of many medieval scholars who busied themselves with physical problems. His contemporary Jordanus de Nemore advanced the science of statics, the analysis of the forces in a solid structurebearing a load. He then attacked the problem of resolving a force intoits components.

In the next century (+XIV) a group of English scholars at Merton College, Oxford University, straightened out some of the confusion interms concerning motion, velocity, and acceleration. At the same timethe French scholar Jean Buridan explained the behavior of movingbodies by a theory of “impetus” not far from the modern theory ofinertia.

Others, too, speculated and invented. An English monk, Eilmer of Malmsbury (+XI) built a flying machine—a sort of glider attached tohis arms and legs—and leaped from a height. He crashed and brokeboth legs but, though lame ever after, lived to old age. Perhaps he hadheard of a previous attempt at flight by a physician, glass maker, musician, poet, and inventor of Muslim Cordoba, ibn-Fimas (+IX), whoalso crashed, injuring his back.

Not much record remains of the thinking of the practical engineers of the Middle Ages—the cathedral builders, the catapult makers, andthe millwrights. One of the few such records is the notebook of thecraftsman Villard de Honnecourt, about 1230. It consists of thirty-threesheets of parchment covered with sketches and descriptions. Some ofthe sketches are too rough to give a clear idea of what Villard is drivingat; in other cases his designs would not have worked. Still, we can seehis ideas taking shape amid the general ferment of the time. Besidesmethods of cutting voussoirs for arches and driving piles for bridges,Villard shows a catapult, a water-powered sawmill, some automata ofthe Alexandrian type, and a perpetual-motion machine.
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Fig. 21. Sketch for a water-powered sawmill, from the notebook of Villard de Honnecourt.



In connection with Chinese engineering, I have told you about the development of paper and the printing press. European printing, whichmatured in +XV, was preceded by another invention of equal moment.This was the eyeglass. Besides the other revolutionary changes that tookplace at the end of the Middle Ages, paper, printing, and eyeglassestogether caused a revolution in reading.

All we know about the origin of eyeglasses is that in 1306, Friar Giordano of Pisa said in a sermon:

It is not twenty years since there was found the art of making eyeglasses which make for good vision, one of the best arts and most necessary that theworld has. So short a time it is since there was invented a new art that neverexisted. I have seen the man who first invented and created it, and I havetalked to him.4

Evidently, eyeglasses were invented shortly after 1286. Perhaps the inventor—Friar Giordano unfortunately did not name him—was inspiredby the optical writings of Roger Bacon, who died at about that time.

All the first spectacles had convex lenses to correct farsightedness. Most people, if not farsighted to begin with, become so with age as thelenses of their eyes lose their power of adjustment for short-range vision.Eyeglasses to correct for nearsightedness and astigmatism were not madeuntil several centuries later.

Even so, the crude spectacles of +XIV and +XV extended the reading ability of many people who would otherwise have been cut off from this source of knowledge and pleasure in their forties. In earlier timesmost literate men, no matter how scintillating their intellects, were debarred from reading in their later years. They had either to be read to orto give up literature. Now men could go right on reading.

When the printing press was perfected in +XV, books became much cheaper and commoner than before, as had happened earlier when paperreplaced papyrus and parchment. Between printing and eyeglasses, theamount of time spent in reading by a whole population was probablyincreased several fold. This fact by itself would almost account for thespeed-up of intellectual and scientific progress during the last few centuries.

Of course, even after literacy had again become common in Europe, there were doubtless millions who, in spite of having learned their lettersas children, read practically nothing as adults. Such behavior is not unknown among high school and college graduates of today.

Moreover, the reading revolution was not yet complete. Reading at night by candlelight was still an eyestraining task, which few cared topursue. It took the invention in 1784 by Argand, a Swiss, of a reallybright oil lamp to make nocturnal reading pleasant. Finally, it tooknineteenth-century universal education and public libraries to bringabout the modern state of affairs, when anybody can read about virtuallyanything that interests him.

Because most of the engineering of the High Middle Ages was done by unknown masons and other nameless craftsmen, we cannot say muchabout the medieval engineers themselves. But we can talk about theirengineering. Let us see how the technology of the time developed, art byart.

Germany, with abundant supplies of coal and iron and its silver, copper, lead, and tin, led the revival of mining and metallurgy. Themining of coal developed in the Middle Ages, although coal had longbeen dug up and burned where it could be grubbed from the earth’ssurface. Even Theophrastos, Aristotle’s successor, knew of coal as a fuel.

In ancient and medieval times, coal was used only for industrial purposes such as burning lime. It was not used for house heating because houses did not yet have chimneys. If anyone tried to heat a chimneylesshouse with coal, the suffocating smoke soon drove the dwellers forth.

After the fall of the West Roman Empire, there is no record for several centuries of the use of coal in Europe. Then medieval miners began digging up coal, not only from surface beds but also from shafts run intothe ground as they did for other minerals. The use of coal greatly increased men’s power over materials because coal furnished much moreheat energy than other available fuels in proportion to its bulk andweight. This use waxed so swiftly that in 1307 the lime burners of London were forbidden to fire their kilns with coal, because the smoke badefair to smother the city.

Rapid deepening of the shafts of coal mines aggravated the problem of drainage. In damp northern Europe, the shafts soon went below thewater table, so that they filled up with ground water. By the end of theMiddle Ages they had gone so deep that in some mines hundreds of menwere kept at work passing buckets up ladders to keep the mine bailedout. This state of affairs led to the invention of horse- and water-poweredmechanical pumps.

The smelting and refining of iron also advanced by great strides. Furnaces became larger, more permanent, and more carefully engineered. Early medieval smelters used the Corsican furnace, a semicircularfunnel-shaped pit built against a stone wall. Then came the taller andmore inclosed Catalan forge. Finally the completely inclosed AustrianStiickojen of +XV reached a height of 14 feet. The upper part evolvedinto a true chimney, which made possible a stronger air blast and highertemperatures.

At the same time other improvements appeared. One was the use of coal, at least in the early stages of smelting. The Chinese may have anticipated Europe in this use of coal. Coal could not be employed in thefinal stages of refining iron because the sulfur and phosphorus in thecoal would damage the iron. Men had not yet learned how to turn coalinto coke by roasting it, thus driving off the impurities and leaving almost pure carbon behind.

Another advance was the increasing use of water power. Water wheels worked stamping mills, in which ore was broken into small pieces inmortars. It worked bellows, providing a stronger air blast and highertemperatures than could be obtained with muscle-powered bellows. Finally, it lifted trip hammers to pound the finished iron into shape.

The higher temperatures attained in late medieval furnaces made it possible to melt iron, dissolve carbon in it, and cast it. The hotter molteniron is, the faster carbon dissolves into it. The higher carbon content,which makes iron hard and brittle, also lowers its melting point andmakes it flow freely.

Ancient smiths had produced cast iron, which they considered spoiled and worthless, only occasionally, by accident. But in late medieval timesit was found that, as the Chinese had already learned, cast iron was veryuseful for some purposes, such as stoves and cannon. Late medievalfounders could turn out either wrought or cast iron at will, in masses ofhundreds of pounds per charge. The wrought-iron bloom of the classicalsmith seldom weighed over 50 pounds.

Although the medieval ironmongers could now readily convert wrought iron to cast iron, the latter comprised only a small fraction ofall the iron produced. As late as 1750, cast iron still amounted to but 5per cent of all the iron made.

However, the larger quantities of iron produced in medieval furnaces and the new flexibility of methods of smelting and refining meant thatiron became much commoner and cheaper than it ever had been. Littleby little, iron began to be used in common tools and machines that hadup to then been made entirely of wood.

In addition to the water-powered hammer, the Middle Ages saw the birth of other devices for molding metal: the rolling mill and the drawplate. The draw plate is an iron plate with holes in it for drawing wire.The wire is thinned by pulling it through a hole smaller than itself. Thewire drawer of +XIV sat on a swing, which was pulled back and forthby a water wheel and crank. On each back swing, the craftsman seizedthe wire with tongs and drew it back with him, pulling it through thehole. Before the draw plate, all wire had to be beaten out with a hammer.

The early rolling mills were not used for rolling iron, because iron was too tough for them. Instead, they rolled out the H-shaped bars oflead that held in place all the many little pieces of stained glass in churchwindows. These inventions affected the production, not merely of iron,but also of all the common metals.

Novel chemical products appeared during the Middle Ages, opening up new possibilities for the manipulation of matter. Gunpowder I havealready told you about. Alcohol, judging by its name, was probably anArab discovery; but the first actual description of it comes from theItalian medical school at Salerno about 1100. Its first use was as a basefor perfumes and cosmetics. In +XIII appeared the three strong acids:sulfuric, nitric, and hydrochloric; the first of these may have been discovered by the Arab alchemist, Jabir ibn-Hayyan, as early as +VIII.Before this time, chemists had had no acids stronger than vinegar towork with.

In few respects was medieval Europe more backward, compared to the Roman Empire, than in the planning, building, and keeping up ofcities. Down almost to modern times, most European cities were as innocent of sewer systems as some large Asiatic cities are today.

Most medieval European cities grew out of villages, which were sometimes built on the sites of ruined Roman cities. These towns displayed the typical village layout: a tangle of crooked alleys.

In the later Middle Ages and the Renaissance, these cities were faced with a difficulty much like that of modern cities confronted by the automobile age, for which they were never planned. The streets of medievalcities were adequate for pedestrians, with an occasional man on horseor muleback. But, when carts, wagons, and carriages increased, the oldirregular layout proved inadequate.

So, from 1300 on, kings and councils issued a blizzard of decrees about parking, speeding, and making U-turns. In 1540, Francois I ofFrance ordained:

And, under the same penalties, We forbid wagoners and drivers, whether of carts, drays, wagons, or other vehicles, to turn in the streets, but they areto turn at the intersections and corners of said streets to avoid the inconveniences that might arise, such as wounding children or other persons and interfering with other passers-by along the road.5

As today, these regulations failed to cure all the ills they were meant to remedy.

In +XIII, a number of new towns were laid out by English, French, and German rulers. Examples are Monpazier, Carcassonne, Winchelsea,and Neubrandenburg. All were built on the gridiron plan. Usually themarketplace occupied one whole central block, with colonnades around itand the church adjacent. Town planning and urban renewal becameactive in the Renaissance, notably in the rebuilding of shabby old Romeby the popes.

A fine opportunity for city planning was offered after the great fire of London in 1666. The ashes had not cooled when John Evelyn, thediarist and civil servant, and Christopher Wren the architect rushedaround to show Charles II their plans for rebuilding the burned area.They arrived almost at the same time and discovered that their planshad many features in common. Either plan would have been of thegreatest advantage to London.

The king passed the plans on to Parliament, which debated them. But it would have taken a lot of effort and money to settle all the claimsof the property owners in the district. Moreover, the burnt-out shopkeepers screamed that they would starve unless allowed to reopen forbusiness at once at the same old place in any old shack. While Parliamentdithered, the burned area was rebuilt on the old plan (except for somestreet widening and a new law against wooden houses) and the EastEnd of London has remained a medieval tangle of alleys ever since.

Paving was long unknown in medieval cities. The stroller was blinded by clouds of dust in dry weather and sank to his ankles in muck duringwet spells. It was said of anything particularly gluesome that “Il tientcomme le boue de Paris”—“It sticks like the mud of Paris.”6

In 1184, King Louis Philippe, tiring of the dust and mud, ordered Paris paved. The result, if not so finished a job as the paving of ancientMemphis and Babylon, was a step in the right direction. The paving wasdone with stones about 7 inches thick and of irregular shape, 20 to 52inches long. If these stones did not help the drainage problem, they atleast kept vehicles from sinking up to the hubs.

For several centuries thereafter, rulers and officials tried to clean up, pave, and modernize the streets of European cities. Their efforts werenot very successful. Medieval Europe had fallen so far behind Romanstandards of municipal service that it did not surpass the Romans inthis regard until the last two centuries. Rome of +100 was better offfor street maintenance, sewers, police, and fire protection than Londonor Paris of 1700.

One difficulty was caused by rulers themselves. Instead of collectingtaxes—especially from the untaxed Church and nobility—and spendingthe money on improvements, they passed laws requiring every citizen topave the street before his house, to keep it clean, to refrain from encroaching on the public right of way, and to refrain from throwing hisgarbage and sewage into the street. Dumps were provided outside thetown for these purposes. Medieval Nantes even had a law forbiddingpeople to throw dead cats into the water supply.

Most citizens, however, preferred to spend their time and money otherwise than in keeping up their cities, and the nobility simply ignored the rules. After a ruler had issued some resounding decree, there might besporadic improvement. But soon the law would be quietly forgotten, andthe city would become as foul as ever. As if the streets were not narrowenough to begin with, citizens narrowed them still further by extendingtheir own structures out into the right of way.

Attempts to make citizens pave the streets before their houses proved ineffectual. When hauled before the courts, the householders wailed thatthey had no money to pay the pavers, and that anyway that stretch ofstreet had never been paved. When paving was laid, it was highly irregular, since each property owner had it done as he saw fit.

Moreover, guilds of pavers grew up as certain stonemasons specialized in this trade. These men dug up good paving to compel the householdersto hire them to replace it. This racket continued even after such destruction of pavement had been made a capital crime.

Most of us are familiar with the general appearance of medieval European private houses. Wood and plaster half-timbered constructionwas typical, and the second story often extended forward over the streetbelow. The roofs were high-peaked and covered with thatch or shingleor tile. Domestic chimneys, adapted from those already used in bakeovens and smelting furnaces, appeared in +XIII.

The High Middle Ages, however, saw advances in structural forms. One advance was a greater variety of arches. In addition to the semicircular arch of the Romans, medieval builders learned from Islam theuse of the pointed arch. The pointed arch had the advantage of exertingon its piers a thrust that was more nearly straight down; and, since therewas less outward thrust of the lower ends of the arch, there was lesstendency to push the piers apart. Therefore, with the pointed arch, thesupporting piers or walls did not have to be so massive or so heavilybuttressed.

Still another advance was the truss. We have seen the first steps toward the truss in Trajan’s Danube bridge. In the Middle Ages, trusses of timber were used to hold up roofs. However, as nobody could analyze the forces in a truss, medieval roof trusses were often cluttered withextra members that added nothing to their strength. Really efficienttrusses, in which every member counted, were developed by the Renaissance architect Palladio (+XVI).

Besides these changes in structure, the methods of designing buildings also changed. The profession of architect reappeared. In the Dark Ages,buildings were planned by master masons or by monks with a taste fordesign. In the High Middle Ages, professional architects once moreevolved from these masons.

Not much is known about these men beyond the bare fact that they existed. We know of Villard de Honnecourt solely because we havehis notebook. But these nameless architects were competent men who, ifinnocent of higher mathematics, nevertheless had a good practicalknowledge of weights, strengths, and forces.

Their most signal accomplishment was the development of the Gothic cathedral. While in Italy the Romanesque church with its thick walls andround-topped doors and windows continued to be built right down to theRenaissance, a very different style of church appeared in northern Francein the latter half of +XII. Although the Italians called it “Gothic,”meaning “barbarous,” it spread over most of Europe.

The most obvious features of the Gothic church were its pointed arches and its large windows, adapted to the dim light of the gray northern skies. The large windows were achieved by a basic change in structure. The weight of the roof was carried, not by a whole wall as inearlier structures, but by piers, which were incorporated in the outerwall. These piers functioned somewhat like the colonnades that hadheld up the roofs of Greek temples.

The space between the piers was filled at first by thin walls and later by large stained-glass windows. The fully developed Gothic cathedralanticipated the modern skyscraper with its steel skeleton holding upseparate panels of wall. The skeleton does the work while the wall merelykeeps out the weather.

In addition, parts of the inner structure were often held up by rows of pillars. But these columns differed from those of antiquity. The capital, which had become the impost block of Byzantine times, dwindledaway altogether, so that the ribs of the vaulting sprang directly from thetop of the column like branches from the trunk of a tree. The columnitself became a pier built up of small stones with a ribbed pattern resembling a cluster of small columns, not unlike the ribbed columns ofKing Joser’s Egypt.

Vaulting was developed to a new pitch. Medieval architects learned to roof their churches with vaults of stone and tile, because wooden roofswere always catching fire from sparks or lightning. As the people hadno means of getting water up to such a height, such a fire always destroyed the whole church.

Vaults were made with a pointed peak like that of a Gothic arch. As in the walls, stresses were concentrated along stone ribs that soared upfrom one pier to the zenith of the ceiling, often over 100 feet from thefloor, and down on the other side. At least, that was the effect, althoughthe architects probably had no such clear engineering concepts in mind.

These heavy roofs naturally posed the problem of outward-spreading thrust. Pointed arches took care of some of the horizontal thrust. Tocope with the rest, medieval architects developed the flying buttress.This was a structure of stone, like a small section of an arch, leaningagainst the piers from outside the building, propping the wall and counterbalancing the thrust of the roof vault.

Another characteristic of the Gothic church was its ornateness. Sections of the stained-glass windows were divided up not only by partitions of iron and lead but also by delicate curlicues of stone, called “tracery.” The European architect, like the Indian temple builder,liked to fill up with statuary every available space on his building. Theroof was embellished with scores of spiky spires, often surmounted bystatues. Although some stone saints and angels were works of high art,a good deal of medieval sculpture was fairly crude; but quantity made upfor quality.

Lacking scientific principles, medieval architects developed their methods by guess and by trial. Some of their churches fell down on theheads of the faithful, and some surviving churches contain mistaken,illogical features. The roof of Beauvais Cathedral, whose ceiling wasthe highest of any—154 feet—collapsed twice in +XIII and had to berebuilt with stronger supports. The spire, not built until +XVI, alsotoppled with a crash.

During the High Middle Ages, much of the economic surplus of Europe went into the building of cathedrals, as that of Egypt had oncegone into pyramids. Cities vied to build the biggest and most sumptuouschurches. Contributions of money and voluntary work brought intobeing an amazing array of towering Gothic fanes. Regional styles developed. For example, the French liked very tall towers, while theGermans preferred smaller towers but lofty side walls.

In fact, many cities undertook projects larger than they could carry out. Sometimes these churches took three or four centuries to complete,during which time the plans were several times changed. Some havenot been completed to this day; thus the original nave planned for Beauvais Cathedral has never been built.

As a result of these vicissitudes, many Gothic churches have bizarre asymmetries. For instance, one of the pair of towers at the west frontof Amiens Cathedral is a whole story taller than the other.

The rage for building giant Gothic cathedrals died out in +XV, although work continued fitfully on churches already begun. The Renaissance produced other building styles, with a strong flavor of classical Rome.

Still, from time to time, since the Middle Ages, architects have reverted to the Gothic form for churches. The original churches built in this style were such remarkable tours de force, they were so huge andsplendid and numerous, and their heaven-piercing spires made such adeep impression on the minds of men, that ever since then they havebecome in many European minds the very symbol of the Christianreligion.

After the Gothic cathedral, the most characteristic large building of the High Middle Ages was the castle. The castle or fortress-dwelling wasan ancient structure known to antiquity, and found from prehistoricSardinia to the Far East. But the loose feudal government of medievalEurope, under which any local lord might wage private war on anyother, encouraged castle building on an unprecedented scale. Thesecastles ranged from the little family dwelling towers of Scotland andGermany—one-family houses built like miniature castles—to huge fortresses like the citadel at Carcassonne, which was practically a fortifiedcity.

The landscape of Europe and the northern Mediterranean lands was dominated by these castles and their surrounding farms, carved out, asit were, from the primeval forests and worked by miserable serfs. Paths,rather than roads, wound past these castles and on toward the occasionalwalled town, which was prepared to hold its own against the warringsieurs.

When the Crusaders conquered the Byzantine Empire in 1204, they carved the Empire up into feudal domains and dotted the mountain topsof Hellas with castles, whose ruins still rise jaggedly hither and yonagainst the clear blue sky. One of the world’s largest and best preservedcastles, Kerak des Chevaliers, was built in Syria for the Knights Hospitallers of St. John of Jerusalem in the late +XII. It is curious that the bestexample of medieval European castle architecture should stand today ina Muslim land, while the finest medieval Muslim palace, the Alhambraat Granada, is in Christian Spain.

The art of pre-gunpowder fortification reached its peak in medieval Europe. Although most of the elements of the European castle—theround tower, the crenelated parapet, the moat, and the portcullis—were old, medieval castle-builders combined them with greater skill andcare than their predecessors.

In fact, medieval castles reached such a pitch of perfection that few, before the coming of cannon, were ever captured save by surprise ortreachery. As in the First World War, defense had a strong if temporaryadvantage over offense. Hence most wars took the form of indecisivesieges. The besieger tried to starve out the besieged. But, if the latterhad prudently prepared for the siege, the attacker might well have togive up first when his men’s short enlistments ran out and they trickledaway.

Along with the other arts and sciences, fortification had declined in Europe during the Dark Ages. But then it began to revive. At the timeof the Norman conquest of England (1066) the typical castle was nomore than a large house of stone or wood, surrounded by a woodenstockade, on a mound surrounded by a ditch.

However, some larger and stouter castles had also been built, with turrets and crenelated parapets on the old Roman model. When theCrusaders saw the vast walls of Constantinople, they brought back towestern Europe ideas for still more stubborn strongholds.

The medieval castle threupon developed two main features: a tall, thick, crenelated stone wall, the enceinte, surrounding the whole; and alarge thick-walled round tower, the keep or donjon, for a last stand. Thebiggest keep of all was that of Chateau Coucy, near Soissons, 100 feetin diameter, 180 feet high, and made of walls 18 feet thick. In theFirst World War, General Erich Ludendorff ordered it blown up, notfor any military reason but for the pleasure of destroying things.

The living quarters of early medieval castles, for the most part extremely crude and uncomfortable, were tucked away in odd corners of the structure. Provisions for warmth, cleanliness, and privacy were rudimentary.

The enceinte comprised the main defense. But, if it were overrun, the defenders retired into the keep. As the keep had only one small doorand was of such massive masonry that it could not be battered down,the defenders could hold out there as long as their provisions lasted. On the other hand, the attackers could just as easily prevent the defenders from coming out.
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Fig. 22. The castle of Coucy, near Soissons (restored), showing the keep-and-enceinte plan, fortified gatehouses, machicolation, and conical roofs on the turrets.



As a result of crusading experience, castle builders changed from the simple enceinte-and-keep plan to one of concentric walls. Such a structure was really two or three castles, one inside the other. As one line ofwalls was taken, the garrison retired to the next. Because the inner wallswere taller than the outer, missile troops on an inner wall could preventthe enemy from using an outer wall to attack an inner one.
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Fig. 23. Kerak des Chevaliers in Syria (restored), showing the concentric plan of castle building.



In the later Middle Ages, the keep was revived, but its purpose was now different. The soldiers of the castle owner were likely to be mercenaries instead of feudal retainers. The main purpose of the keep was nowto enable the lord to defend himself against his own men-at-arms incase they took it into their heads to cut his throat and share his wealth.

Castle architecture varied according to local conditions. Castles built in lowlands near running water were usually protected by moats. Themost remarkable of these waterborne castles is the Pfalzgrafenstein,which rises like some strange stone ship from a low island in the Rhine.

In the mountainous parts of Germany and Austria, on the other hand, castles were perched on the most inaccessible crags. Such castles wereso difficult for attackers to reach that the owners could afford the luxuryof windows in the outer walls. In northern lands, turrets were often surmounted by conical wooden roofs, like witches’ hats, to ward the warriors on the battlements against bad weather.

Entrance to a castle was planned to daunt the most determined attacker. If a moat surrounded the castle, the moat was crossed in peaceful times by a drawbridge. The drawbridge is ancient; the Egyptian fortress at Buhen, in Nubia, had a drawbridge that moved on rollersabout —2000. In medieval times the drawbridge was raised by chainswound around drums, which were turned by a windlass and gearing.When the drawbridge was raised, the assailants could not cross the moatunless they could drain it or fill it with earth or brushwood. To try totunnel under it would be to drown the sappers.

If the besieger succeeded in crossing the moat—or climbing the crag, if the castle were perched on a mountain top—he next faced the portcullis. This was a heavy iron gate, lowered from a slot over the entrancewayto bar further passage. The portcullis goes back to —IV, when Aineiasthe Tactician wrote:

And if a large number of the enemy come in after these fugitives and you wish to stop them, you should have ready above the center of the gate aportcullis of the stoutest possible timbers overlaid with iron.7

In Aineias’ time, iron was still too costly to make a whole portcullis of it, so he advised iron-sheathed wood. Medieval portcullises, however,were of solid iron.

Besides the drawbridge and portcullis, entrance to a castle might also be strengthened by strong outer gate towers that constituted a smallfortress in themselves. Mastiffs or bears might be chained at the outergate to discourage unwanted visitors.

If an attacker overcame the defenses at the outer gate, he often found that he had to follow a spiral path around the castle to the main gate.The spiral went clockwise so that the attackers’ shields, on their leftarms, were on the side away from the inner wall and so did the assailants no good.

The cannon, invented in China or Germany, put an end to the castle-building art, or at least transformed it beyond recognition. Duringits first century, the cannon was so feeble that it had little effect onfortifications. The chronicler of the city of Ulm briefly noted in his entryfor 1380: “A knight came and besieged the town and shot at it withthunder guns. It did no harm.” A little siege now and then was the sortof thing you had to expect in those days.

However, the gun improved along with all the other devices of the time. By 1414, cannon were formidable enough so that the Elector ofBrandenburg and Prussia was able in two days to demolish the castleof a rebellious noble. Soon castle walls were seen to be of no more availagainst heavy artillery than magical spells. Lords converted their castlesto more or less comfortable mansions and palaces. After the Turkishsultan, Muhammad II, took Constantinople in 1453 with his mightyartillery, it looked as though no stronghold could withstand the newweapon.

After the Turks conquered the Balkan peninsula and Hungary, they besieged Vienna in 1529. Vienna was then under the rule of EmperorCharles V, who reigned over a patchwork empire that included nearlyall of western Europe save France and the British Isles. The wall ofVienna was a crumbling little thing only six feet thick, and there was notime to build a proper wall. So Count Salm, the Emperor’s general,made the Viennese build thick earthen embankments instead.

Although the Turks outnumbered the defenders by ten to one and were deemed the world’s bravest and best-disciplined soldiers, the defenders nevertheless beat off their fiercest attacks, while the sultan’scannon balls buried themselves harmlessly in the embankments. Aftera month of trying, the Turks gave up and marched back home.

The lesson of Vienna was soon learned. Engineers, notably Michele Sanmichele, invented a fortress of a new kind, with a polygonal or starshaped plan, a low ground-hugging profile, and huge earthen ditchesand embankments.

Machinery also advanced in medieval Europe. Europeans used catapults and crossbows much like those of classical times, save that forthrowing heavy stones the counterweighted trebuchet took the place ofthe classical onager and the two-armed stone thrower.

In the late Middle Ages, for sieges and shipboard fighting, Europeans developed a heavy crossbow as powerful as the much larger dart throwers of classical times. This weapon had a steel bow. Much too stiffto be bent by hand, it was cocked by clamping a windlass with a rackand pinion gear over its butt and cranking the windlass to draw back thestring.

Use of these powerful crossbows in open warfare, however, did not prove successful because of their slow rate of fire. For example, the English longbowmen routed the Genoese crossbowmen at Crecy (1346).Although the Genoese weapons were probably more powerful and accurate, the English archers shot so fast that they pincushioned the Genoese before the latter could make much impression, and a volley fromthree small English cannon completed the rout of the mercenaries.

Among the other machines of medieval Europe, we have seen how clocks evolved from the water clocks and geared astronomical computers of antiquity, with the addition of the escapement from China.Other mechanical advances were the combination of the crank and thefoot treadle, applied to turning the lathe and the grindstone.

The advance of machinery was hindered by the guilds. The main purpose of the guilds was to make life easy for the master craftsmenwho dominated them. The guilds kept out competition, restricted entryinto the guild, and opposed innovations that might upset their business.They enjoyed political power through their representation on the councils of self-governing cities and thus were able to legislate against innovations.

An example of guild activity is the case of Hans Spaichl, a coppersmith of Nuremberg. In 1561, Hans invented an improved lathe slide rest. Hearing of this, the agitated Council showered Hans with commands: he should make no more such lathes until a committee hadexamined his first one and reported whether it might harm the city; heshould not sell lathes to anybody outside his own craft; he should notleave town without permission. The Council offered Hans 100 florinsif he would agree to let them destroy his lathe, which had cost him 300florins to build, and promise to make no more like it.

After the case had dragged on for years, Hans built another lathe and sold it to a goldsmith, but the Council seized and destroyed it. When,some years later, another coppersmith built and sold one of the improved lathes, the Council decreed that “he shall be imprisoned in abarred dungeon for eight days to teach him not to do it again.”9

Despite such handicaps, the design of machinery forged ahead. The most notable advances occurred in the millwright’s art. From the medieval millwright, the mechanical engineer of later times evolved.

Medieval Europe inherited three types of water wheel from the classical world: the undershot, the overshot, and the horizontal. These continued in use with small improvements; see for instance the reversible overshot wheel depicted in Agricola’s mining treatise (Pl. XXI). Bymoving the spout at the top, one could direct the flow of water intoeither of two sets of buckets around the rim of this wheel. One set ofbuckets turned the wheel one way and the other set the other way.

A sore point in the conflict between the medieval social classes was the feudal lords’ assertion of a monopoly on grinding grain within theirdemesnes. All yeomen, tenants, and serfs were supposed to bring theirgrain to their lords’ mills to have it ground at a price set by the lord.They were not even supposed to grind their own grain with querns intheir own houses. The peasants paid no more heed to these rules thanthey were compelled to; hence much of the flour milled in medievalEurope was bootleg flour ground in illegal private mills.

In 1274, for example, St. Albans Abbey at Cirencester, England, asserted a feudal monopoly of the milling in Cirencester and demanded that the townsfolk surrender their querns. Fifty years later, the townspeople attacked the Abbey with arms and extorted from the Abbot theright to own their own querns. A few years later, the Abbot swoopedon the town with his bully boys, searched the houses, and broke all thequerns he found save a few that he carried off to pave the parlor floorof the abbey. Quarrels over milling rights dragged on for centuries, andsome of these medieval monopolies were not finally done away withuntil +XIX.

The biggest medieval stride in the use of water power was not so much in the wheels themselves as in the uses to which they were put.In ancient times, water power was used only for milling grain and raising water, save for Ausonius’ solitary mention of a water-powered sawmill.

The next mention of a water-powered sawmill comes eight centuries later. It is a sketch in Villard de Honnecourt’s notebook (+XIII). Thesaw is hung by one end from a sapling braced at an angle and attachedto the ground by a wooden linkage at its lower end. Four spokes on themill-wheel axle push down the linkage as the wheel turns, and the springof the sapling pulls the saw up again each time. This looks like a crudepreliminary design that would not work in practice.

All we can say for certain about the origin of the water-powered sawmill is that it may have existed in some form from the time of Ausonius to that of Villard, but we know nothing of how these mills worked.In the century after Villard, however, allusions to water-powered sawmills become common in France and Germany. Nevertheless, as lateas -FXVII and +XVIII, when some enterprising Englishmen tried toset up such mills in England, the mills were wrecked by mobs of handsawyers, who feared that their bulging muscles would become obsolete.

During the Middle Ages, water power was also applied to the bellows of smelting furnaces, to trip hammers for crushing ore in smelteries andbark in tanneries, to fulling mills, and to grinding and polishing armorand other metal wares.

Horses and mules also powered these machines by an apparatus called a horse whim. The animals were hitched to the ends of booms 10 to 15feet long, or to the rim of a wheel of 10- to 15-foot radius. They couldnow work much more efficiently than in ancient times. For one thing,with the horse collar they could pull four times as hard. For another,they were allowed to walk around a big enough circle so that they couldmake full use of their strength.

The biggest novelty in European power machinery, however, was the windmill. The origin of the European windmill is another mystery. In+I, Heron of Alexandria proposed to power a hydraulic organ by meansof a little windmill or pinwheel. Nine centuries later, the Iranians ofSeistan built windmills to mill their grain.

Now, Heron’s pinwheel had a horizontal shaft, like windmills of the familiar European type; whereas the Persian windmill, as we have seen,had a vertical shaft like a revolving door. That was all very well inSeistan, where the wind blows for months from one direction. But itwould not be practical in Europe, where the wind blows every whichway. Therefore European windmills had to be pivoted, so that theycould turn to face the wind.

The earliest trustworthy accounts of windmills in Europe dated from +XII. These windmills are of a type called the post mill. On a pedestalis mounted a small room, roughly cubical, so that it can be turned inany direction by means of a long wooden boom. The room containsthe millstones, driven through gearing by a shaft that projects throughthe wall of the room and carries the sails. The sails may be of wood ora combination of wood and cloth.

The number of sails varied. There were usually four sails, but sometimes there were six or eight. They were usually adjustable for different wind velocities.

Along the northern shore of the Mediterranean, a type of mill still in use has ten cloth sails, like the jib sails of a ship. When the wind freshens, the miller takes in sail by stopping the mill, unhitching one of his sails, winding it around its boom to reduce its exposed area, and tying itfast again.

Whence came the European windmill? Is it an enlargement of Heron’s pinwheel? Was it invented in response to a rumor about the windmillsof Iran? Nobody knows, although the basic difference of principle between horizontal-shaft and vertical-shaft windmills argues for Heronand against Iran.

Post mills persisted through the High Middle Ages with gradual improvements, such as brakes and means of adjusting the clearance of the millstones. In +XV, however, windmills increased in size in response tothe demand for more power. At this time, for instance, the Dutch began to use windmills to drain the many lakes and marshes of theircountry.

As post mills were enlarged, they became unwieldy, since the whole mill had to turn. They were also likely to be wrecked in gales. So themillwrights developed a mill of another type, called the turret, tower,smock, or cap mill. In the turret mill, the main body of the mill is afixed, solid structure of wood, brick, or stone. On top of this tower isa revolving turret bearing the sails. The first mill of this kind may havebeen one built by Leonardo da Vinci at Cesena in 1502. The great Florentine dreamer designed such a mill, though it is not certain that it wasactually built. Half a century later, the Dutch were using turret millsfor drainage.

With this improvement, mills could be made much larger and more efficient. Millwrights soon were turning out turret windmills that developed as much power as three water wheels, or twenty-five horses, orthree hundred men.

There are various ways of turning the turret of a smock mill. In Greek mills of the jib-sail type, the turret is turned by hand. The miller levers itaround with a crowbar, which engages pegs on the top of the tower walland recesses in the turret.

The final refinement in windmill construction was the British invention (+XVIII) of the fantail or fly. This was a little windmill mounted on the rear of the turret, with its sails at right angles to those of the mainmill. By means of gearing, the fantail kept the mill facing the wind.This was one of the first self-regulating machines.

Renaissance engineers also designed a number of windmills with vertical shafts like those of Iran. They devised systems of guiding the wind by vanes and feathering the sails so that the mill should turn regardlessof the wind direction. But none of these designs came into general use.The fact is that the horizontal-shaft windmill is more efficient than theother kind, because the whole area of its sails is in use all the time,whereas in a vertical-shaft mill the sails transmit power only during halfof each revolution.

Medieval improvements in iron- and steel-making led to advances in armor. During the Dark Ages a man was considered armed if he had ashield on one arm and a sword, spear, or ax in his other hand. If hewere well off, he might also wear a simple helmet and a vest of hardenedleather. If he were really rich, he might have a shirt of chain or scalemail.

The Byzantines continued the late-Roman practice of armoring mounted men from head to foot. As conditions improved in westernEurope, so did the armorer’s trade. By the time of the Norman conquest of England, the horseman wore a whole chain-mail suit, with mailsleeves to the elbow and mail breeches to the knee. His helmet cameto a point on top and had a vertical bar called a nasal in front of hisface and perhaps a neck guard, either of plate or of mail, behind.

Thus armored, the first Crusaders set out for the Holy Land. During the next century, the suit of mail was extended over the whole body,including hands and feet. A mail hood covered all the head and neckexcept the face. Over the hood the knight might wear a barrel-shapedclosed helmet with narrow slits in front to see through.

Chain mail had many advantages. It was flexible, allowed free movement, and was easy to tailor to the wearer’s size. But it also had shortcomings. For one thing, the knight had to wear thick padded clothing under it, lest a heavy blow break his bones even though it did not piercehis mail. This padding got terribly hot in summer, especially in the Mediterranean lands. For another, to raise either arm meant dragging up themail on that whole side of the body. This extra effort helped to wearout the warrior.

The mailed knights of the High Middle Ages proved very effective against the Turks and Arabs of the Near East in the earlier Crusades,until the Saracens learned to deploy armored cavalry, too. But theseknights proved helpless against the lightly armored Mongol horsemen,who easily slaughtered whole armies of mailed knights in Poland andHungary (1241). The secret of Mongol success, however, lay not inparticular weapons or armor but in their formidable organization, discipline, and tactics, all of which were in short supply in medieval Europe.

Early in +XIV, just when the gun was appearing, armorers began adding plate to chain mail. At first they strapped a few iron plates onhere and there over the mail. By 1400, mounted men wore completesuits of plate armor over mail. Thereafter, chain mail dwindled in areauntil it only covered a few gaps in the plate, as under the armpits.

People often think of the knight in full plate armor as living in the High Middle Ages. In fact, however, knights wore only chain mailthrough +XII and +XIII. The complete suit of plate, topped off by acrested helm with a movable visor, belongs not to the High Middle Agesbut to the Renaissance, when feudalism was crumbling, knighthood hadbecome a mere picturesque affectation, and the gun was beginning todominate the battlefield. In fact, the ironclad Renaissance horseman, inaddition to all his other hardware, often carried one or two enormoushorse pistols in saddle holsters.

Armor for infantry evolved along similar lines, except that a footman, because of the weight, did not wear so complete a suit. While a 75-pound suit of armor might be no great burden to a strong mounted man,it was impractical on foot.

Thus at Agincourt (1415) the French, having experienced disasters with mounted charges against English longbowmen, decided to advance on foot. But a heavy rain had made the battlefield into a bog,into which the full-armored French knights sank to their calves andwere slaughtered. During the plate-armor period, more than one knightdied of heart failure without striking a blow, simply from the strain ofbearing his armor.

In its heyday, however, the full suit of plate armor was a marvelous thing. Its weight was so well distributed, and the joints were so craftilycontrived, that as long as his heart held out the wearer could get aroundalmost as actively as he could without armor. Its protection was socomplete that in the important battle of Zagonara (1423), when theMilanese beat the Florentines in a place that had been flooded by heavyrains, “no death occurred except those of Ludovico degli Obizi and twoof his people, who having fallen from their horses were drowned in themorass” by the weight of their armor. When in 1440 the Florentinesin their turn beat the Milanese at Anghiari, “only one man died, andhe, not from wounds inflicted by hostile weapons . . . but, having fallenfrom his horse, was trampled to death.”10 If men will make war onone another, that, it seems to me, is the right way to do it.

Such a suit was also very costly. It had to be fitted to the wearer, and tailoring sheet iron is not so easy as cutting and stitching cloth. During+XV and +XVI, when plate armor was at its height, the weapons offootmen—bills, halberds, guisarmes, and fauchards—resembled nothingso much as enormous can openers on poles.

While plate armor grew up at the same time as the gun, in the long run the latter prevailed. Early handguns were no more effective thanlongbows and crossbows. Any of these weapons could pierce armor atclose range with a square hit. But at a distance, or with a glancingblow, good armor shed all these missiles.

As guns improved in +XVI and -FXVII, armorers made armor thicker to keep out musket balls. Then the armor became so heavy that thewearer could hardly move. As a result, soldiers began giving up armor,piece by piece, starting with the lower legs. Three-quarter suits (downto the knees only) with visored helms were still worn in the EnglishCivil War (1642-46). But thereafter armor was quickly abandoned andhad almost disappeared by 1700, although a few units of heavy cavalrycontinued to wear cuirasses and helmets down through the Franco-Prussian War (1870-71).

A startling revival of fighting in armor almost occurred as lately as +XIX. Medieval Europe inherited from the Germanic tribes the barbarous custom of trial by battle, rationalized on the dubious groundsthat God would grant the victory to the right. In 1817, when everybodythought the custom had been safely embalmed in the history books, anEnglishman named Ashford accused another man, Thornton, of murdering Ashford’s sister. Thornton challenged Ashford to present himselfin the lists, armed de cap a pie, for the wager of battle with lance andsword. When Ashford failed to appear, armored or otherwise, Thorntonclaimed he had won his case. The lawyers found to their amazementthat indeed Thornton had, because Parliament had never gotten aroundto abolishing trial by battle—an oversight hastily corrected at the nextsession.

After the burning of Charlemagne’s wooden bridge over the Rhine, few bridges were built in Europe for several centuries. These few werewooden bridges, too. Some Roman bridges also survived the tooth oftime. Otherwise, those who wished to cross rivers went back to usingfords and ferries.

Stone bridges revived in +XII. The first bridgebuilders seem to have been the monks of certain monasteries. The story of the fratres pontifices, however, has become so overlaid with legend that it is hard to recover any solid facts about the bridgebuilding brothers.

The most celebrated bridge of this era was the bridge at Avignon, about which a well-known folksong was woven. It is supposed to havebeen built by a nebulous Saint Benezet, 1178-88. The original design isdoubtful, because the bridge was rebuilt in +XIV.

However, the Pont d’Avignon probably consisted of two bridges in tandem, meeting at an island in the river and forming a blunt angle.Each section consisted of eight spans, more or less, with some morespans across the island. The arches were probably of the semicirculartype, copied from those of the Roman aqueduct bridge called the Pontdu Gard, twenty-odd miles away. A chapel stood on one of the piers.

At the same time that the Pont d’Avignon was built, an English cleric, Peter Colechurch, collected funds from everybody from king to peasantto build a stone bridge at London. Old London Bridge (1176-1209)showed how backward England was at that time compared to France.It was a crude and crazy affair with nineteen arches, all of differentsizes, and a draw span. The arches were of the pointed Gothic type,though for bridges such an arch has no advantage over the semicirculararch.

The piers were erected on starlings or artificial islands. These were boat-shaped structures of piles and stone, all of different sizes and spacings and taking up more than two-thirds of the width of the river. Asthe Thames at London is a tidal estuary, a strong current runs backand forth. The bridge so choked this flow that at times the water on oneside of the bridge was several feet higher than on the other. The waterraced between the piers at dizzy speed, and only the most foolhardyboatmen “shot the bridge” at these times.

Further to complicate matters, people began erecting houses on the piers, straddling the roadway, until there were about a hundred suchstructures, many of three or four stories. Between the overloading of thebridge above and scouring by the river below, one part or another ofthe bridge was always crumbling. Hence the song: “London Bridge isfalling down, falling down. . . .” In the 1820s the picturesque monstrosity was finally demolished to make way for a new bridge.

Medieval bridges differed in some ways from Roman bridges. One difference was that the builders deliberately made their roadways narrowso that they should be easier to defend. The roadway of the Pont d’Avignon varied from 6½ to 16 feet. Many bridges were fortified. The fortification of Southwark Gate on Old London Bridge helped to break atleast two rebellions. The handsome Pont Valentre at Cahors, France,has three 130-foot fortified towers bestriding its roadway, one at eachend and one in the middle.

Moreover, medieval piers were provided with pointed cutwaters downstream as well as up. The Romans had furnished bridges with suchcutwaters on the upstream side only. As the engineer Alberti (+XV)correctly explained:

... the water is much more dangerous to the stern than to the head of the piers, which appears from this, that at the stern the water is in a more violentmotion than at the head, and forms eddies which turn up the ground at thebottom, while the head stands firm and safe, being guarded and defended bythe banks of sand thrown up before it by the channel.11

From +XIV on, bridgebuilders experimented with a variety of arches. One was the segmental arch, beginning with Taddeo Gaddi’s PonteVecchio or “Old Bridge” at Florence (1345). This arch is an arc of acircle less than a full semicircle. Although its outward thrust is greaterthan that of the semicircular arch, this did not much matter when thebridge was braced at each end against solid river banks. And the piers,being fewer in proportion to the size of the bridge, interfered less withthe flow of the river.

In the Renaissance, other curves were tried. Sometimes, as in the Pont Neuf at Toulouse (1540-1603), the arches were semi-ellipses. That is,they were the upper halves of ellipses lying on their sides. Once thestandard types of stone arched bridge had been established in the Renaissance, nearly all large bridges were built this way with little change downto the development of steel bridges in +XIX.

Although the magnificent Roman roads continued to carry a dwindling traffic for several centuries after the fall of the Western Empire, by the High Middle Ages they had largely disappeared. People had priedup their stones for local use, and the feudal system could not supportany such elaborate road system. At this time the road net of Europewas a mixture of Roman roads, with or without their original paving;roads, sometimes lightly paved, built under orders of kings and nobles;and supplementary tracks across the land, wide enough only for a singleman or beast.

In wet weather, unpaved roads became elongated quagmires.This was no great disadvantage so long as the traffic consisted entirely of menafoot or mounted. Women and old men of the ruling class, unsuitedto long mounted journeys, traveled in horse litters. A horse litter was asedan chair slung between two horses, one fore and the other aft.

During the High Middle Ages, wheeled traffic, which had almost vanished, increased. The roads of Europe then bore a brisk traffic notonly of pedestrians, mounted men, pack animals, and litters, but also ofwagons, carts, and handcarts.

Technical improvements added to the efficiency of four-wheeled wagons, which had never been very popular in ancient times. One advance was the discovery that horses could be hitched in tandem. This systemprobably came from China, where it appeared in +11. Thus the loadcould be increased without requiring a wider road to move on.

Another improvement was making the front wheels small and cutting away the body in front, underneath, so that, as the front axle turned onits pivot, either wheel could roll in under the body without striking it. Inthis way the wagon could make sharper turns than had been possible inancient times.

Throughout the High Middle Ages, a few persistent souls put tops on four-wheeled wagons and board seats inside for passengers. Lackingbrakes, these vehicles were kept from running away downhill by chainingone wheel fast so that it could not turn. Because of the cost, discomfort,and lack of suitable roads, these springless vehicles never became reallypopular. Most of them were state carriages in which royalty rode fromtime to time to awe their subjects.

In 1457 a clever but nameless mechanic of Kocs, Hungary, built a four-wheeled passenger wagon, nicely appointed and upholstered. Although it was not much of an improvement on the ancient Persianharmanaxa or the Roman rheda, it was ahead of anything seen in Europe for many centuries. It probably had the body hung by leather strapsfrom posts that rose from the comers of the bed frame. This primitivespringing system substituted a sloshing motion for the hard jouncingof the earlier, springless carriages.

The new vehicle spread. In early +XVI, scores of them rattled the roads of Italy, when there were only three in Paris and one in England.“Coach” is simply a phonetic spelling of Kocs. Although the development of the new art of coachmaking was hindered by a struggle betweenthe wheelwrights’ and saddlers’ guilds as to which should have the rightto make these vehicles, by 1534 Ferrara had a busy firm that did nothing but make coaches.

With straps for springs and leather curtains for windows, these carriages were hardly up to Detroit’s standards of comfort. In late +XVII, however, coach design leaped ahead. Brakes, glass windows, and steelsprings appeared. In the following century came such luxurious accessories as built-in lanterns and a sword-and-pistol case for coping withhighwaymen.

In +XVIII, omnibuses carrying as many as sixty passengers began to rattle across Europe on regular schedules. For the first time in history, a traveler on land could go whither he wished by simply paying hisfare and taking his seat, without having to organize his own safari.

Another revival of ancient usages was the postal system. Beginning in later +XIII, European universities, led by the University of Paris, organized their own letter-carrying systems. In +XV, French and Germanrulers set up systems of couriers to carry official mail, like the imperialriders of Darius and Hadrian. The kings, seeing that the universitypostal systems were not only popular but even profitable, first regulatedthem and then took them over, merging them with their own governmental systems. They also wanted to be able to censor everybody’s letters. By the end of +XVI, public postal systems not unlike those of ourtimes existed, although the cost of sending a letter was still high.

All this increase in traffic, especially wheeled traffic, brought an increasing demand for better roads. For some centuries, kings sought to improve their roads. But they had little success, because they repeatedall the errors of their long-dead predecessors. They commanded landowners to maintain roads that ran past their property; they sent agentsto round up peasants for forced road work. But, as fast as the roadswere slightly improved, the increase of traffic tore them to pieces again.As the kings were never willing or able to build really heavy paved roadsof the Roman type, their roads began to dissolve into lines of mudholesas soon as they were completed. This was not entirely the fault of thekings; for, in feudal Europe, the power of a king to make his subjectsdo what he wished was much less than that of an ancient watershedemperor or a modern commissar.

The story of municipal waterworks in the Middle Ages is one of slowly regaining the ground lost at the fall of Rome. During the HighMiddle Ages, sporadic efforts were made either to put the ruined Romanaqueducts back into service or to build new ones on the Roman model.In Paris, for instance, the Roman aqueduct built under the emperorJulian was destroyed by Norse invaders in +IX, and for three centuriesParisians depended wholly on wells and on the Seine.

In +XII, two abbeys on the north side of the Seine, finding the river inconveniently far away, built their own aqueducts to lead water bymasonry conduits and lead pipes from springs in the hinterland to basinsin the monasteries. People living in the neighborhood were allowed toshare the water. After 1200, as Paris grew, Parisians demanded morefountains. Not deeming this their proper business, the abbeys turnedtheir waterworks over to the city.

Then, just as had happened in Rome over a thousand years before, lords and royal officers began asking for permits to tap public lines andrun private pipes to their houses. At first there seemed no harm in this,as only a little water was diverted and the petitioners were privilegedpersons. By 1392, the number of taps was so large that the public fountains, being the last delivery points on the lines, often ran dry.

So Charles IV issued a resounding proclamation to reform this abuse:

. . and We recall, cancel, annul, and revoke all privileges, grants, licenses, rights, duties, permissions, or suffrances . . . excepting only,”he weakly finished, “so far as it affects Us and Our uncles and brother.”12

The result was what one would expect. All the other nabobs in Paris said: if the King and the dukes can have private running water, whycannot I? And private water supplies they proceeded to get, by fairmeans or foul.

But, as nobody provided additional sources of water, the scramble became more acute than ever. Paris went through another spasm ofreform in 1553. This, like the previous one, proved ineffectual becauseHenri II, like Charles IV, insisted on excepting his royal relatives.

This dismal contest for the available water continued until Henri IV, the French Perikles, firmly grasped the problem in 1600. After anotherabortive attempt to cut off all the private connections, he sensibly decreed that the pipes might remain, but that the users must pay fees largeenough to support the water system.

Furthermore, he authorized a Flemish engineer, Jean Lintlaer, to install a pumping station under one of the arches of the Pont Neuf. Here an undershot water wheel worked four pumps, which raised river waterhigh enough so that gravity could speed it to the royal palaces. Henriturned the surplus water over to the public, and Paris was on the way toacquiring a modern water system.

As for sewers, the people of medieval Europe not only started far behind the Romans, but also have only recently begun to catch up.Again Paris may serve as an example.

Medieval Paris had open ditches, intended for storm drains only. People were not supposed to dump household waste into them, but people did. As Paris seldom receives downpours heavy enough to flush outsuch ditches, the result was noisome in the extreme.

Around 1400, Hugues Aubriot, Provost of Paris under Charles VI and builder of the Bastille, roofed over a stretch of one of these sewers.After Aubriot’s time, the rest were gradually covered.

Paris still lacked a proper sewer system, even though by +XVI theconnection between filth and disease was dimly realized. Around 1550,Henri II repeatedly tried to get the Parliament of Paris to build newsewers. But, as the king did not propose to pay for this work himself,Parliament evaded the king’s recommendations.

Later proposals met a similar fate. Arguments about stench and disease made no impression on those who would have had to pay for this improvement. The man of the medieval and Renaissance city, havinggrown up with the stink of ordure in his nostrils, saw nothing very terrible about it, while the prospect of parting with money made him screamwith anguish.

In +XVII, under Louis XIII, a beginning was made towards building a few real sewers. But the great and celebrated web of modern Parisiansewers is only about a century old, having been built under Napoleon III.

In another branch of hydraulic engineering, however, Europeans soon advanced beyond the Romans. This was the building of canals. Smallirrigation canals appeared in the Po Valley in the early Middle Ages, aspart of the general upsurge of technology that took place in North Italy.

In 1161 the Holy Roman Emperor, Frederick Barbarossa, captured Milan and razed it to the ground. When they rebuilt their city, the Milanese decided to surround it not only with an impregnable wall but alsoby a moat. To furnish water for this moat, they dug a canal for sixteenmiles—an unheard-of distance then—to the river Ticino, which carriesthe waters of Lake Maggiore to the Po. This canal they called theTicinello, or Little Ticino.

At first used only to fill the moat and to irrigate fields along its path, the canal was soon enlarged to navigable size and renamed the NaviglioGrande, or Great Canal. Its story then became the common one of thestruggle between farmers, who wanted to lead off enough water to irrigate all their lands and to clutter the channel with water wheels andfish weirs, and boatmen and merchants, who wanted the channel keptfull of water and open for navigation.

Historians argue as to when and where the first canal lock was built. Some believe it to have been at Vreeswijk in the Netherlands in 1373,or at Spaarndam a little earlier. Others find the origin of the lock inItaly around 1400.

In any case, about 1400 the Bishop of Milan was building a cathedral. To make it easier to get stone to the site, he persuaded the government of the city to extend branch canals into the city by way of the moat. These branches were also used by merchants for delivery of goods. Asingle gate controlled the flow of water into the branch canals, which were several feet lower than the moat. As this system did not work very well, two engineers13 installed a lock in 1438, and later a second lock.

The first clear written description of a canal lock is by the versatile Alberti, who wrote:

Also, if you wish, you can make two gates cutting the river in two places at such a distance one from the other that a boat can lie for its full lengthbetween the two; and if the said boat desires to ascend when it arrives at theplace, close the lower barrier and open the upper one, and conversely, whenit is descending, close the upper and open the lower one. Thus the said boatshall have enough water to float it easily to the main canal, because the closing of the upper gate restrains the water from pushing too violently, with fearof grounding.14

In the 1450s, the engineer Bertoia da Novate put these ideas into practice. The dukes and republics of North Italy kept Bertoia, the ablestcanal engineer of his time, busy all his life digging canals for them. Sometimes they quarreled over who should have priority on his services. Hisonly trouble was that his workmen sometimes could not understand hisadvanced concepts.

All these early canal locks seem to have been of the portcullis type, sliding up and down like a window sash. Later, the hinged gate, swinginglike a door, was found more practical.

Besides Milan, other cities of Lombardy also built canals, some as early as the 1180s. At the same time, Mantua began reclaiming marshland. Land reclamation—la bonifica—became a major Italian interest.Whereas the ancient Mesopotamians preserved marshes in which togrow reeds for house-building, and whereas we sometimes preservemarshes to provide refuges for wild life—today’s most persecuted minority—medieval Italians wanted to dry up the marshes for the extra farmland. Besides, they had a suspicion that marshes were connected withmalaria, even if they did not know how the disease was transmitted.So they energetically dug, ditched, and drained.

Meanwhile, across Europe on the shores of the North Sea, another vast land-reclamation project was taking shape. The Netherlands is aflatland as innocent of stone as Babylonia. Much of it is below sea level,at least at high tide. The coastal region was originally a tangle of marshes,shallow lakes, dunes, tidal flats, and low islands half submerged at hightide. Through this perpetual wetland, the rivers Rhine, Meuse, andSchelde, with many local changes of name, lazily wound their way.

Men long ago began tinkering with this ameboid mixture of land and water. In —12 the Roman general Nero Claudius Drusus is saidto have joined the largest of the lakes, the Flevo Lacus, with the Rhineby way of the Yssel.15

In Drusus’ time, the people of the Low Countries were Germanic tribes, some of whose names—Batavi, Frisii—still appear in one form oranother on the map. When the Western Empire was crumbling, theNetherlanders were called Franks. Dreaded for their ferocity and treachery, they overran Gaul. Around +500, their fierce and crafty king,Clovis, smashed the remnants of Roman and Gothic power and foundedthe kingdom of Frank-land, or France.

Many Franks remained in the Low Countries to become the peaceful and progressive Dutch of today. In the early Middle Ages, the Dutchbegan building dykes to keep within bounds the bodies of water thatcut up their country.

During +XIII, a series of floods occurred. In 1277, these culminated in a great storm, which broke through the dunes that formed a naturaldyke between the North Sea and the Flevo Lacus. The sea poured in,drowning thousands and enlarging this lake to the Zuider Zee of latertimes.

Little by little the Dutch once more began dyking, draining, and pumping to turn water back into land. Over the centuries they worked out very efficient methods of doing this, using local materials: sand, clay,straw, seaweed, reeds, brush, and pilings.

Dutch land-reclamation became especially active after 1400, when the Dutch applied windmill-driven pumps to the task. One patch of sub-sealand after another was surrounded by dykes and pumped out, creatingwhat the Dutch call “polders.” The Zuider Zee itself is now beingliquidated, piece by piece.

And by the bye, the story of the little Dutch boy who stuck his finger in a hole in a dyke could only have been invented by somebody whohad never seen a dyke. The story implies that a dyke is some sort ofwall. Actually it is a long, low ridge whose slopes are so gentle that youmight not even notice them. A typical dyke is about 10 to 16 feet highand 15 to 20 feet wide at the top—but at least 100 feet wide at thebottom.

The remaining aspect of medieval European technology is shipbuilding. During the Dark and early Middle Ages, the ships that plied the Mediterranean and the North Sea were not very different from those ofclassical times. Galleys were used for war and tubby sailing ships forcommerce.

In addition, there grew up a class of merchant galleys, with the same number and arrangement of oars as regular war galleys but with largerhulls, which could hold cargo as well as rowers. These carried goods oflarge value and small bulk, such as gold, silk, and spices, and tookpilgrims to the Holy Land. The pilgrims preferred galleys to roundshipsbecause, whereas the latter sailed directly from some European port tothe Levant, the galleys, having little sea-keeping capacity, crept along thecoast, stopping at famous cities of antiquity. The pilgrims, like any othertourists, wanted to see all there was to be seen. The merchant galley disappeared in +XVI as a result of the high cost of running it, the improvement of the sailing ship, and the development of competing Atlanticroutes to the Orient.

There had been some changes in galley design since ancient times. A Mediterranean galley now carried its ram above the waterline, like athickened bowsprit. In +XIV and +XV, the typical Mediterranean galley was a trireme, with twenty-five to thirty benches on a side and therowers arranged as shown in Fig. 24. The Byzantine arrangement ofrowers, vertically staggered on two levels, had given way to one inwhich all three rowers of each group sat on one bench but pulled separate oars.

[image: ]
Fig. 24. Plan of a 16th-century Venetian galley, showing rowers in groups of three on the same bench, pulling separate one-man oars (from E. A. d’Albertis: Le ConstruzioniNavali . . . , 1893).



In the 1520s Vettor Fausto, a professor of Greek in Venice, persuaded the Venetian government to let him build a quinquireme he had designed. It should be, he said, like those of the ancient Greeks andRomans, of which he had read in his classical studies.

What Fausto did was to enlarge the ordinary Mediterranean galley so that five men could sit on each bench instead of three. Each, however, still pulled a separate oar. Although this ship beat a standardtrireme in a race, the design was not repeated because she proved hardon the rowers, who were excessively crowded and exposed to the weather.Nevertheless, Fausto led a successful career as a shipwright, convertingsome Venetian merchant galleys to quadriremes and devising other improvements.

Later in the century a Venetian pupil of Fausto, Giovanni di Zaneto, developed another type of ship. This design, called a galeazza or galeass,was based partly upon the merchant galley, then disappearing, andpartly on Fausto’s quinquireme. Giovanni, with some mathematical helpfrom Galileo, went back to the Hellenistic system of mounting large oarsin a single bank, with five to ten rowers pulling each oar.

For several centuries, Venice was the leading Mediterranean naval power. It was an oligarchic republic, governed by a merchant aristocracylike that of ancient Carthage and ruling a large overseas dominion.Most of the Venetian empire consisted of Greek islands taken from theByzantines when the Crusaders temporarily overthrew the ByzantineEmpire in 1204.

Venetian shipwrights led the world not only in the design of ships but also in methods of manufacture. For instance, the Arsenal of Venicemade serious efforts to standardize the sternposts and other parts ofgalleys, thus anticipating Eli Whitney and others who, in the early 1800s,developed the principle of interchangeable parts. The Venetian shipyardseven employed a kind of assembly-line manufacture, as an admiringSpanish visitor noted in 1436:

And as one enters the gate there is a great street on either hand with the sea in the middle, and on one side are windows opening out of the house of thearsenal, and the same on the other side, and out came a galley towed by aboat, and from the windows they handed out to them, from one the cordage,from another the bread, from another the arms, and from another the balistasand mortars, and so from all sides everything which was required, and whenthe galley had reached the end of the street all the men required were onboard, together with the complement of oars, and she was equipped from endto end. In this manner there came out ten galleys, fully armed, between thehours of three and nine.16

Venetian sea power slowly declined from +XVI on. The reasons for this decline were the conquest of the Venetian overseas possessions bythe Turks, the withering of the Mediterranean trade routes as new routesopened up in the Age of Exploration, and the failure of Venetian supplies of timber. In particular oak, used for the frames and hull planking,became scarce, despite intelligent efforts by the Venetian government atconservation and reforestation. The Venetian nation disappeared in theNapoleonic wars, coming first under French and then under Austrianrule.

Another change in maritime methods was that rowers, instead of being free workers as in ancient times, became captives chained to theirbenches. Use of slaves and prisoners first became common in +XV. Nodoubt this change was fostered by the fact that multitudes of peoplewere captured in the constant wars and piratical raids of the Christianand Muslim powers of the Mediterranean against each other. The Turks,like the Romans of the late Republic, were given to slave-raiding andslave-owning on a huge scale; while, during the Reformation, the Frenchand Spanish kings found the galleys a useful way to dispose of Protestants.


The Venetian navy stuck to free rowers, who could fight in a pinch, as long as it could. But at last even Venice was forced to use prisoners,because employment of such persons had made free workers unwilling toserve as rowers.


A danger of using slaves and prisoners was that, since the rowers comprised a large majority of all the people on board, they might seizethe ship, toss the free men overboard, and sail away to become pirates.To prevent this, captive rowers were permanently chained to one place.As a rower had to eat, sleep, and do everything else in that one spot,galleys became so foul that their officers went about their tasks withhandkerchiefs sprinkled with musk pressed to their noses. The rowerssickened and died like flies, while those who lived must have been insuch poor condition that they cannot have been very efficient oarsmen.In this respect, at least, they did things better in ancient times.

As for sailing rig, large galleys now bore lateen sails on one, two, or even three masts. Some merchantmen also flew lateen sails, althoughmany still plodded along under one square sail.

The ships of the North Sea differed in small ways from those of the Mediterranean. They stuck to the square sail, and they carried but onesteering oar or quarter rudder, on the starboard (“steer-board”) side.Norse galleys lacked the ram but possessed extremely sleek, graceful,efficient lines, like those of an Adirondack guide boat.

Hulls also differed in construction. In the “carvel-built” Mediterranean hulls the planks were set edge to edge, while in the northern “clinker-built” hulls the planks overlapped. The latter system, adapted to the heavy Atlantic seas, gave a stronger hull but, because this hull was lesssmooth, a slower ship.

Soon, however, a series of revolutions overtook ship construction. One change was the central rudder, which probably reached Europefrom China. Several pictures from about the middle of +XIII, on municipal seals, church windows, and so forth, show this feature.

In the High Middle Ages, naval powers often reinforced their galley fleets with converted merchantmen or nefs. Although these ships couldcarry large numbers of troops, they were not very successful because,save in heavy weather, galleys could always dodge the wallowing roundships. In late +XIV and early +XV, however, changes occurred, whichdrastically altered the roles of these ships.

One was the development of a larger roundship with a large mainmast in the center and two smaller masts, one at each end. The foremast normally carried a square sail and the aftermost or mizzen mast a lateensail. Although these small sails did not make the ship go much faster,they greatly helped in controlling its direction. The ship could be steeredby its sails alone. The lateen mizzen was especially useful in holding theship on a close-hauled course into the wind.

As ships got larger, their rig was divided into more and more sails until the full-rigged ship of the last two centuries evolved. The Age ofExploration (+XV to +XVIII) took place as soon as European shipsand navigating instruments had developed to the point where voyagesacross oceans were practical. During the Age of Exploration, the Dutchwere the most active people in the invention of new rigs and sails, suchas the gaff-headed sail and the jib or forestay sail.

The other change was placing guns on shipboard. A few guns were mounted along the sides of nefs and in the forward deckhouses of galleys.Galley guns fired straight forward only, so that one aimed the guns byaiming the ship. For over a century, however, not enough guns weremounted on ships to affect the outcome of any battle.

In 1538, however, a Venetian and Genoese fleet set out to attack the mighty Turkish navy. The Genoese admiral, Doria, had 166 galleys,64 nefs, and a new experimental ship, the Galleon of Venice. The Galleon was a large, solidly built sailing ship bearing the unheard-of number of 128 guns.

The Italians found a smaller Turkish fleet at Preveza. While the Christians were patrolling in front of the harbor, the Galleon fell behind the rest, becalmed. Out rushed the 122 Turkish galleys like wolves to pounceupon the straggler, while Doria timidly watched from a distance.

The Venetians, unable to move, received the onset with a terrific blast of cannon and arquebus fire. The galleys lost way as the fire slaughteredtheir rowers; one was sunk by a single shot. Others stove in their ownbows in ramming the Galleon. All afternoon, the Turks kept attackingin divisions of twenty ships at a time. At nightfall the Venetians, withfifty-three dead and wounded and their deck littered with wreckage, werestill holding out. The equally battered Turks withdrew, and the Italianstowed the Galleon away.

Although this battle achieved nothing politically, it showed the shape of things to come. At the great galley battle of Lepanto in 1570, whichloosened the Turkish grip on the Mediterranean, guns played an important part. Here the combined Italian and Spanish fleets included sixVenetian galeasses with seventy guns apiece, the larger cannon beingmounted in the deckhouses at the ends and the smaller ones along thesides between the oars.

The weight of the cannon made these ships so heavy that their rowers could scarcely move them, and they had to be towed into action. Nevertheless, standing out in front of the allied line, they fearfully strafed theadvancing Turkish galleys with gunfire:

Don John’s hunting, and his hounds have bayed—
Booms away past Italy the rumor of his raid.
Gun upon gun, ha! ha!
Gun upon gun, hurrah!
Don John of Austria
Has loosed the cannonade.17

This bombardment weakened the Turks and so contributed to the Christian victory.

Thereafter galleys swiftly declined. Although because of their rowers they could move in any direction regardless of the wind, galleys were soflimsy and feebly armed, compared to the full-rigged galleon, that evenoverwhelming numbers and a flat calm did not assure the victory.

Although Mediterranean powers built a few galleys as late as +XVIII, except for a few with the Spanish Armada they never fought a majorbattle after Lepanto. They lingered on to the dawn of steam in early+XIX, because they could still do one thing better than sailing warships.They could pursue pirates, who also used galleys.

With the battle of the Armada in 1588, naval warfare, which for over 3,000 years had consisted mainly of ramming and boarding contests, turned into a series of artillery duels. So it remained right down to+XX, although ramming and boarding continued to play some smallpart, even in the two World Wars. Therefore, despite the steam-and-steel revolution in ship construction of +XIX, naval warfare becamemodern, in an important sense, between Lepanto and the Armada.

The name “Renaissance,” literally “rebirth,” is applied to the period, roughly +XV and +XVI, when many medieval things like feudalism,Gothic architecture, and the religious monopoly of the Catholic Churchwere passing away and many modern things like vernacular literature,centralized national governments, political parties, and experimentalscience were coming into being.

In the narrowest sense, “Renaissance” refers to the revival of learning that took place, mainly in Italy, with the rediscovery of most of the remains of classical literature that we possess today. Some classicalwritings had of course never disappeared from circulation, but manymore were now exhumed from monastic libraries or imported from thecrumbling Byzantine Empire.

Hence there arose a class of scholars who devoted their lives to the discovery, publication, and explanation of classical texts. The study ofGreek was revived. Fashionable people acquired at least a veneer ofthis scholarship; they proved their gentility by lacing their speech withquotations from Plato and Cicero.

The period +XV and +XVI, however, involved other revolutionary movements besides the revival of learning. These included the Reformation, the Age of Exploration, and the downfall of the old astronomy,which put the earth at the center of things. And it included the firstpatent systems for the encouragement of inventions.

It also involved an expansion of engineering. The new engineering, except in the field of architecture, had but little connection with therevival of classical learning. There was, in fact, a good deal of hostilitybetween the humanists or “ancients,” who cared for nothing but therevival of classical literature, and the “moderns,” who wanted to expandand exploit the new discoveries in the arts and sciences.

In architecture, the recovery of the treatise of Vitruvius led to a passion for imitating classical temple design. This vogue has lasted rightdown to the present, as a glance at the relief of the Lincoln Memorialon a new cent will show you.

For the most part, however, Renaissance engineering grew out of the experience of the Middle Ages. In some ways it lagged behind the examples of antiquity, while in others it leaped ahead of them.

The main change in engineering in the Renaissance was that it waxed much greater in scale. Engineering again became a respected profession. Engineers became famous and even, sometimes, well paid. Theywere no longer anonymous craftsmen, humbly serving their temporaland spiritual lords. In line with the Renaissance tendency towards uninhibited self-assertion, they promoted themselves, grasped for personalfame, and told off their rivals and employers when they thought themselves wronged.

Moreover, they took direct action against those they considered their enemies. When about 1575 Henri II of France sent the engineer Adamde Crapone to inspect some fortifications at Nantes, which the kingsuspected of having been faultily built, the builders at first tried to flatterCrapone into giving them a clean bill of health. When that did not work,they invited him to a banquet and poisoned him.

One of the earliest Renaissance engineers was Filippo Brunelleschi (1379-1446). The son of a notary of Florence—the Athens of theRenaissance—Brunelleschi was, like most youths of artistic leanings atthe time, apprenticed to a goldsmith. Here he learned clockmaking.Later he put this knowledge to use in building machines.

Like many Renaissance engineers, Brunelleschi spent most of his time on art and architecture, though he was also active in other fields. Hemastered the new science of perspective and applied it to his architecture.

Failing to win a competition for the design of a pair of gates for a church in Florence, Brunelleschi went to Rome with the sculptor Donatello. There he studied for five years. He particularly studied the domeof the Pantheon, as rebuilt by Hadrian.

In Florence stood a cathedral, Santa Maria del Fiore, which had been under construction for over a century. No roof had been built over thecrossing of the nave and the transepts. The covering of this part wouldhave to be something unusual, as the space to be roofed was about 138feet across.

In 1407, hearing that a conference of architects was meeting in Florence to consider this problem, Brunelleschi hurried home to present his proposals. Nothing came of this action and Brunelleschi returned toRome. Eleven years later he was back in Florence, urging his plan for ahuge octagonal dome. His plan seemed so daring that once the committee had him thrown bodily out of its meeting. But he returned with amodel and a host of arguments, until he finally won over the committee.

In 1419, Brunelleschi at last received his order to build. The committee, however, had given him an unwanted collaborator, the sculptor Ghiberti, who had won the contest for the church gates. Since Ghibertiknew nothing much about architecture, Brunelleschi determined to getrid of him. By shamming sickness he tricked Ghiberti into undertakingthe design for the chain to hold the dome against bursting stress.

There is, you see, an outward, tensile component of stress in the sides of a dome, a short distance up from the base. If too much load ispiled on top of the dome, the dome will fail at this point by burstingoutward. Although these forces were not mathematically known inBrunelleschi’s time, the Florentine still felt that such a stress existed.To counteract it, he proposed to wrap a girdle or chain around thedome.

Ghiberti accordingly produced a design for a chain, which Brunelleschi easily proved to be utterly inadequate. So poor Ghiberti was forced toresign. Then Brunelleschi installed his own chain, made of lengths ofoaken timbers bolted together. Modern study shows that Brunelleschi’schain, likewise, was too weak to reinforce the dome appreciably; but thedome was stiff enough to do without it. It is still there despite earthquakesand aerial bombs.

As work progressed, Brunelleschi discovered that his workmen were losing too many hours climbing up and down the lofty ladders of thescaffolding at mealtime. So the resourceful architect installed a canteenon the scaffold.

Brunelleschi finished his task in 1436, although the 600-ton lantern— the name given the stone ornament atop a church dome—was not completed until after his death, and the cathedral itself did not receive itsfinishing touches until 1888. The dome so dominated the city that thecathedral has come to be called simply il Duomo—“the Dome.”

This dome is made of two shells, one inside the other. It measures 143 feet across and 105 feet high. The total height of the cathedral, frompavement to lantern, is 351 feet, the height of a thirty-five-story building.Although Brunelleschi was a leader in the revival of classical architecture, his dome was neither Roman nor Gothic; it was something brandnew. Its octagonal form, emphasized by thick ribs, was intermediate between the true dome and the square dome or cloister vault.


Brunelleschi would not have been a true man of the Renaissance if he had not been working on a multitude of other jobs at the same timeas the dome. He acted as architect for several buildings, including thehuge Pitti Palace for the Medici family, and two churches. He also invented construction machinery. In 1421 the Republic of Florence gavehim the first known patent. This was for a canal boat equipped withcranes for handling heavy cargo.

After Brunelleschi’s time, in 1474, the Republic of Venice adopted the first formal patent law and in 1594 issued to Galileo a patent on a systemfor raising water. A patent is a temporary legal monopoly on an invention: a license to stop all others from making, selling, or using specimensof the invention without the patent owner’s permission. The purpose ofpatents is to encourage invention by giving the inventor a profitablemonopoly, for a limited time, in return for his making and disclosingthe invention, so that it becomes public property after the patent expires.If any one change could have caused our modern technological revolution to begin in classical times instead of 1,500 to 2,000 years later, itwould have been a good patent law.

It is not likely, however, that any of the early Renaissance patentees made money from his patent. The territory covered by the Italian city-states was too small, and the requirements of a sound patent law werenot worked out until +XIX. Yet the beginning of patents and patentlaws in Renaissance Italy was one of those portentous developmentsthat, like the revolution in reading, aroused little comment at the timebut were bound in the long run to bring about a vast overturn in humanaffairs.

Of course, Brunelleschi had to serve as a military as well as a civil engineer. In 1430 he accompanied the Florentine army to the siege ofLucca, with Ghiberti, Donatello, and two other artists as assistants.Brunelleschi advised diverting the river Serchio by a canal, so that itswater should surround Lucca and cut off the town from aid. It worked,though not quite as Brunelleschi had planned. By providing Luccawith a ready-made moat, the scheme kept the Florentines from attacking.So it was they who had to withdraw, to the joy of the Luccans.

A younger friend of Brunelleschi was Leon Battista Alberti (1404-72), born in Florence but reared in Venice because his family was banished during a political struggle.

If the man of the Renaissance was versatile, Alberti was the ideal man of the Renaissance. Painter, poet, philosopher, musician, architect,and engineer, as a youth he faked a Latin comedy in verse so well asto convince some scholars that it was a genuine ancient Roman work.He played the organ and experimented with the camera obscura.

The camera obscura, from which we get our word “camera,” was a closed room, facing the street, with a small aperture for light. It couldbe made by covering the window with a sheet of thick paper, having asmall hole. A screen of sheeting was hung opposite the aperture, andthose in the room amused themselves by watching the upside-downimages of passers-by on the screen. It was the Renaissance equivalent oftelevision.

Most of his life, Alberti worked for successive popes. Nicholas V employed him to restore the papal palace and to build the Acqua Vergine, one of the new aqueducts which the Renaissance popes constructedto replace the ruined Roman waterworks.

At the behest of Cardinal Colonna, Alberti investigated the Roman ships lying at the bottom of Lake Nemi. He tried to raise one of theseships by windlasses mounted on a raft buoyed by barrels, but all hesucceeded in doing was to tear off a piece of the bow.

In addition to all the palaces and churches he designed, Alberti found time to write on many subjects: political philosophy, horse breeding,family life, surveying, sculpture, Greek mythology, and architecture. Hismain work was De re aedificatoria (or I dieci libri dell’ Architettura),a treatise on building. Although Alberti could not yet apply mathematical measures to the strength of materials, he described the properties ofmany different kinds of stone and wood for construction. He gave rulesof thumb for the proportions of structures, such as this one for bridges:

And there should not be a single stone in the arch but what is in thickness at least one tenth part of the chord of that arch; nor should the chord itself belonger than six times the thickness of the pier, nor shorter than four times.18

Alberti wrote this work in Latin about 1452. During the following years, copies circulated among his friends in manuscript. Some hitch inhis arrangements delayed publication until 1485, after the author’s death.When it did appear in printed form, it became very popular. The workwas translated into Italian, French, Spanish, and English and led a longand honorable career.

The leading architect after Alberti was Bramante (1444-1514)— born Donato d’Agnolo in Urbino and at some point in his life nicknamed Bramante, “he who wants.” After the wandering life of aRenaissance technician, he arrived in Rome in his fifties to work for thePope. The list of all his minor architectural works would be tedious.However, he devised a screw press for stamping coins and rediscoveredthe old Roman art of pouring liquid concrete into wooden forms.

Pope Julius II chose Bramante to rebuild St. Peter’s cathedral, on the site of a ruined early-Christian basilica. Bramante designed a huge building in the form of a cross with four stubby arms and a huge dome overthe middle. The four main piers had been erected when the agedBramante died. A succession of popes and architects wrestled with thetask, making little changes here and there, which reduced the wholeproject to confusion. Moreover, it transpired that much of Bramante’swork had been hasty and unsound.

In 1546, Paul III gave the job to the one man with the force to push the project through despite any obstacles. This was the FlorentineMichelagniolo Buonarroti (1475-1564), known to us as Michelangelo.Most of his work was in the pure arts, but he was also an able engineer.At Florence and again at Rome, he was called upon to build fortifications for an expected siege. He built them and then, correctly diviningthat the city was bound to fall through the defenders’ incompetence,fled through the enemy’s lines.

Michelangelo was one of the most peculiar, difficult, and cantankerous geniuses of the Renaissance world, wherein ruthless individualism was deemed right and normal. A compulsive worker, a compulsivepenny pincher, and rigidly honest in a corrupt age, Michelangelo alsohad an extraordinary talent for making enemies. While he was still ayouth, a taunt flung at a fellow sculptor bought him a broken nose,which disfigured him for life.

Bramante could not stand him either. Michelangelo believed that Bramante had persuaded Julius II to commission him to decorate theSistine chapel with frescoes in the hope that he would fail and fall intodisgrace. But that may have been Michelangelo’s persecution complex.

During the last few years of his life, Michelangelo was employed on St. Peter’s. He simplified the fussiness of Bramante’s design and raisedthe dome higher. He died at eighty-nine leaving a tidy fortune in goldenducats, although he had loudly complained all his life that he was poorto the point of starvation. The dome was finally built a quarter-centuryafter Michelangelo’s death, and the whole cathedral was completed in1626.

Another of Michelangelo’s enemies was a man who ordinarily had no time for enemies and no desire to make them. This was the mostfamous of all Renaissance geniuses, Leonardo da Vinci (1452-1519).

All educated people have heard of Leonardo as a painter; many have also heard that he was a scientist and an engineer, although they mighthave trouble naming any particular discovery or invention of his. He isone of history’s most celebrated but most paradoxical characters. Hehas often been justly acclaimed as one of the greatest of all creativegeniuses. Historians of Renaissance science and engineering often givehim a whole chapter.

But, when we look into his story, we find that he had hardly any influence at all on the science and engineering of his time. In this regard he has been as much overrated as Roger Bacon.

Was he persecuted? Not at all. Although a religious skeptic, he kept his doubts in his notebooks and so was never bothered by the Church.His lack of impact in the technical and scientific fields was due to hisown peculiar nature.

Leonardo was the illegitimate son of a notary of Vinci, a village near Florence. His parents were married almost at once, but not to eachother, and Leonardo’s father brought him up. He was apprenticed tothe artist and goldsmith Verrocchio in Florence, where he knew Toscanelli, the leading physicist of the age. In his late twenties he paintedpictures, some for Lorenzo de’ Medici, political boss of the Republic ofFlorence.

In 1483 Leonardo removed to Milan, then a bigger city than Paris. Here he met the Duke, Lodovico Sforza, and submitted the followingemployment resume:

Having, My Most Illustrious Lord, seen and now sufficiently considered the proofs of those who consider themselves masters and designers of instrumentsof war and that the design and operation of said instruments is not differentfrom those in common use, I will endeavor without injury to anyone to makemyself understood by your Excellency, making known my own secrets andoffering thereafter at your pleasure, and at the proper time, to put into effectall those things which for brevity are in part noted below—and many more,according to the exigencies of the different cases.

I can construct bridges very light and strong, and capable of easy transportation, and with them pursue or on occasion flee from the enemy, and still others safe and capable of resisting fire and attack, and easy and convenientto place and remove; and have methods of burning and destroying those ofthe enemy.

I know how, in a place under siege, to remove the water from the moats and make infinite bridges, trellis work, ladders, and other instruments suitable to the said purposes.

Also, if on account of the height of the ditches, or of the strength of the position and the situation, it is impossible in the siege to make use of bombardment, I have means of destroying every fortress or other fortification if it benot built of stone.

I have also means of making cannon easy and convenient to carry, and with them throw out stones similar to a tempest; and with the smoke fromthem cause great fear to the enemy, to his grave damage and confusion.

And if it should happen at sea, I have the means of constructing many instruments capable of offense and defense and vessels which will offer resistance to the attack of the largest cannon, powder, and fumes.

Also, I have means by tunnels and secret and tortuous passages, made without any noise, to reach a certain and designated point; even if it be necessary to pass under ditches or some river.

Also, I will make covered wagons, secure and indestructible, which, entering with their artillery among the enemy, will break up the largest body of armed men. And behind these can follow infantry unharmed and without anyopposition.

Also, if the necessity occurs, I will make cannon, mortars, and field pieces of beautiful and useful shapes, different from those in common use.

Where cannon cannot be used, I will contrive mangonels, dart throwers, and machines for throwing fire, and other instruments of admirable efficiencynot in common use; and in short, according as the case may be, I will contrivevarious and infinite apparatus for offense and defense.

In times of peace I believe that I can give satisfaction equal to any other in architecture, in designing public and private edifices, and in conducting waterfrom one place to another.

Also, I can undertake sculpture in marble, in bronze, or in terra cotta; similarly in painting, that which it is possible to do I can do as well as anyother, whoever he may be.

Furthermore, it will be possible to start work on the bronze horse, which will be to the immortal glory and eternal honor of the happy memory ofyour father, My Lord, and of the illustrious House of Sforza.

And if to anyone the above-mentioned things seem impossible or impracticable, I offer myself in readiness to make a trial of them in your park or in such place as may please your Excellency; to whom as humbly as I possiblycan, I commend myself.19

Here, evidently, was a young man bursting with ideas. But he could not say that he had actually done all these remarkable things, only thathe could do them if given a chance.

As Lodovico was not much impressed, Leonardo had a painful struggle to live, until he joined forces with another artist who had better connections. Leonardo scrimped, studied, and at last was commissioned to paint Lodovico’s mistress. After that, Sforza hired him from time totime for various jobs, artistic and technical. Since the Duke had a wayof paying the promised fees late or not at all, Leonardo once quit altogether but reconsidered.

During this time, Leonardo planned the entertainments and celebrations of which the ducal court was fond, with decorations, parades, and fireworks. He indulged his fondness for practical jokes and mechanicaltoys and read the ducal family stories that he had composed. He begana colossal equestrian statue of Lodovico’s father, a self-made duke.However, when the clay model of the statue was completed, the Dukeordered the bronze for the statue cast into cannon to fight his many foes.

Leonardo stayed in Milan for sixteen years. When at last the French drove Lodovico out of his dukedom, Leonardo went to Venice. Therehe spent some months as a military engineer, casting cannon andstrengthening fortifications. After a period of free-lance painting in Florence, he worked briefly for the sinister Cesare Borgia, the Pope’s sonand the most accomplished betrayer and murderer in Italy. Then PopeAlexander VI died, the realm that Cesare had conquered crumbled away,and Leonardo went back to Florence.

During the next two or three years, Leonardo, now moderately prosperous, free-lanced in Florence. He painted, studied, and filled notebooks with endless sketches and notes. For a time he was associated with Niccold Machiavelli, the political philosopher. While Machiavellipreferred republics to princedoms, he thought a strongman like Borgiawas needed to unite Italy against the French, German, and Spanisharmies then devastating the peninsula. He startled readers by coollyheading a chapter in one of his books: “Description of the MethodsAdopted by [Cesare Borgia] When Murdering Vitellozzo Vitelli . .and three other notables whose continued existence he found inconvenient.20

During this sojourn in Florence occurred Leonardo’s brush with Michelangelo. Some of Leonardo’s acquaintances were arguing over apassage in Dante in the piazza as Leonardo passed by. They called tohim and asked his interpretation. Just then Michelangelo stalked by onthe other side of the square, head down in thought. Leonardo was inhis fifties and very dignified of mien, tall and well-built, with robe andlong red beard. Michelangelo, on the other hand, was about thirty, andan ugly little man who wore the same clothes day and night until theyrotted off him. Indulgently Leonardo said:

“You had better ask Michelagniolo; he will expound it to you.”21

Michelangelo looked up, startled. “Explain it yourself!” he shouted, assuming that sarcasm was meant. He burst into a tirade, beratingLeonardo for not having finished the Sforza statue. Leonardo flushedangrily but walked off in silence.

During the next few years, Leonardo traveled between Florence and Milan, working at the latter place for Louis XII of France. In 1512 hewent to Rome, hoping for work from the Pope, who belonged to thefamily of his old patrons the Medici; for his colleagues Bramante, thelatter’s protege Raphael, and Michelangelo were all hard at work forthe papal court.

But this Pope was the fat, indolent, and worldly Leo X, who said: “Since God has given us the Papacy, let us enjoy it,” and “What profithas not that fable of Christ brought us!”22

As a humanist, Leo had no use for Leonardo’s science. Moreover, after Bramante’s death he found the amiable Raphael more to his tasteas his artist-general. He gave Leonardo only small jobs, such as makingmirrors, and dismissed him when told that Leonardo had been dissecting bodies to study their anatomy.

Now well into his sixties and prematurely aged, Leonardo at last found a generous patron: Francois I, the clever, enthusiastic, hearty,frivolous, and extravagant French king. Although crippled in one armby a stroke, Leonardo spent three years at Amboise, where the king sethim up in a villa. As of old, Leonardo planned his patron’s entertainments, with mechanical lions and other wonders. He tried to bring hisvast mass of notes into order for publication, but with no more successthan before. After making meticulous plans for his own funeral, hepeacefully died.

Leonardo never married or displayed any interest in women. Many have thought him to have been a homosexual, which is quite possiblethough not definitely proved. When he was living in Florence in histwenties, an anonymous informer accused a youth of the city of homosexual relationships with several men, including Leonardo. The moralspolice investigated but soon dropped the charge. Whatever his tendencies,Leonardo was one of those who, like his contemporary Michelangeloand like the physicists Henry Cavendish and Willard Gibbs, is so drivenby his urge to discover and create that he has little time left for humanrelationships.

Leonardo was a frugal and abstemious vegetarian. Although he could turn on the charm when he chose, his usual facade was aloof and reserved to the point of secretiveness. He combined boundless curiosityto know and discover and meticulous perfectionism with limitless ambition for fame and accomplishment.

These features united to form one of the most unfortunate, self-defeating characteristics that a fame-seeker can have, namely: inability to complete the tasks he has started. Either Leonardo’s plans were toograndiose and hence could never be realized, or Leonardo himself lostinterest before the end.

He was a man of the type who sometimes appears among modern scientists, driving laboratory directors mad. The scientist does brilliantwork but, when a task is nine-tenths done, he is seized by a passion forsome new idea and goes haring off on another line of investigation. Because report-writing bores him, he never reports on his previous work,which remains in the form of scattered notes and, as far as the laboratoryis concerned, might as well have never been done at all.

Leonardo’s many abortive projects included two colossal equestrian statues, the construction of a canal to Pisa, urban renewal at Florence,completion of the Milan Cathedral, and drainage of the PomptineMarshes. It was not always his fault that the project failed, but he seldompushed a task to completion even when he could. He was an incorrigibledabbler and dilettante.

He also tried to master all the sciences. His studies included astronomy, anatomy, aeronautics, botany, geology, geography, phonetics, and physics. The physics included optics, ballistics, component forces, friction, lubrication, stress, levers, pulleys, loaded beams, and strength ofmaterials. He often dropped his work and forgot his obligations formonths at a time while he buried himself in another science.

In many scientific fields, Leonardo went as far as any man of his time. Sometimes he anticipated the discoveries of later scientists likeGalileo or Stevin. But, as he never published, nothing came of all hisstudies.

Likewise, he worked on mechanical problems covering an extraordinary range. He designed armored battle cars, a steam gun, a wheel-lock gun, many-barreled cannon, a city built on two levels, a mechanicalturnspit, an oil press, a clockwork automobile with a differential gear,mechanical musical instruments, an improved bawdyhouse with a privateentrance for clients of quality, a polygonal fortress like that of his friendMartini, textile machinery, a rolling mill, a grinding machine, a ropemaking machine, a diving suit, a submarine, a turret windmill, a brakewith curved shoes, flying machines, a parachute, a printing press, a screwpropellor, a screw-cutting machine, a ribbon-drawing machine, valves,pumps, surveying instruments, poison gas, catapults, a file-cutting machine, sprocket chains, spiral gears, a needle-making machine, a coiningmachine, a lathe, a truss bridge, a well-boring machine, a road scraper, acrane, a dredge, excavating machines, and a mitered canal lock with awicket gate.

A mitered lock is one with tongues and grooves along the edges of the valves, which interlock when the gates close. Each pair of valves forma blunt angle pointing upstream, so that water pressure forces them allthe more tightly together. A wicket gate is a small portal in the maingate, set low down, to equalize water levels before the main gate isopened. Otherwise the surge of water tosses boats about like chips.

But, of all these gadgets, only a few—the canal lock, and perhaps the screw-cutting machine and the turret windmill—were actually reduced topractice. Sometimes the idea was not workable.

One of Leonardo’s battle cars, for example, was a turtle-shaped armored vehicle, loopholed for guns. It was supposed to be moved from within by hand-operated cranks. Leonardo soon realized that it wouldbe far too heavy to be thus propelled. Another of Leonardo’s designswas for an unmanned two-horse chariot with whirling scythe blades, likethat with which the unknown fourth-century author of De rebus bellicishad wished to mechanize the Roman army.

Several inventors of the time devised such proto-tanks, but all these war-wagons failed for want of adequate power. Sometimes they weredesigned to be pulled or pushed by horses or oxen. If, however, the animals were left outside, they would soon be killed, while there was notenough room for them inside. The Spaniards actually tried 200 battlecars against the French at Ravenna in 1512, but the French won anyway.

It was the same with Leonardo’s flying machines. He drafted several designs in which batlike wings were to be flapped by human muscle. Hemay even have tried one out. Convinced that this was not the right way,he designed a helicopter with a big spiral screw-shaped rotor on a vertical shaft. This screw was to be turned by men working a treadmillbelow.

Not until 1680 was Leonardo’s basic error pointed out. Then the physicist Borelli showed that man has no muscles anywhere nearly somassive and powerful, in proportion to his weight, as the flying musclesof birds. Therefore, flight by human muscles might as well be forgotten.

What did Leonardo actually accomplish? He painted several immortal pictures, such as “The Last Supper” and “Mona Lisa” (La Gioconda). He dug some canals, cast some cannon, staged charades for kings and dukes, and made countless notes and sketches.

As he studied, speculated, and designed, Leonardo entered his notes and drawings in notebooks. He wrote from right to left, backwards,either for secrecy or because, being left-handed, he found it easier. Hemeant, he said, some day to put this mass of material in order and makeone or more publishable treatises out of it. But “some day” never came.

When Leonardo died, thirty-odd volumes of notes passed to his friend and pupil Melzi. The complete edition of Leonardo’s notes, without thepictures, makes a 1,200-page book. Melzi’s heirs sold the collection tovarious purchasers, so that it became scattered over Europe. The buyerswere more interested in the notebooks as collector’s items than as technical works, for by then Leonardo’s fame as a painter had quite eclipsedhis renown as an engineer. Some volumes were lost, but the rest havebeen collected into various European libraries.

For several centuries, Leonardo’s only published work was a treatise on painting extracted from his notebooks and printed in 1551. Nobodyeven began to publish the rest of the material until the 1880s. By thattime the mechanical arts had advanced so far beyond Leonardo’s timethat his designs were only historical curiosities.

During his life, Leonardo had some influence by personal contacts with other engineers. Some historians of technology claim to find tracesof his influence in later sixteenth-century machines. A few men, duringthe centuries following Leonardo’s death, mined the manuscripts forideas. One such was the mathematician Girolamo Cardano, whose fatherhad been a friend of Leonardo. We cannot tell for sure how much influence Leonardo exerted in this way. But certain it is that his influencewould have been many, many times greater if he had published his ideas.

This brings us to the final paradox of Leonardo. Despite his eagerness for fame and his wide knowledge, he failed to grasp the importance of an invention that would have enabled him to achieve his goal: theprinting press. He knew all about the printing press, too. In fact, hesketched mechanical improvements for it.

But Leonardo was content to reach for fame by word of mouth only, as most scientists and engineers had been doing from Imhotep on down.He did not realize that even a small printed book would multiply hisvoice thousands of times over and expand his influence accordingly; orthat this influence, applied in this way, might have advanced the mechanical arts by decades. Or, if he did realize these things, he neveracted upon his knowledge. And for these reasons I class him, not as thefirst of the modern engineers, but as the last of the ancient ones.

After Leonardo, the changes leading to the modern era in engineering came thick and fast.

One change was the growth of printed technical literature. In 1482, Valturio brought out De re militari, surveying the state of military engineering. Three years later Alberti summarized construction with hisbook on building. In early +XVI, many minor technical books—handbooks and how-to books—appeared, such as Bayfius’ De re navali, onshipbuilding (1536).

In 1540 Biringuccio’s great treatise on metallurgy, Pirotecnia, was published posthumously. Biringuccio had been influenced by his Germancolleague Agricola,23 who in turn borrowed passages from Biringuccio’sbook for his own masterpiece on mining, De re metallica (1556). In1912 Herbert Hoover, then a young mining engineer, and his wife translated this book into English. Agricola also wrote a perfectly serious bookfor mining engineers on gnomes and how to get rid of them. However,some statesmen and scholars of more recent times have believed inqueerer things than gnomes; not many years ago the Prime Minister ofCanada was an ardent Spiritualist.

Later in the century, Palladio, who perfected the bridge truss, covered the subject of architecture in I quattro libri dell’ architettura (1581).Ramelli and Verantius wrote on machinery. Fontana told just how hemoved the second biggest of Rome’s obelisks from Nero’s Circus to aposition in front of St. Peter’s, in case anyone wanted to move anotherobelisk. And many other, less famous technical books appeared in print.

Another change was the advance of those pure sciences destined most to affect engineering, especially statics, mechanics, kinematics, and hydraulics. In the Netherlands, Simon Stevin (1548-1620) discovered thetriangle of forces. This discovery enabled men to calculate the actualloads on the members of cranes, trusses, and other simple structures.

Stevin also speeded up the process of calculation by inventing the decimal system. The effect of this discovery may be compared with thatof the modern introduction of computers. In addition, Stevin devised theplan of flooding the Dutch polders as a means of defending the Netherlands. In 1672, this defense stopped the invincible armies of Louis XIVin their tracks.

Stevin’s younger contemporary Galileo Galilei (1564-1642) solved the problems of accelerated movement and began the analysis of stressesin beams. He did this in his old age, after his trouble with the Inquisition. The Inquisition had ordered him not to expound the hypothesisof Copernicus, which put the sun, instead of the earth, at the center ofthe solar system, as Aristarchos had done long before. Galileo, a pepperyman who did not suffer fools gladly, published a book arguing this hypothesis anyway.24 The Inquisitors forced Galileo by threats of tortureto recant and put him under house arrest for the rest of his life. Nevertheless, and despite failing eyesight, he managed to complete his Dialogueon Two New Sciences (1636), giving the science of mechanics its greatest impetus since Heron. Although his analysis of the stresses in a beamcontained a basic error, others soon corrected this.

After Galileo, Italian science and engineering did not fare so well. For one thing, during +XVI the great powers—France, Spain, and the“Holy Roman” or German Empire—used Italy as their favorite battleground. The divided and mutually hostile Italian city-states were as helpless to resist these mighty, marauding armies as the Greek city-states hadbeen to resist the Macedonians and the Romans many centuries before.

Furthermore Italy, where the Renaissance had started, received the brunt of the Counter-Reformation of the Catholic Church. One of themore puritanical popes sent workmen through St. Peter’s to removethe genitalia of Michelangelo’s cherubs with hammer and chisel. Thecounter-reformers cleaned up not only the morals of the clergy but alsoany scientists suspected of heresy. One of the latter, Domenico Oliva,escaped the tortures of the Inquisition by jumping out a window to hisdeath.

Still, technical progress continued elsewhere, ever faster. Technical men began to organize; the Society of Lynxes, to which Galileo belonged, was the first of many such organizations. The first research institute was founded in 1560, and the first industrial exposition was heldat Nuremberg in 1568.

Engineering schools appeared in France in +XVIII. At the same time, specialization within the engineering profession took place. John Smeaton, who had to go to France in the 1750s to round off his technicaleducation, called himself a “civil engineer,” meaning a non-military one.Simultaneously, the experimental vacuum mine pumps of +XVII wereevolving into the steam engine.

So, after Leonardo, engineering became modern. We should not be fooled by the gaudy medievalistic costumes of these engineers—the feathered hats, flowing hair, ruffs, laces, and swords. The thoughts in theseplumed and periwigged heads were modern thoughts.

Nor was the transition to modern times a matter of any particular invention, such as the steam engine. It was, rather, the coming of a timewhen technical development became so rapid that men could see theworld about them change in their own lifetimes. It is no accident thatabout +XVI, men began to write of the “wonderful discoveries of thismodern age” and to wonder aloud what would happen next.

For that matter, we are still wondering. The pace of change has speeded up until change itself has become one of the most pressing human problems. Older readers can remember streets lit by gas, wagonsand carriages drawn by horses, stoves fired by coal or wood, and outside plumbing. Even the younger ones may recall the days before self-service markets and transoceanic air travel.

This constant and rapid change affects those who live under it. As Russell has pointed out: “Few men’s unconscious feels at home exceptin conditions very similar to those which prevailed when they were children.”25 Hence people who live in an era of rapid change tend to sufferfrom a vague but persistent feeling of unease. Something is wrong,though they do not know just what. Some react to this discomfort bywildly irrational fanaticism, as by asserting that fluoridation of drinkingwater is part of a Communist plot to poison the nation. Moreover, itcan be shown that speeding up the rate of change probably fosterscrime.

Some blame engineers for these difficulties, but that is futile. The whole process began back in the days of Imhotep. Once started, technologywas bound to develop much as it has, although the timing of this development might have varied if political history had been different.

Nay rather, technology started back in the early Pleistocene, when our apish ancestors, instead of evolving fangs, horns, or claws to enablethem to make their way in the world, developed brains for the purpose.Once that portentous step had been taken, everything else followed naturally. And now there is no more stopping or turning back than there ison a ski slide, once the skier has pushed off.

Others blame the technical men because they have not succeeded in making everybody kind, honest, and peaceful. Therefore, they say, technical progress has not “civilized” men at all.

But it is a mistake to confuse these virtues with civilization. Civilization is a matter of power over the world of nature and skill in exploiting this world. It has nothing to do with kindness, honesty, or peacefulness.These virtues are found scattered—rather thinly, alas—through the entirehuman species, although they occur in some people more than in othersand are encouraged in some cultures more than in others. No doubt itwould be a good thing if they were universal, but the engineer is not theman to ask this of. He can heat your house, dam your river, or buildyour space ship, but it is hardly fair to expect him also to make you loveyour fellow man. Priests and philosophers have tried for thousands ofyears to accomplish this, but with indifferent success.

An engineer is merely a man who, by taking thought, tries to solve human problems involving matter and energy. Since the Mesopotamianstamed their first animal and planted their first seed, engineers have solveda multitude of such problems. In so doing, they have created the teeming,complex, gadget-filled world of today.

But problems are like the Hydra of the myth of Herakles; cut off one head and two more sprout. Scientists and engineers have, by using theirintelligence, solved some human problems. But the solutions themselveshave given rise to still greater problems—nationalism, nuclear war, population explosion, and degenerative mutation pressure, to name but a few.If civilization is to last, and the problems are not to grow beyond allcoping, the rest of mankind, and not just the scientists and engineers,will have to use intelligence also, and more than they have so far.

Otherwise, in place of vanished man, the remote future may see the specialized descendant of some present-day monkey, rat, or lizard beginning to dig his species’ first irrigation ditch—and so starting the wholeprocess over again.
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1. Also spelled Djoser, Zoser, or Zeser. Because of the ambiguities of ancient Egyptian writing, the pronunciation of early Egyptian words is very uncertain. Hence, Hurry (pp. 191 f.) lists 34 ways to spell the name of Imhotep: Aiemhetp, I-em-hotep, Ihotep, Yemhatpe, &c.


	
2. Manetho (Loeb Classics), pp. 41-45. Joser’s name is also spelled Sesorthos or Sosorthus in other quotations from Manetho, whose name in Greek was Manethos or Manethon.


	
3. Greek, Imouthes. The h represents a guttural fricative between our h and the ch sound of German ach. For other Egyptian sounds without close English equivalents, see any Arabic grammar.


	
4. Mastaba is an Arabic word meaning “bench.” Tombs of this type are so called because they were shaped like the benches of mud brick that Egyptian peasants build in front of their huts.


	
5. Greek, Troia; modern Tura.


	
6. Latin, Aesculapius.


	
7. These are estimates, based upon what we can see of the pyramid. There is no way to ascertain these figures exactly short of taking the pyramid apart and counting and weighing the stones—especially as a ledge of rock rises into the interior, no man knows how far.
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14. Herodotus, II, 125.
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16. Because of the precession of the earth’s axis, the north celestial pole moves in a circle in the sky, 47° in diameter, making one complete circuit every 25,800 years.


	
17. Dunham.


	
18. Shear legs are a pair of long timbers arranged like an inverted V, with a rope passing over the apex for hoisting.


	
19. Millet.


	
20. “Ozymandias” is Shelley’s corruption of Diodorus’ “Osymandyas” (I, xlvii) which in turn is a corruption of User-ma-Ra, one of Rameses’ many names or titles. The obscure phrasing of lines 6-8 is understood if you remember that “survive” is here a transitive verb. Shelley is saying: “those passions . . . survive ... the [sculptor’s] hand . . . and the [king’s] heart.”


	
21. Herodotus, II, 108.


	
22. Greek, Necho, Nekos, or Nechad.


	
23. Persian, Kambujiya.


	
24. Greek, Dareios or Dareiaios; Persian, Darayavahush. Diodorus (I, xxxiii) says that Darius gave up the project when erroneously warned that the Red Sea was higher than Egypt and would flood that land. This is wrong and Herodotus, who says (II, 158) that Darius completed the canal, is right, because Darius left monuments commemorating his completion. Some think the canal was begun before Nikau’s time, perhaps as far back as —2000.
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3. King, III, p. 14.


	
4. Pritchard, op. cit., p. 270.


	
5. Or Iddfl; Greek, Is; modern Hit.


	
6. The biblical Shushan; modern Shush, Iran.
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13. Akkadian, Sinakheriba.
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19. Akkadian, Arbaila; modern Erbil.


	
20. Jacobsen & Lloyd, p. 38.


	
21. Finegan, p. 215.


	
22. Nahum iii, 1, 7, 18.


	
23. Akkadian, Nabu-apal-usur.


	
24. Or Nebuchadnezzar; Greek, Naboukodonosoros; Akkadian, Nabu-kudurri-usur. “Nebuchadrezzar,” the spelling used by Jeremiah and Ezekiel, is nearer the original than the “Nebuchadnezzar” used elsewhere in the Bible.


	
25. Formerly Bogazkoy or Boghaz Keui; now Bogazkale, Turkey.


	
26. Ingraham, p. 18.


	
27. Greek, kremastos; Latin, pensilis.


	
28. Koldewey, p. 91. The Arabic word mentioned seems to be dulab, meaning also “cupboard.”


	
29. Herodotus, I, 186; Diodorus, II, viii, 1-3.


	
30. Persian, Kurush; Greek, Kyros.


	
31. Greek, Nabonidos.


	
32. Persian, Khshayarsha.


	
33. Arrian: Anabasis, III, xvi; VII, xvii; Strabo, XVI, i, 5.


	
34. Persian, Hakhamanish.


	
35. Sabaea was the biblical Sheba and the Arabic Saba’; Ma’rib was the classical Mariaba.
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37. Esther viii, 10; Herzfeld, I, p. 228.
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39. Herodotus, VII, 23.


	
40. Greek, Ekbatana, Ag-; modern Hamadan, Iran.
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42. Polybius, X, xxvii.


	
43. Medieval Khuwaresm; modern Khurassan.


	
44. Greek, Arados; modern Ruad.


	
45. Greek, diere, “two-er”; Latin, biremis, “two-oar-er.”
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CHAPTER FOUR
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18. Herodotus, III, 60.
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20. Diodorus, XIV, xli, 3-4.
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25. Or Sun-dz (“Philosopher Sun”), Sun Tzu. See Sun Tzu Wu, Ch. v (ed. Phillips, p. 56).
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32. Vitruvius, DC, Pref., 9-12. For later versions of this story, see Clagett (1959), pp. 57, 86f.


	
33. Diodorus, XXVI, xviii; Pappus, VIII (ed. Ver Eecke, pp. 836 f.). For a slightly different version, see Plutarch: Marcellus, xiv, 7 (306).


	
34. Athenaeus Nauc., V, 204c-204d.


	
35. Plutarch: Demetrius, xliii.


	
36. Greek, sphairopoiia.


	
37. Diodorus, XXVI, xviii, apud Tzetzes. For the siege of Syracuse, see also Polybius, VIII, 5-9; Livy, XXTV, xxxiii-xxxiv; Plutarch: Marcellus, xv-xvii.
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1. Frontinus: The Aqueducts of Rome, I, 16.


	
2. Eric T. Bell: Numerology (Baltimore, 1933), p. 57.


	
3. Tacitus: Annals, III, 37; Vitruvius, I, i, 3; VI, Pref., 7.


	
4. To be fair, a small part of Arcadia, in the extreme west along the valley of the Alpheios, does look like the fictional Arcadia of Theokritos and his colleagues.


	
5. Strabo, V, iii, 7; Seneca: De ira, III, xxxv, 5; De beneficiis, VI, xv, 7; Juvenal, III, 190-202.


	
6. Pliny sr., XXXVI (lxvi), cxcv; Petronius, li.


	
7. Suetonius: Vespasian, xviii.


	
8. Pliny sr., IX, lxxix (168-69); Valerius Maximus, IX, 1. See also Cicero: De finibus, II, xxii (71); De offlciis, III, xvi (67); Columella: On Agriculture, VIII, xvi, 5.


	
9. Modern pozzuolana, Pozzuoli.


	
10. G. Giovanni (in Bailey, p. 437) explains opus incertum as meaning random-width ashlar masonry, while all my other sources explain it as concrete studded with a facing of irregular stones. Some class random-width ashlar masonry as a kind of opus quadratum.


	
11. Pliny sr., XXXVI, iii (7).


	
12. Suetonius: Augustus, xxviii.


	
13. Modem Spljet, Yugoslavia.


	
14. Modern Timgad, Algeria.


	
15. Panem et circenses; Juvenal, X, 80.


	
16. They were actually begun by Caracalla’s father Septimius Severus and finished some years after Caracalla’s reign by Severus Alexander (+III).


	
17. Frontinus: Aqueducts, I, v; Livy, IX, xxix, 5-9.


	
18. Greek Epidamnos, modern Italian Durazzo, Albanian Durres.


	
19. Statius: Silvae, IV, iii: The Domitian Road.


	
20. “Cedo alteram”; Tacitus: Annals, I, 23.


	
21. Modern Mitrovica, Yugoslavia. Tacitus: Annals, I, 20; XI, 20; Dio Cassius, LXI, xxx, 6; Eutropius, IX, 17.


	
22. Caesar: The Gallic War, IV, xvii.


	
23. Thomas Babington Macaulay: Horatius; Livy, II, ix-x; Polybius, VI, 55. Porsena’s name is also spelled Porsenna or Porsinna.


	
24. From north to south, the ancient bridges of Rome, selon Gest (Ch. vii), were as follows. First comes the century in which the bridge was begun, then the names by which it has been known in more or less chronological order. Those starred still stand:




—III Mulvius = Milvio or Molle*

4-II Aelius = Hadriani or Adrianus = Sancti Petri = Elio or S.

Angelo*
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—I Agrippae
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The Pontes Cestius and Fabricius are in tandem, not parallel as might be thought from their listing. The broken-down bridges have been called pons ruptus or ponte rotto at various times, but the term does not mean any particular bridge. In recent centuries a number of new bridges have been built across the Tiber, and more are planned.

	
25. Hart (1928), p. 4.


	
26. Vitruvius, VIII, vi, 10-11.


	
27. Also called a modulus or adjutage.


	
28. Tacitus: Annals, XII, 57; Suetonius: Claudius, xxi; Dio Cassius, LX, xxxiii.


	
29. Meaning Tiberius, Gaius Caligula, Claudius, and Nero respectively. Quoted from an unidentified source by Basil Davenport, in The Roman Reader (N.Y.: 1951-59), p. 479.


	
30. Horace: Satires, I, v. The marsh was part of the Pomptine Marshes, already described, while “Feronia” was a shrine of the goddess of that name near Tarracina.


	
31. Landstrom, p. 213.
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1. The ending -ianus meant that, before joining the clan of the Iulii, he had belonged to that of the Octavii.


	
2. Seneca: On Mercy, I, xxiv, 1.


	
3. Wright, pp. 140 f.


	
4. Suetonius: Nero, xli, xlix.


	
5. Steinman & Watson, p. 48.


	
6. Dio Cassius, LXIX, iv; Spartianus: Hadrian, xix.


	
7. Specifically, Hadrian’s sending the plans implies that the temple was not yet built, in which case the faults of the design could have been easily remedied. If on the other hand the temple was already built, Hadrian would more likely have asked Apollodoros’ opinion of the completed structure, not of the plans.


	
8. Pliny sr., XXXI (iii), xxiii.


	
9. Pliny jr.: Epistles, VI, xvi.


	
10. Apuleius: Metamorphoses, or The Golden Ass, IX, 12.


	
11. Pliny sr., XVIII (xi), xxviii (107).


	
12. Strabo, XII, iii, 31.
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14. Vitruvius, X, v, 2.
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19. Thorndike, I, p. 197.


	
20. Plutarch: Crassus, ii, 4.


	
21. Heron Alex.: Pneumatics, II, xi (50) (ed. Woodcroft, p. 72); Cohen & Drabkin, pp. 254 f.


	
22. From aeoli pila, “ball (or cap) of Aiolos,” the wind god; used by Vitruvius (I, vi, 2) for some sort of ornamental kettle, probably shaped like a statuette of the god, with a steam spout at the top.


	
23. St. Gregory (ed. Gardner), pp. 17f.


	
24. Xenophon: Anabasis, III, ii, 18-19.


	
25. Falko Daim: “The Avars,” Archaelogy, Mar.-Apr. 1984, p. 33.


	
26. Vegetius, X; Anonymus, Pref., 4 (ed. Thompson, pp. 106 f.). Cf. the invention of a lightweight ram by men of the Sabeiroi, a Caucasian nation, at the siege of Lazica in 4-550 (Procopius: History, VIII, xi, 27-31).


	
27. Frontinus: Stratagems, III, Introd.


	
28. Pliny sr., XXXVI, xxvi (199); Seneca: Quaestiones naturales, I, vi, 5; see also Aristophanes: The Clouds, 11. 766 ff.


	
29. Seneca: op. cit., VII, xxv, 2-4.


	
30. Ibid., VII, xxix, 4.


	
31. Strabo, I, ii, 8.


	
32. B. Russell: The ABC of Relativity (N.Y.: 1926), p. 166.
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1. Diener, p. 167.


	
2. Ioannes or John Philiponus: Commentary on Aristotle* s Physics, quoted by Cohen & Drabkin, p. 220, & by Clagett (1955), p. 173. “Philiponus” means that he belonged to a particular sub-sect of the Monophysites.


	
3. A. D. White, I, pp. 91 f.; Lactantius: Divine Institutes, III, xxiv.


	
4. Encyclopaedia Britannica, s.v. Vladimir, St.


	
5. Miller, p. 109; Gibbon, II, p. 1355.


	
6. Procopius: Buildings, II, iii, 16-21 (B219).


	
7. Aeneas Tacticus, xxxv.


	
8. Heron Byz., xxii (ed. Barocius, p. 39b).


	
9. Merckel, pp. 311 f. Where I have written “Mazdai,” Merckel has “Mas-maeus.” I think this is an error for Mazdai (a common Old Persian name) and its Latin equivalent “Masdaeus,” arising from the fact that the Arabic letters dad and mim look much alike in medial position. Ardeshir (Old Persian, Artakhshathra; Greek, Artaxerxes) was the founder of the Sassanid Empire and the father of Shapur I.


	
10. Lloyd (1942-45), p. 14.


	
11. Ibid., p. 15.


	
12. “Caste” is loosely used for two Indian social groupings: the main groups, properly called varna or color, and jati, a subdivision of the varna. Ever since Aryan times there have been four varnas: priests, warriors, merchants, and workers. But the number of jatis runs into the thousands. In recent decades the system has been losing its rigidity.


	
13. Homer: Odyssey, XII, 11. 109-10.


	
14. Better spelled “Asoka,” because the Indian languages have the combination s 4- h as in “gashouse” as well as the sound of sh as in “fish.”


	
15. Respectively called ardhamandapa, mandapa, antarala, and vimana.


	
16. Or sikhara. The shrine room is the garbhagriha.


	
17. King Kumaragupta.


	
18. Known to medieval Europeans as Rhazes, Albiruni, Avicenna, and Alhazen.


	
19. Lisharh ibn-Yahsub.


	
20. Properly Salah-ad-Din Yusuf ibn-Ayyub.


	
21. Gibbon, II, p. 1334. Twelve palms would be about four feet, but a 600-pound ball would be only about two feet in diameter.


	
22. Arnold, p. 337.


	
23. Or Huang-ti. Of the several ways of transliterating Chinese names, I use a system like that of Yale and Gardner which, if it does not fit the language exactly, comes closer to it without special directions than the others, especially the familiar but misleading Wade-Giles system with its apostrophes. Wade-Giles spellings are given as alternatives in the notes. To approximate the Chinese, render e by the vowel of “up”; i by a sound like that of the word “err”; u as in German; o as in “horse”; ou as in “soul”; and hs like ch in German ich. Well-known Chinese place-names are given in their conventional forms regardless of systems. When I first wrote this book, the now official Pinyin system was not available.”


	
24. Or Yao.


	
25. Or Chou.


	
26. Or Chu-ko Liang. Needham (1954), p. 118; Forti, pp. 25, 104; Agricola, pp. 154 f.


	
27. Or K’ung Fu-tze, -tzu.


	
28. Or Lao-tze, -tzu; a nickname meaning “old philosopher.” His real name was Li fir.


	
29. Because the correct reading of the Chinese characters of this name is doubtful, it has several possible forms: Hsiian Chuang, Yuan Chwan, Huan Tsang, Hiuen Tsiang, &c.


	
30. Or Ts’in, Chin, Ch’in Cheng, &c.


	
31. Or Shih Huang Ti.


	
32. Or Li-sze, -ssu.


	
33. Geil, p. 204. This is a paraphrase or abridgment of the original, which in turn is probably a fictitious speech like those which classical historians put in the mouths of Perikles and other notables. But it may give the true reasons motivating Tsin.


	
34. Or Jin, Kin, Chin.


	
35. Or Ch’in Erh Shih, &c.


	
36. Or Liu Pang.


	
37. Swei Wen-di and Swei Yang-di, or Sui Wen Ti and Sui Yang Ti.


	
38. Polo, II, liii.


	
39. Or Ts’ai Lun.


	
40. Or chih.


	
41. Carter, p. 3.


	
42. Loc. cit.


	
43. Or Chieh; Carter, p. 41.


	
44. Or Pi Sheng.


	
45. It is uncertain whether “Coster” was the man’s surname or merely a sobriquet meaning “the sacristan.”


	
46. It is not certain that this job was finished while Gutenberg was working with Fust or whether it was completed by Fust and his later partner Schoffer.


	
47. Or Liang Ling-tsan.


	
48. Lyou Hsu: Jyou Tang Shu, xxxv, pp. la ft, quoted in Needham, Wang, & Price, pp. 78 f.


	
49. Hsiian Dzung or Tsung.


	
50. Needham, Wang, & Price, p. 79.


	
51. Or Chang Ssu Hsiin, Sze Hsiin.


	
52. Or Tsung.


	
53. Or K’itan, Ch’itan, &c.; “Cathay” comes from “Kitan.” The Kitan dynasty was called the Lyau or Liao.


	
54. Or K’ai-feng-fu; fu — “city.”


	
55. Shun-di or Shun Ti.


	
56. Forti, p. 272.


	
57. Ley (1942), pp. 61 f.; Partington, Ch. ii.


	
58. Biringuccio, p. 433. Biringuccio’s “cubit” is the Florentine bracchio of about 23 inches.


	
59. Lu Gwei-Djen et al.: “The Oldest Representation of a Bombard,” Technology and Culture, Jul. 1988, p. 594.


	
60. Biringuccio, p. 319.


	
61. Or Cheng Ho.


	
62. J. & D. Needham, pp. 256 f. Marxist Needham hastily adds that he “does not mean that capitalist economy is necessarily the best today or the best for the future.”
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1. Theophilus, III, xlviii.


	
2. Bacon: Epistola de secretis operibus artis et naturae, quoted in Klemm, p. 95.


	
3. Bacon: Opus majus, II, pp. 574, 582.
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10. Machiavelli (1960), IV, i (p. 164); V, vii (p. 253).


	
11. L. B. Alberti: Architectura (Leoni transl., London: 1755), quoted by Klemm, p. 119.


	
12. W. B. Parsons, p. 241.


	
13. Filippo da Modena and Fioravante da Bologna.


	
14. W. B. Parsons, p. 375.


	
15. Or IJssel. Suetonius: Claudius, i; Tacitus: Annals, II, 8; XIII, 53.


	
16. Lane, p. 172; quoting Pero Tar fur, Travels and Adventures, 1435-1439, (N.Y.: 1926), p. 170.


	
17. G. K. Chesterton: Lepanto,


	
18. Klemm, p. 121.


	
19. W. B. Parsons, pp. 16 f. All of Leonardo’s many biographers print this memorandum; e.g., Hart (1925), pp. 43 ff.; Vallentin, pp. 75-85, &c.


	
20. Machiavelli (1908-28), p. 217. Actually a separate short article (Del modo tenuto dal duca Valentino nell*ammazzare Vitellozzo Vitelli, Oliverotto da Fermo, il signor Pagolo, ed il duca di Gravini Orsini, 1502) but sometimes printed as an appendix to 11 Principe (The Prince).


	
21. Vallentin, p. 349.


	
22. Ibid., p. 462; Encyclopaedia Britannica, s.v. Renaissance.


	
23. Born Georg Bauer, he latinized his name to Georgius Agricola for literary purposes, as they did at that time. Bauer and agricola both mean “farmer.” For that matter, his given name comes from the Greek georgios, also meaning “farmer.”


	
24. G. Galilei: Dialogo . . . dei Due Massimi Sistemi del Mondo Tole-maico, e Copernicano (Florence: 1632).


	
25. B. Russell: The Impact of Science on Society (N.Y.: 1953), p. 108.
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Athens A Athenians, 89, 91, 96 f, 105, 195, 201, 257, 279; temples of, 222, 264

Atlantis A Atlanteans, 19, 233, 278 atoms, 118 f, 136atrium, 167, 172

Atrush-Gomel River, 68 f Aubriot, Hugues, 347Auctus, Lucius Cocceius, 184

Augustus, Gaius Julius Caesar Octavianus, or Gaius Octavius, 168, 175, 184, 198, 204, 207 f,211 f, 217, 241, 253, 256, 263, 313, 314

Ausonius, Decimus Magnus, 231, 337 f Austria, 276, 334automata, 147, 303, 321Automaton-making, 237automobile, 134, 325, 367

Avars, 261, 288 Avignon, 342 fAztecs, 19

Ba’albakk or Heliopolis, 179, 264, 267 Babur, 277

Babylon, Babylonia, A Babylonians, 54, 61, 70-78, 87, 167 f, 192, 201, 269 f, 349; fall of, 67, 75 f, 140; streets of, 71, 326; walls of, 29, 71 fBacon, Roger, 306, 319-22, 362

Baghdad, 57-60, 201, 234, 270, 278-85, 297 Baiae, 172, 207ballista. See catapultballs, cannon, 284, 308, 335; catapult, 106, 109 f,161; musket, 342

bamboo, 272, 275, 283, 287, 291 f, 296, 305 f, 310 Barada River, 282

barbarians, 65, 86, 131, 212, 223, 246 f, 258, 261; inventions by, 247-52

barges, 42, 47, 151, 153, 283 barrel, 247, 360

Bartholdi, Frfidfiric A., 136 Basil of Caesarea, 262basilica, 216, 263; Ulpia, 220basilisk, 315 fbasin, 145baths, 84, 172, 271; Roman, 164, 182 f, 196, 199,201, 213-16, 220, 223, 263

batter, 32, 271

Bayeux Tapestry, 251

Bayfius, 369 beams, 89 f, 366, 370bear, 129, 180, 334bearing, 156, 303

Beauvais Cathedral, 329 f

belfry, 64, 105, 108 fl, 133 f, 216, 237

Belisarius, 232, 266 bellows, 324, 338Belopoiika, 238Belos River, 83

Ben-Hur, 81

Berchtoldus or Berthold, Friar, 307

Berosos, 140 Bessarion, 269Beycesultan, 171Bi Shfing, 299 fbird, mechanical, 98, 142, 146, 238bireme. See diere

Biringuccio, Vannoccio, 111, 308, 369

BirOm, al-, 278, 282

Biton, 133 f, 252 Blarney Castle, 280block, impost, 263 f, 328; and tackle, 133bloom, 101, 324boats, 15, 311, 359

Boethius, 245

bolt, crossbow, 161; door, 170 f; king, 64

Bolos, 235

Book of Fighting on Horseback and with War Engines, The, 306

Book of Machines of War, The, 268

Book of Senchas Mor, The, 232

books, 119, 129, 298 ff, 322, 369; destruction of, 132, 285, 292, 296

bore, 64, 268

Borelli, Giovanni Alfonso, 368

Borgia, Cesare, 364 Boulogne, 208Boulton, Matthew, 140bow, 20, 105 f, 138, 336, 342Boyle, Robert, 119Brahmanism, 272brake, 185, 304, 339, 345, 367Bramante, 361 f, 365

Brandenburg, Elector of, 335

brass, 233 f, 255

bread and circuses, 179 f

breakwater, 207 f

brick, 55, 264, 271, 293; Egyptian, 32, 40; Mesopotamian, 21, 28 f, 70-73, 80, 290, 297; Roman, 173, 188, 216 f

bridge, 321, 361, 363, 367; aqueduct, 195, 343; Brooklyn, 27; floating, 88 f, 189, 217, 291;flying, 108, 208, 237, 268; Iranian, 269 f; medieval, 342 ff; Mesopotamian, 75, 193, 280;Rhine, 189, 190, 191, 310, 342; Roman, 165,189-94, 207, 213, 221, 223, 314, 327, 342 f;stone, 75, 193; suspension, 276, 291; wooden,192, 313, 342

Britain (Roman) A Britons, 66, 188 f, 200, 222 bronze, 88, 135 f, 145, 196

Brunelleschi, Filippo, 357-60 Bu’ananiyya Mosque, 257

Buddha A Buddhism, 26, 29, 273-77, 288, 298, 309

buffalo, 311

Buhen, 334

Bulgars, 261, 265, 268

bulls, 72, 75, 84, 95; winged, 80

Buridan, Jean, 320 buttress, 178, 329Byzantium A Byzantines, 184, 202, 232, 244,

260 ff, 266-69. See also Constantinople; Empire, Byzantine or Eastern

cable, 89, 233 cadmia, 233Caesar, Gaius Julius, 25, 131, 160, 179 f, 189,190, 193, 211 f, 219

Caesarea, 208

Cairo, 33 f, 47-50, 281, 297

calamine, 233

Caligula, 155, 158, 216-19, 224

Caliphs or Khalifahs A Caliphate, 60, 127, 131, 142, 236, 277-85, 316

calix, 200

Cambodia, 113

Cambyses, 51

camel, 77, 115, 136, 286

camera obscura, 360

canal, 20, 27, 41, 49 ff, 77, 295; Corinth, 99 f, 217, 219; Egyptian, 42, 44, 49 ff, 125; European, 314, 348 f, 360, 366; Islamic, 280, 282;Mesopotamian, 53, 58 ff, 68 f, 269, 282;Nahrwan, 58, 282; Roman, 188, 206, 218 f;Suez, 51

candle, 166, 304, 322; Roman, 306

cannon, 72, 111, 208, 214, 277, 308, 311, 324, 331, 335 f, 355, 363 f, 367

capitals (cities), 67, 78 f, 184, 202, 277 f; (of columns), 45, 46, 49, 93 f, 328. See alsocolumns

capstan, 74, 123, 133, 223, 227 ff, 252

car, battle, 252, 367; steam, 243

Caracalla, 128, 182, 213 f, 223

Carcassonne, 326, 330

Cardano, Girolamo, 368

cards, playing, 297

Carnac, 48

Carrhae, 248

carriages, 64, 216, 247, 319, 325

Carthage & Carthaginians, 81 ff, 102, 201, 208, 351

cart, 64, 93, 184 f, 325, 345

Cassiodorus, Flavius Magnus Aurelius, 313 Casson, Lionel, 209

caste, 258 f, 272

Castel Sant’ Angelo, 193, 214

castellum, 199

castle, 84, 135, 281, 308, 318, 330-35

catapult or ballista, 104-13, 139, 145, 152, 161 f, 166, 213, 216, 238, 252, 268, 321, 335 f, 352,363, 367

cathedrals, 34, 42, 318, 321, 328 ff, 348, 361, 366 cavalry, 65 f, 87 f, 188, 224, 248, 342; armored,250, 266, 340

Cavendish, Henry, 366

Celer, 218

Celts, 65, 131, 247. See also Gaul

censors, 183, 198

centering, 35, 176

Ceylon, 29, 201, 274, 310

chain, bucket, 133, 146, 156, 157, 225 f; drawbridge, 334; iron, 276, 291; sprocket, 145, 367; wooden, 358

Chaldea, 67, 70, 86

Chalybes, 63

Chandragupta Maurya, 273

Chares, 135 ff

Charias, 108

chariot, 51, 63 ff, 71, 91, 98, 180, 184, 261, 293; scythed, 66, 252, 320, 367; south-pointing, 309

Charlemagne, 208, 313 f, 342

Charles V, Emperor, 335

Charles II of England, 326

Charles IV of France, 347

Charles VI of France, 347

Charles VIII of France, 308

charms, 297 ff

Chateau Coucy, 331, 332

Chekiang, 311

chemistry, 233-36, 280

Chen Tang, 113

Chersiphron, 93, 179

Chertomtfk, 249

chimney, 323, 327

China, 21, 101, 112 f, 201, 234, 250, 283, 289 f; civilization in, 18 f, 22, 245. See also GreatWall of China

Christ, Jesus, 38, 239, 255, 290

Christianity & Christians, 26, 92, 95, 131, 202, 210, 218, 246, 253-56, 262 f, 279 f, 284 f, 317,355

Chronicle of Cologne, 300

Chryses, 265 f

church, 91, 214, 263, 265, 275; Gothic, 328 ff; Romanesque, 315, 328

Church, Christian or Catholic, 262, 265, 356, 362, 370

Cicero, Marcus Tullius, 149, 357 Cimmerians, 65, 69circuses, 180, 183, 215, 223, 263, 369Cirencester, 337cities, 15, 56, 59, 98 f, 101, 271, 273, 278 f, 325 fcity-states, 23; Greek, 22, 87, 98, 187, 370;

Italian, 116, 191, 314, 370

civilization & culture, 19, 37; Chinese, 286-89; decline of, 244, 260, 313; European, 313—16;Greek, 86, 219; Indian, 271, 277; Minoan, 16,84; origin of, 13 f, 18 f, 28

classics, Confucian, 292, 296, 298, 311 Claudius, 158, 181, 205 ff, 217Clement IV, 319

Cleopatra VII, 129, 131, 208, 235 clepsydra, 141

Cloaca Maxima, 203, 213 clock, Chinese, 301-4; parastatic, 142, 143; wa

ter, 140-44, 197, 216, 230, 238, 246, 254, 257,

282, 301, 304, 336; wheeled, 253 f, 304 Clovis, 350coach, 345coal, 253, 323 fcodex, 298coinage, 314, 361cofferdam, 193 fColechurch, Peter, 343collar, horse, 251, 314, 338colonies, 56, 81, 86, 103Colonna, Cardinal, 360colonnade, 128, 167, 218, 220, 326, 328Colosseum, 180 ff, 204, 216, 220, 249Colossus of Rhodes, 29, 110, 135 ff, 218colter, 314Columella, Lucius Junius Moderatus, 170columns, 92 f, 135, 172, 178, 221, 263 f, 328;

Egyptian, 44, 45, 46, 49, 94; Greek, 45, 46, 94, 179, 216, 222; Persian, 45, 79; wooden, 84,273, 290. See also capitals

Communism & Communists, 115, 371 compass, magnetic, 144, 309 fcomputers, astronomical, 144, 161 f, 254, 336concrete, 173 ff, 187, 195-203, 216 f, 223, 361;

reinforced, 274 Confucianism, 273, 289, 311Constans II, 214Constantine I, 181, 193, 202, 248, 268, 315Constantine IV, 267Constantine Palaeologus, 269Constantinople, 47, 111, 184, 201 f, 214, 261,

269, 288, 313; churches of, 263 ff; fall of, 132, 244, 265, 284, 335; sieges of, 267 f; wallsof, 266, 308, 331. See also ByzantiumContending States, 287 f, 291 fCopernicus, Nikolaus, 133, 370copper & coppersmiths, 39, 233, 323, 336corbels & corbelling, 35, 178, 280Cdrdoba, 246, 321

Corinth, 94, 96, 100; Isthmus of, 99 f, 217, 219 corselet or cuirass, 88, 116, 342corvus, 208

Coster, Laurens Janszoon, 300 cotton, 18, 68, 314

Counter-Reformation, 370 counterweight, 50, 112, 145, 151, 304, 336Courtrai, 250cramps, iron, 93, 173crane, 110, 133 f, 162, 238, 367crank, 156, 157, 228 f, 336, 369Crapone, Adam de, 357

Crassus, Appius Claudius, 183, 198, 204, 206,

212

Crassus, Lucius Licinius, 172

Crassus, Marcus Licinius, 172, 175, 189, 241, 248 Cr6cy, 336

crenels & crenelation, 72, 266, 280, 292 f, 331,

332, 333 Crete, 37, 84, 95crow, 108, 208Crusades & Crusaders, 92, 111 f, 132, 260 f, 282,

284, 310, 330 f, 340, 352; Children’s, 318 Ctesiphon, 234, 270 f

cuirass. See corselet

culture. See civilization

Cursor, Lucius Papirius, 198

cutwater, 343 f

Cyclopes, 21 cylinders, 138 ff, 149, 152

Cyrus, 75 ff

Dacia & Dacians, 167, 221

DahshQr, 33

dam, 29, 40 f, 50, 77, 265 f, 269, 279

Dama, 158

Damascus, 276 f, 281 f

Danube River, 221, 250, 314

Daras, 265 f

Darius I, 22, 30, 51, 77-80, 87 f, 114, 233, 273, 278, 346

Dark Ages, 244, 251, 315, 331, 340, 350 dart, 104-7, 111, 161, 238, 307

Datus, Nonius, 195 f

Dauism or Taoism, 234, 289

De Architectura, 216

Decrianus, 218, 221

Dedefra, 36

Dehuti or Thoth, 235

Deihokrates, 124 f

Deipnosophistai, 237

De la Pirotecnia, 369

Delhi, 276

Delion, 102

Delos, 89

Delta, Nile, 29, 59, 124 ff; Quarter, 128 Demetrios Phalereus, 129, 131

Demetrios Poliorketes, 107-10, 114, 129, 135, 151, 159

Demokritos, 119, 235 demons, 245, 273, 305, 314

Demosthenes, 81

Dentatus, Manius Curius, 198 dentistry, 123, 166

De officiis regum, 306

De re aedificatoria, 360 f

De rebus bellicis, 367

De re metallica, 369

De re militari, 369

De re navali, 369

Description of a Clock, 257

Diades, 108

Diadochoi. See Successors

Dialogue on Two New Sciences, 370

Dialogues, 245

Diana, 93

Didymeion, 93

died libri dell’ Architettura, I, 360 f

diere or bireme, 81 f, 209 diffusion, 19 f

Dio Cassius, 222

Diocletian, 131, 176, 182, 213, 223, 260; laws of, 246, 258

Diodoros, 73, 76

Diognetos, 110 diolkos. 100

Dionysios of Alexandria, 145

Dionysios the Elder, 103 ff, 113, 115, 159; Ear of, 106

Dionysios the Younger, 98, 103

Dioptra, 238

dolphin, 162

dome, 177 f, 223, 274, 361 f; Byzantine, 263 ff, 281; corbelled, 55, 84, 276; octagonal, 358 f;pendentive, 264; St. Peter’s, 361 f

Domitianus, 177, 186, 214, 220

Domus Aurea (Antioch), 315; (Rome), 218 Donatello, 358, 360

Dondi, Giovanni di, 304

Doria, Andrea, 355

Dorians, 65, 86

dragon, 72, 75, 238, 268, 303, 316 dromon, 209

drum, 142 f, 225 f; column, 49, 93, 179

Drusus, Nero Claudius, 350

Drusus Caesar, 165 dry dock, 151 fDuke Ernst of Swabia, 148Dun-hwang, 298Duomo, il, 359Durer, Albrecht, 20Dur Sharrukin, 67, 203Duthagamini, 274dye, 82 f, 318dyke, 278, 350dynasty, Achaemenid, 76 f; Chaldean, 75;

Fourth, 33; Gin, 294, 303 f; Han, 290, 294; Jou, 287, 295; Maurya, 273; Ming, 303, 310 f;Mongol or Yiian, 299, 303, 311; Sassanid,260, 269; Shang, 287; Sung, 294, 299, 302,304; Swei, 295; Tang, 244, 295, 298; Third,32, 44; Twelfth, 37

earthquakes, 35, 84, 118, 358 Edward III. 307Egnatian Way, 184Egypt & Egyptians, 21, 44, 83, 86 f, 141, 202,

258, 278; Assyrians in, 37, 67, 69; beliefs of, 31, 46; canals of, 49 ff; Greeks in, 29 f, 33,37, 121, 124, 128; kings of, 30 ff, 36, 40, 43,46, 49 f, 151; monuments of, 28 f, 40, 46 f;Ptolemaic, 101, 114, 124, 152; tools of, 39,42; Upper, 30,125

Eilmer, 321 electroplating, 234elements, four, 99, 234Elements of Mechanics, The, 144 felephant, 113-17, 180, 218, 221, 224, 274Elgin, Earl of, 91Elixir of Life, 235Elizabeth I, 170Ellora, 275Empedokles, 99, 234empires & emperors, 23 f, 297, 352; Arab, 24,

277; Assyrian, 24, 67, 70, 80; Athenian, 89, 101; Byzantine or Eastern, 127, 132, 209, 214,236, 244, 260 ff, 266-69, 279, 312, 316, 330,352, 356; Chaldean, 70, 75, 80; Chinese, 234,244, 287 f, 294-97, 301 ff, 310 f; Holy Roman, 282, 313 f, 335, 348, 370; Indian, 275,277; Persian, 24, 64, 76-80, 86, 114, 117, 269;Roman, 24, 40, 111, 116, 153, 155, 164, 172,175, 179-85, 188, 199, 205-12, 217-24, 235,244-47, 250, 253-62, 269, 278 f, 294, 313-17,323, 325, 344; watershed, 23 f, 85, 98, 164,178, 180, 260, 279enceinte, 331, 332engineers & engineering, ancient, 25, 125; Ara

bian, 279-82; Assyrian, 62, 64; Byzantine, 260-69; Chinese, 22, 285-312, 321; civil, 165,223, 370; decline of, 256 ff, 260, 315; Egyptian, 28-52; European, 313-72; Greek, 22,86-113; Hellenistic, 114-63, 223, 225, 280;Indian, 22, 271-77; Iranian, 22, 77 f, 269 ff;Italian, 308, 370; Islamic, 277-85; mechanical, 303, 337; medieval, 321, 323; Mesopotamian, 53-85; military, 216, 268, 364; modern, 26 f, 369-72; oriental, 22, 260-312; originof, 15, 20, 26; Phoenician, 78, 80, 102, 110;Renaissance, 243, 339, 357 f, 362; Roman,22, 163, 164-259, 280; treatises on, 27, 118-24, 236-44, 369

engine, fire, 240; siege, 64, 66, 96, 101 f, 109 f, 161, 163, 168, 216, 237, 252; steam, 27, 147,163, 242, 243, 253, 255, 263, 300, 370 fEntemanna, 58Ephesos, 29, 93, 264Epidauros, 96Epimachos, 109Eraclius, 315Eratosthenes, 133Eristratos, 133Esagila, 74, 76Esarhaddon, 67, 69escapement, 254, 301-6, 321, 336Eskimos, 14 fEtemenanki, 61 f, 70, 74, 76Ethiopia. See Abyssinia; Kush

Etruscans, 165 f, 176 f

Eudoxos, 159

eunuchs, 296, 310 f

Eupalinos, 100

Euphrates River, 17, 21, 23, 28, 53 f, 57 f, 67, 70-75, 81, 269

Europe, medieval, 42, 312, 325, 335

Eusebius, 262

Eutychides, 134 f

Evelyn, John, 326 experiment, 97, 118, 318 feyeglass, 321 f

facade, 202, 271

Fa Hsyen, 276

Fausto, Vettor, 351

FayyOm, 33, 50

Ferrara, 345 feudalism, 248, 250, 269, 308, 318, 330, 341, 344,

346, 356

fire, Greek, 267 f

firecrackers, 305

fire fighting, 218, 240 f fireworks, 364

Fireworks-Book, The, 307 flame thrower, 102, 267 f

Flaminius, Gaius, 183 f

Flavio of Amalfi, 310

Flevo Lacus, 350

Florence, 34, 344, 357 ff, 362, 366

fly, windmill, 339

Fontana, Domenico, 39, 369

Forbes, Robert J., 170 forceps, 123forces, 121, 318, 366, 369fortification & fortresses, 74, 80, 214, 263, 280 f,308, 331, 334 f, 361, 367

Fortune of Antioch, 134 f fountains, 196, 199, 346forum, 164, 208, 220 f, 248; Apii, 206Franciscans, 319

Francois I, 325, 365

Franklin, Benjamin, 197

Franks, 246, 261, 350

Frederick Barbarossa, 348

Frederick II, Emperor, 282

Freiberg, 307

friction, 123, 366

Frontinus, Sextus Julius, 164, 200 ff, 224, 252 ff Fulton, Robert, 300

furnaces, 101, 323 f, 327, 338

Gaddi, Taddeo, 344 galeass, 351, 355

Galileo Galilei, 124, 262, 304, 351, 359, 366, 370 Galleon of Venice, 355

galleys, 81, 82, 83 f, 89, 103 f, 121, 158, 162, 208; Byzantine, 209, 267, 351; Hellenistic, 151 ff,159; medieval, 104, 351 f, 353, 354 f. See alsoships

Gandash, 54

Ganges River, 23, 272 f gastraphetSs, 106, 107gate, 56, 67, 334; Ishtar, 72 f; of the Sun &

Moon, 128; sluice, 69; wicket, 367

Gaul & Gauls, 184, 231, 244, 246, 350. See also Celts

Gautama, Siddhartha. See Buddha

Gaza, 257

gears & gearing, 120 f, 160, 230, 231, 238, 244, 282, 304, 367; crown, 120, 160; rack-and-pinion, 142 f, 336

Gerbert, 246

Germany & Germans, 65, 188, 212, 224, 265, 278 f, 283, 323; castles of, 330, 334

Ghazzali, al-, 285

Ghiberti, Lorenzo, 358, 360

Ghumdan, 279

gilding, 264, 290

Gioconda, La, 368

Giordano, Friar, 322 girders, 214

Giza, 33, 36

gladiators, 166, 180 f, 189, 205, 217 glass, 83, 169 f, 233, 269, 315; magnifying, 163,254, 320

gnomes, 369 gnomon, 140 fgods, Babylonian, 74, 192, 221, 272 f; Egyptian,158, 235, 239; sun, 110, 135

Goethals, George W., 27

gold & goldsmiths, 80, 234 f, 351; Spanish, 315 f Golden Age of Greece. See Greece, Golden Ageof

Golden House (Antioch), 315; (Rome), 218 gopuram, 276

Goths, 93, 111, 231 f, 244 f, 294

Granada, 132, 281, 331

Grand Canal, 295

Grand Gallery, 35-38

grapnel, 213

Great Pyramid. See Pyramid, Great or Khufu’s Great Wall of China, 29, 34, 292 ff

Greece, 124, 219, 255, 330; Golden Age of, 21, 85-89, 95, 98, 100 ff, 115, 134, 167

Greeks or Hellenes, 86 ff, 102, 165, 177, 260 f, 271, 273, 280; in Egypt, 33, 37, 128greenhouse, 170

Gregorius of Nyssa, 261

Gregory I, 245

grid, 56, 96 f, 127, 178, 218, 326 groma, 185 f, 238

gugallu, 20

guilds, 263, 327, 336, 345

gun, 145, 306 ff, 335, 340 ff, 355 f, 367; hand, 307, 308

Gundibald, 245 gunpowder, 288, 305 f, 319, 325Gutenberg, Johann, 300

Hadrian (Publius Aelius Hadrianus), 193, 206, 214-21, 263, 313, 346, 358

Hagmatana, 78 f

Halikarnassos, 29

Hall, Hypostyle, 48 f, 79, 177, 273; of a Hundred Columns, 79

halls, audience, 78 f, 177, 182 f, 213, 263, 270; Masonic, 38; town, 164, 263

hammer, trip, 324, 338

Hangchow, 201, 295

Hanging Gardens, 29, 73 ff haqueton, 252

Harappa, 271 f harbors, 125, 207 f, 217, 245harmanaxa, 64, 345harness, 228, 251

Hastings, 111

Hatshepsut, 47

Hattusas, 71

Haytham, ibn-al-, 278, 319 headers, 174, 247heating, house, 25, 171 fhelepolis. See belfry

Helios, 135 f, 218, 257

Hellenes. See Greeks

Hellespont, 217

helmet, 88, 115, 340 ff

Henlein, Peter, 304

Henri II, 347 f, 357

Henri IV, 347

Hephaistos, 91 f

Heptastadion, 125, 127

Herakles, 125, 134, 238, 257, 372

Herculaneum, 204, 224

Hermes Trismegistus, 235

Hermias, 116 f

Hermodoros, 165

Herod, 207

Herodotos, 29 f, 33, 36-41, 50 f, 74-78, 100, 116 Heron of Alexandria, 107, 120 f, 139, 146, 159,223, 237 f, 239, 240, 241, 242, 243 f, 253, 255,268 f, 278, 309, 338, 370

Heron of Byzantium, 268

Herophilos, 133

Herostratos, 93 Hezekiah, 57Hieron II, 148-52, 161High Middle Ages, 317 ff, 323, 327-30, 340 f,

344 f, 354 Himilkon, 104 fHinduism, 26, 272, 275, 277Hipparchos, 253Hippodamos, 96 fHippodrome, 263history & historians, 86, 215, 262, 271, 279, 310,315; Chinese, 287 fHittites, 65, 71, 284Ho-di, 296hoist, 59, 223, 226Homer, 33, 90, 102Honan, 287Honnecourt, Villard de, 283, 321, 328, 337 fHonorius, 202Hoover, Herbert, 369hoplites, 88, 187Horace (Quintus Horatius Flaccus), 206Horatius Codes, 191 fhorizon, artificial, 43; Khufu’s, 33Horologium, 144horse, 65, 71, 247, 250, 293 f; Median, 65 f, 88,249; Trojan, 102horseshoe, 250 f, 314house, 54, 169, 216, 326; courtyard, 55, 99, 166,173, 281, 290; medieval, 315, 317; Roman,167, 169, 172hour, 142, 143, 301hourglass, 304Hsuan Dzang, 291Hsyang-yang, 113Hulagu Khan, 60, 278Huns, 113, 181, 261, 277 f, 292 fHwangdi, 287, 309

Hwang-ho or Yellow River, 23, 287, 295 hypocaust, 172

Ianiculum, 198, 231 Ibrahim, Hafiz, 39Id, 54Idrisi, 126, 148, 270Iktinos, 90Iliad, The, 33, 130Imhotep, 30-33, 239, 369, 371Inchtu thill, 188

India, 21 f, 80, 112, 117, 250, 258, 278, 286; civilization in, 14, 245, 271

Indians, American, 132 Indo-Europeans. See AryansIndus River, 14, 17, 23, 56, 114, 271infantry, 184, 208, 250, 341, 363; Roman, 187 fInquisition, 370insulae, 169, 179, 199, 204, 213, 218invention & inventors, 25, 118, 171, 224, 267,

320 f, 357; Chinese, 289, 296; Hellenistic, 300 f; Heron’s, 239, 242; independent, 20,113; military, 252 f; Muslim, 141, 321; patentable, 16, 25; primitive, 15 f

Ioannes Philiponus, 262

Iran & Iranians, 22, 65, 114, 245, 260, 269,

278 f, 283 f, 299, 338 f. See also Persia Iraq. See Mesopotamiairon, 63, 89 f, 115 f, 135, 253, 274, 323 ff, 329,

334; cast, 101, 296, 324; Chinese, 288, 296, 324; Indian, 276, 296

Iron Pillar of Delhi, 276

irrigation, 20, 23, 50, 77, 205, 274, 348; Iranian, 66, 269, 283; Mesopotamian, 53, 59 f; qanat,66, 77

Isidoros the Elder, 263 f Isidoros the Younger, 265Isis, 158, 235, 255Islam, 26, 132, 277, 279, 285, 317. See alsoMuslims

Israel, 19, 86

Italy & Italians, 181, 206, 244, 246, 314, 359

Jabir ibn-Hayyan, 325

jacks, 157, 282, 301

Jang Sz-hsiin, 302

Japan & Japanese, 181, 291, 297, 305

Jazari, al-, 257, 282

Jefferson, Thomas, 215

Jeng Ho, 310

Jengis Khan, 284, 294

Jerusalem, 57, 70, 203

Jerwan, 68, 75

Jesuits, 243, 303 f, 311

Jews, Hebrews, or Israelites, 19, 70, 83, 86, 124, 128, 136, 219, 265, 280, 316, 318

Jiji, 113

JimSnez, Cardinal, 132

Joab, 57

John, King, 318

Joseph, 31, 38, 239

Joser, 30-33, 40, 44, 239, 328

Judaism, 26, 256

Jugo Lyang, 289 Julia, 215 f

Julian, 156, 346 Julius II, 361 fJundishapur, 280Jupiter, 29, 165, 179Jurchens, 294, 303

Justinian, 124, 257, 262 f, 266, 279

Kaifeng, 302-5

Kalakh or Nimrud, 203 Kallias, 110

Kallikrates, 90 Kallimachos, 94Kallinikos, 267 fKallisthenes, 117

Kameiros, 203 Kanofer, 30 fKansu, 286, 293, 298kariz. See qanat

Karnak, 48 Kassandros, 129Kassites, 54, 65kataphraktoi, 266 fkeep or donjon, 74, 331, 332, 334Kerak des Chevaliers, 330, 333key, 171, 238keyboard, 138

Khafra, 36 f, 46

Khalifah. See Caliphs Khammurabi, 53 f, 271Khasekhemui, 40Khem. See Egypt

Khnum, 31, 239 Khnumabra, 30 f

Khufu or Cheops, 19, 33-42, 50, 126

Khujut Rabu’a, 234

Khusrau, 279

Khuwaresm or Chorasmia, 80, 284

King’s Chamber, 35 f

kings, 37, 63, 84, 86, 113, 171, 191, 207, 273 f, 291, 308, 315; Assyrian, 62, 65, 67, 71; Babylonian, 62, 74 f, 271, 297; divine, 23 f, 41, 279;Egyptian, 30 ff, 36, 40, 43, 46, 49 f, 62, 101,114, 133, 151, 179 f, 235, 253, 271; French,326, 346 f, 352, 365; German, 244 f, 313;Hellenistic, 115, 151, 182, 185, 188; Macedonian, 101, 108, 114; Persian, 51, 76-80, 83,114, 185, 269 f, 279; Seleucid, 76, 83, 114,180, 182

Kipling, Rudyard, 34

Kitans, 302 f

Kleitophon and Leukippe, 123

knights and knighthood, 250, 266, 269, 284, 308, 317, 335, 340 f; Hospitallers or of Rhodes,135, 330

Knossos, 84, 203

Kocs, 345

Koldewey, Robert, 73 f

Komarios, 235

Kondos, Demetrios, 160 korax, 108

Koreans, 299

Krates, 203

Ktesibios, 137 f, 139, 140 f, 142, 143 ff, 197, 230, 237-40, 301, 304

Kublai Khan, 112, 295

Kung Fu-dz or Confucius, 289, 311

Kush & Kushites, 37

Kut al-‘Amara, 58, 282

labor, forced, 40 f

Lacer, Gaius Julius, 193, 221

Lactantius Firmianus, Lucius Caelius, 262 ladder, scaling, 64, 168, 268

Lagash, 58, 60

Lake Albanus, 205; Avernus, 213, 218; Fucinus, 205 f, 217; Kopais, 99; Lucrinus, 172, 213;Nemi, 153, 154, 155, 156, 229, 360; of Homs,50; Ticinus, 248; Trasimenus, 184; Velinus,205

lamp, 239, 322

Landa, Diego de, 132

language, Akkadian, 54, 129, 166; Arabic, 280, 316; Chinese, 289 f, 299; English, 268, 361;Greek, 260, 268, 316, 356; Indo-European,65, 272; Latin, 260, 316, 361; Phoenician,80; Ural-Altaic, 288

lantern, 145; cathedral, 359

lathe, 80, 336, 367 latrine, 203 f, 280Lau-dz or Lao-tse, 289law, 59, 179, 212, 246, 259; Archimedes’, 149;

patent, 97, 254, 359; square-cube, 136

lead, 93, 152, 187, 196, 264, 270, 307, 323, 325, 329; poisoning by, 197

legends & myths, 248, 272, 287; Greek, 58, 255, 360; Hebrew, 58, 239

lens, 254, 320, 322

Leo I, 181

Leo X, 365

Leonardo. See Vinci

Lepanto, 355 f

Lesbos, 116 f

levels, 42, 185, 238 lever, 42, 120 f, 238, 244, 282, 366libraries, 22, 245, 285, 322, 356, 368; of

Alexandria, 129-32

lighthouse, 125 ff, 208, 223 lighting, street, 257Lintlaer, Jean, 347lion, 73, 75, 180, 268, 296; mechanical, 365Lister, Joseph, 224

Li-sz, 292

literacy, 318, 322

literature, ancient, 39, 83, 197, 356 f; European, 245, 315; Greek, 86, 261; technical, 369

Livia, 215

lock, canal, 254, 295, 348 f, 367; door, 170 f London, fire of, 326; Bridge, 343

Lorraine, Guillaume de, 153

Louis XII, 365

Louis XIII, 348

Louis XIV, 370

Louis Philippe, 326

lubrication, 39 f, 366

Lucca, 360

Lucilius, 188, 258

Lugalannemundu, 54

Lyang Lingdzan, 301-4

Lyceum, 117, 119, 233

Lydia, 80, 86

Lyou Bang, 294

Lysimachos, 151

Lysippos, 134

Macedonia & Macedonians, 87, 114, 124, 151, 184, 187, 269

Machanidas, 111

Machiavelli, Niccold, 364 machicolation, 280, 308, 332machine, 38 f, 137, 170, 247, 273, 296, 300, 339,359; Antikythera, 160 f, 254; flying, 319, 321,367; Leonardo’s, 367; medieval, 335 ff;perpetual-motion, 272 f, 321; screw-cutting,

223, 367; torture, 156

Magadha, 273

magic & magicians, 15, 22, 181, 234, 236, 246.

255, 309, 316, 319 ’

magnets, 148, 282

Magyars, 314

mail (armor), 88, 149, 340 f

Mam Civilized Belt, 18 f, 22, 24, 285 f

Mainz, 300, 313

Maison Carrie, 215 malaria, 99, 114, 349

Malta & Maltese, 80, 84

Malthus, Thomas, 18

Ma’mOn, al-, 37

Mandrokles, 87

Manetho, 30, 33 mangonel, 112, 363

Mangur, al-, 278 Mantinea, 111Mantua, 349manufacturing, 82 f, 314, 352manuscripts, 22, 306, 315 f, 368

Manzikert, 267

Marathon, 87-90 marble, 91 f, 174 f, 264

Marcellus, Marcus Claudius, 161, 163, 237 Marchi, Francesco De, 153

Marcius Rex, Quintus, 198

Marcus Aurelius, 182, 220, 249

Marduk, 61, 74 ff, 140

Ma’rib, 29, 77, 279 marsh, 59, 68, 99, 349, 366

Martini, Francesco di Georgio, 156, 308. 367 Martyropolis, 168

Marxism, 26

Mary the Jewess, 235

Mashallah, 278

m323nS3271faSOnry’ 80’ 174’ 200’ 216’ 293» 315» masta’ba, 31 f, 40

materials, strength of, 124, 360, 366 mathematics, 97, 163, 253, 280

Maurice (Flavius Tiberius Mauricius), 250 Mausoleum, 29

Maxentius, 193, 223 Maximilian I, 304Mayas, 19, 132Maydflm, 33

Measurement, 237

Mecca or Makkah, 277, 281 mechanics, 118, 216, 223, 369

Mechanics (Aristotle), 118-24; (Heron of Alexandria), 237 f

Mechanike Syntaxis, 144 Media & Medes, 65, 69, 73, 86Medici family, 359, 362, 365medicine, 33, 280

Megasthenes, 273

Mehmet Ali, 47, 202 Mekong River, 23Melzi, Francesco, 368Memphis, 29-33, 125, 326Mena, 30

Menkaura, 37 mercury, 236, 282, 302, 304, 307

M6rida or Augusta Emerita, 193, 215 Meroe, 37

Mesopotamia or Iraq, 21, 28 f, 53, 83, 114, 267; civilization in, 14, 17 f, 245; irrigation in, 60,282

metallurgy, 269, 323, 369 Metropolitan Museum of Art, 92Michelangelo (Michelagniolo Buonarroti), 20,

361 f, 365 f, 370

Middle Ages, 317 f, 321, 325, 327, 330, 346-50 Milan, 348, 362-66

Milemete, Walter de, 306 Miletos, 87, 93, 203mill, medieval, 337 f; rolling, 324 f, 367; rotary,

226, 227, 228 f; water, 216, 229 f, 231, 232,

252, 257, 283, 314 f

Millet, Nicholas, 48 millstone, 226-30, 231, 243, 339millwrights, 156, 256, 283, 315, 321, 337minaret, 265, 281mines & mining, 314, 323, 369Minos, 37, 86, 203mirror, 137, 162 f, 239, 254, 365Mirrors, 237, 239Mithra & Mithraism, 255 fmoat, 70, 278, 331, 334, 348, 363money, paper, 299

Mongolia, Mongolians, & Mongols, 60, 234, 278 f, 283 f, 286, 288, 299, 303-6, 311, 319,340

monks & monasteries, Buddhist, 273, 276, 291;

Christian, 288, 307, 315 f, 322, 342 monuments, 48, 134, 220; Egyptian, 28, 40, 43,

46

Moors, 132

Morosini, Francesco, 91 mosaic, 61, 155, 216, 263 fMoses, 235, 239, 287mosque, 91, 127, 265, 284; of Murad Reis, 135;

of Suleyman, 281 Mossynoikoi, 233motion, 59, 318, 320, 370Motya, 104

Mount Athos, 77, 125; Tai, 295 Mu'awiyyah, 136, 277

Muhammad, 37, 148, 277-81, 335 Muhammad II, 244, 265, 284Mung Tien, 292museum, 158, 160, 282; Chinese, 296, 298; of

Alexandria, 128, 132 f, 137

Muslims, 131 f, 265, 271, 285. See also Islam Mu‘tasim, al-, 281

Mutawakkil, al-, 281 f Mycenae, 57, 84

Nabis, 147 Nabopolassar, 70, 75, 192 fNabuna’id, 75nails, 155, 188 f

Nantes, 327, 357

Naples, 183 f, 308; Bay of, 172, 207, 213, 217 f, 224

Napoleon Bonaparte, 184

Napoleon III, 348 Narcissus, 205 fNar River, 194Natural History, 224naumachia, 181 f, 198, 205, 215nave, 264, 330, 358Naviglio Grande, 348navy, 82, 96, 104 f, 354 fNawbakht, 278

Nebuchadrezzar I, 54 Nebuchadrezzar II, 62, 70, 73, 75, 215Needham, Joseph, 311needle, magnetic, 309 fnef, 354 f

Nekhebu, 41, 44 Nemore, Jordanus de, 320

Nero, 158, 193, 205-9, 216-20, 224, 254 Netherlands, 349, 369

Newcomen, Thomas, 243 Nicholas V, 202, 360

Nikau II, 51

Nile River, 14, 17, 23, 28-31, 36, 42, 46, 48, 58,

124, 179; rise of, 49 f; White, 18 Nimes or Nemausus, 195, 214Nineveh, 67-70, 201Noah, 38, 58nomads, 247, 279; Aryan, 65, 272; Mongolian,

286, 288, 292, 314

Novate, Bertoia da, 349 noria, 147, 226, 230, 232, 301Normans, 260, 331nozzle, 200, 240, 241numerals, 149, 262, 369Nuremberg, 304, 336, 370

oars, 81, 82, 103 f, 121, 151, 208 f, 352, 353; arrangement of, 152-55, 158 f; steering, 122, 155, 310, 354

obelisk, 39, 42, 46 ff, 369

Octavianus or Octavius. See Augustus Odovacar, 244, 257

Odyssey, The, 86, 130, 272

Olaf Trygvasson, 122

Oliva, Domenico, 370

Olympia, 29, 90, 92

Olympieion, 222

omnibus, 345

onager (ass), 63; (catapult), 110 ff, 257, 336

On Stratagems (Maurice), 250; (Frontinus), 252

On the Arts of the Romans, 315

On the Defense of Fortified Positions, 105, 267

On Wonderful Things Heard, 233

Opet or Thebes, 46, 48 optics, 237, 319 f, 366

Orata, Gaius Sergius, 25, 171 f, 213 orders, architectural, 46, 93 f, 179, 216ordnance, 103, 111, 116

Oreibasios, 156, 229

organ, pipe, 137 f, 139, 219, 240, 246, 315, 338, 360

orrery or planetarium, 159, 163, 282

Ostia, 169, 204, 207, 209, 217 ff

Oxford University, 282, 319 f

Ozymandias, 48 f

pagoda, 290 f, 296, 302 palace, 20, 40, 72, 78, 84, 115, 171, 176, 263,

270-73, 284, 290, 331, 335, 359 f

Palatine Hill, 177, 202, 218

Palestine, 67, 207 f. See also Israel; Judaea

Palladio, Andrea, 328, 369 palm, 18, 54, 58, 271

Pantheon, 213 f, 223, 358

paper, 271, 288, 292, 296 f, 321 f

Pappos, 244

papyrus, 21, 31, 89, 129 f, 297 f, 322

Paracelsus (Philippus Aureolus Theophrastus

Bombastus von Hohenheim), 233 parades, 129, 180, 364parapet, 280, 293, 331parchment, 297 f, 321 f

Paris, 56, 111, 200, 326, 346 ff; University of, 319, 346

Parliament, British, 326, 342; Parisian, 348 Parsa. See Persepolis

Pasteur, Louis, 224

Pataliputra or Patna, 273

Patent Office, U. S., 17, 20, 25 patents, 17, 20, 97, 357, 359

Paul III, 361

Paul V, 202

paving, 71, 84, 99, 183, 326 f, 344

Parthenon, 90-94

Parthia & Parthians, 223, 248, 269 Peiraieus, 96 f, 129

Peking, 293, 295, 303

Peloponnesos, 99 f, 134 pendentive, 177, 257, 263, 264pentere or quinquireme, 103 f, 151, 208, 351Pepi I, 44

Pergamon, 115, 131, 194, 197

Periandros, 100

Perikles, 89 ff, 96 f, 102

Peripatetics, 117, 124 peristyle, 167, 172

Perry, William J., 19

Persepolis or Parsa, 78 f, 177

Persian Gulf, 57

Persians, 65 f, 83, 89, 132, 187, 270, 309. See also Iran & Iranians

Pfalzgrafenstein, 334

Phaiax, 99

phalanx, 115, 188

Pharos, 29, 125 ff, 208, 280 f

Pheidias, 29, 90 f

Philip II, 105, 108, 116f, 188

Philon of Byzantium, 120, 133-36, 144 f, 146,

166, 168, 225, 237 f, 244, 268 f Philosopher’s Stone, 235 fphilosophy & philosophers, 318, 360, 364; Chi

nese, 234, 289; Greek, 86, 97, 107, 261; Indian, 271 f

Phoenicians, 78-83, 86 f, 102, 151 physics & physicists, 118 f, 262, 318, 320, 362,

366, 368

piers, aqueduct, 200; bridge, 193 f, 343; church,

264, 328, 361

pile driver, 189, 193, 321 pipe, 194—98; lead, 156, 346; tobacco, 20pirates & piracy, 25, 81, 109, 162, 208 f, 213 f,

356 Pirotecnia, De la, 369piston, 138 f, 243, 296plate, draw, 324Plato, 19, 90 f, 101, 116 f, 120, 141, 149, 233,

278, 357

Pleistocene Period, 13-16, 371 Pliny the Elder (Gaius Plinius Secundus), 129 f,

148, 172, 223 ff, 236, 238, 254 Pliny the Younger, 202, 225plow, 314plumb bob, 43, 185 fPlutarch (Ploutarchos), 90, 149, 159, 162Pneumatics (Heron of Alexandria), 237 f;

(Philon of Byzantium), 145 polders, 350, 370Polo, Marco, 291, 295Polybios, 147, 162, 182Polydos, 108Polykrates, 100, 194Pompeii, 186, 204, 224, 227, 233Pompeius Magnus, Gnaeus, 180, 189, 211, 217Pompeius Magnus, Sextus, 212 fPomptine Marshes, 204, 366Pons Aelius, Aemilius, Agrippae, &c„ 192 fPont d’Avignon, 342 f; du Gard, 178, 195, 215,

343; Neuf (Paris), 347; Neuf (Toulouse), 344; ValentrS, 343

Ponte Vecchio, 344 popes & Papacy, 192, 202, 214, 313, 315, 360 f,

364 f, 370 population, 14, 56, 201rorsena, Lars, 191portcullis, 331, 334Portus, 207, 217Portus Iulius, 213Poseidonios, 159postal systems, 24, 77, 185, 346post and lintel, 35 f, 92, 179, 276, 290power, horse, 323, 338; nuclear, 147, 272; water,

147, 231, 253, 269, 283, 321, 323 f, 337 f press, oil, 367; printing, 254, 298, 300, 321 f,

367 f; screw, 223 f, 238, 300 Preveza, 355Price, Derek J. de S., 160, 309Princeps & Principate, 164, 167, 172, 174, 178-

82, 185, 195, 199, 203, 207, 211-17, 220, 253, 255

printing, 288, 306, 321 f; block, 297-300 Probus, 188, 192processional way, 70 ff

Procopius, 232, 257, 266 Propylaia, 89 ffPtah, 30, 33, 43

Ptofemaeus, Claudius, 148, 253

Ptolemaios I Soter, 108, 124 f, 129 ff, 131, 151 Ptolemaios II Philadelphos, 51, 126, 128, 131,

133, 137, 148, 151

Ptolemaios III Evergetes I, 128 ff

Ptolemaios IV Philopator, 151, 153, 159 Ptolemaios VII Evergetes II, 128, 130Ptolemaios Keraunos, 131Pulcher, Appius Claudius, 161Pulcher, Publius Clodius, 179pulley, 39, 59, 123, 133, 137, 142, 145, 152, 162,

282, 304, 366; compound, 150 f, 238, 244 pump, 216, 282, 323, 347, 350, 367; force, 137 f,

156, 240, 241; chain, 74, 156, 157, 229; mine,

243, 370

purple, 82 f, 121

Puteoli, 173, 184, 204, 207 f, 219

Pyramidology, 38

pyramids, American, 19, 62; Egyptian, 19, 29-46, 62, 165, 329; Great or Khufu’s, 19, 33-38, 41, 47, 126; Kushite, 37; ornamental, 175; step, 32 f, 61, 274

Pythagoras, 87

qanat, 66, 77

Qazwini, Zakkariyya al-, 270

Quadra, Hostius, 254 quadrireme. See tetrere

quarries & quarrying, 32, 36, 42-47, 50, 92, 179, 208

quattro libri dell’ architettura, 1, 369

Queen’s Chamber, 34 f quern, 156, 226, 229, 337quinquireme. See pentere

Qur’an or Koran, 131, 281, 299

races (chariot), 180, 261; (human), 14, 65, 283-86

rack, 156; and pinion, 142 f, 336

Rahotep, 30

Rajagriha, 273

ram, battering, 64, 69, 102, 105, 109, 237, 268, 294; warship, 81, 351, 354

Ramelli, Agostino, 111, 369

Rameses II, 40, 48 f, 79, 177, 215, 274, 291

Rameses VI, 46

Ramesseum, 49

Rammah, al-Hasan ar-, 306

ramp, 42 f, 47, 276

Raphael (Raffaello Santi), 365

Raud, 122

Ravenna, 202, 367

Razi, ar-, 278

reclamation, 349 f

Red Sea, 51, 239

Reformation, 307, 352, 357 religion, 46, 256, 261, 272 f, 317; return to, 255,285

Renaissance, 325-30, 341, 344, 356 f, 370 republics, 22-26, 265, 288, 314; Florentine, 359,

362; Roman, 40, 164, 167, 170, 173 ff, 180, 183, 192, 199, 204, 211, 215-18, 225, 247, 352;Venetian, 314, 351 f, 359

resonator, 96

Revolution, Agricultural, 14-19, 26, 314; Industrial, 14, 27, 140; reading, 322, 359

Rhakotis, 125, 128

Rhine River, 189, 193, 313 f, 334, 342, 349 f Rhodes, 29, 108 ff, 135 ff, 144 f

Rivers, William H. R., 19

roads, 41, 51, 77, 84, 98, 184, 280, 346; Chinese, 287, 309; paved, 71, 84, 183-87, 344; Roman,164 f, 183-88, 212, 245, 313 f, 344

Robert of Artois, 250

rocket, 305

Roebling, John A., 27 roll, papyrus, 129 ff, 298roller, 39, 54, 63, 100, 123

Rome, 40, 47, 116; aqueducts of, 194-202; baths of, 182 f; bridges of, 191-94; decline of, 202,246; fall of, 209, 218, 244-47, 253, 259, 313,318, 323, 344, 346; population of, 167, 201;rebuilding of, 202, 326; siege of, 111, 202;temples in, 29, 165, 222

Romulus (emperor), 244, 257 roofs, 166, 290, 329, 332, 334; gardens on, 54Roosevelt, Franklin D., 89

Roosevelt, Theodore, 87 f

rope, 42, 47, 162

Rosicrucians, 236

rowers, 82, 104, 151, 155, 158 f, 209, 351, 353; slave, 81, 352, 354

rudder, 122, 310, 354

Rudradaman, 41

Russell, Bertrand, 258, 371

Russia & Russians, 260 f, 265, 267, 306 sacrifice, 69; human, 31, 192, 265saddle, 247sail, 81, 122, 147, 209 f, 283, 310, 339, 354 f;

windmill, 283, 338 f St. Albans Abbey, 337St. Paul’s Cathedral, 34St. Peter’s Cathedral, 34, 39, 361 f, 369Sakai or Sakas, 248, 288Saladin, 282Salamis, 89 fSalerno, 325Salm-Reifferscheidt, Count Nicolas zu, 335salt, 60, 267, 305saltpeter, 305 ffSamarqand, 277, 297Samarra, 281sambuca, 161, 216, 237, 268Samos, 87, 100, 102sandal, horse, 250 fSanmichele, Michele, 335Santa Maria del Fiore, 358Santa Sophia, 263 ffSaqqara, 32 f, 48Sarcophagus, 36 fSardinia, 84, 330Sargon of Akkad, 54Sargon II of Assyria, 66 f, 203Sarmatians, 65, 248 ffSarton, George, 118Sassan, 269, 278Savery, Thomas, 243sawmill, 231, 321, 337 fscaffolding, 178, 359Schedula diversarum artium, 315schools & scholars, Byzantine, 279; Chinese,

291 f, 311; engineering, 27, 370; medical, 279, 325; medieval, 217, 280, 318, 320; Peripatetic{see Lyceum); philosophical, 124, 279science & scientists, Arabic, 279 f, 283, 289, 299;

classical, 165, 239, 253, 256; experimental, 97, 319, 356; European, 289, 318, 362, 370; Greek,86, 97, 116 ff, 253, 261; Islamic, 284 f, 319;pure, 87, 165, 253, 369scorpion (crossbow), 106Scorpion (king), 49 fScotland, 188 f, 330scour, 193 fscrew, 98, 223; Archimedean, 152, 225 fsculpture & sculptors, Greek, 80, 90, 95, 134,

218; medieval, 329; Renaissance, 360-63 Scythians, 65, 69, 80, 248 ffSeine River, 346Seistan, 283, 338Seleukos, 114, 140, 273Selinous or Selinunte, 92, 99Semiramis or Sammuramat, 73Senate, 22; Roman, 183, 206, 212, 219Seneca, Lucius Annaeus, 182, 184, 254Seneferu, 33, 239Senmut, 47

Sennacherib, 66-71, 75, 81, 173, 194, 280 Senusert III or Sesostris, 50Septiinius Severus, 202, 214Septizonium, 202Serapis, 131, 255

Seven Wonders of the World, 29, 72 f, 90, 125, 135, 292

Severos Sebokht, 262

Severus, 218 sewers, 55; European, 325, 347 f; Roman, 164,

202 ff, 213 Sextus Empiricus, 136Sforza, Lodovico, 362 ffShapur I, 269 fShaykh, YOsuf ibn-ash-, 127sheathing, 155-58Shelley, Percy Bysshe, 48 fShen Dzung, 302shikhara, 275 fships & shipbuilding, 103, 109, 122, 159, 250,

310, 369; Arab, 267 f; Chinese, 283, 310; European, 269, 350 ff, 355; Hellenistic, 151, 208; Mediterranean, 105, 208 f, 350; merchant, 81,152, 162, 209; Nemi, 153,154, 155 f, 157, 360;paddle wheel, 252; Phoenician, 67, 80 ff, 104,151; sailing, 209 f, 350, 355; three-masted, 152,209, 354. See also galley

Shotoku, 297 shutter, 54, 169Sicily, 102-5Sidonius, Gaius Sollius Apollinaris, 313Siegecraft, 237 fsilk, 287 f, 296, 351

Silk Route, 288, 310 f

Siloam, 57 silver, 81, 188, 234, 323

Simon de Montfort, 112

Sina, ibn-, 278 siphon, 141, 145, 238 f; inverted, 197 fSirmium or Mitrovica, 188

Sistine Chapel, 362

Sixtus V, 202 skeins, catapult, 107-12, 166, 238Skirtos River, 266

Skopas, 134

slaves & slavery, 15, 40, 81, 164, 189, 200, 212, 218, 224-28, 253, 314, 352, 354

sled, 39, 42 f slide rest, 336sling & slingers, 105, 110, 123, 161Smeaton, John, 370

Smith, Grafton Elliot, 19 Smyth, Charles Piazzi, 38soap, 145, 247societies, professional, 26 f, 370Sokrates, 97, 289

soldiers, 41, 62, 188, 267, 293; Greek, 88, 189; mercenary, 267, 334; Persian, 88 f; Roman,184, 189, 223, 258; Turkish, 281, 283. Seealso army

Solomon, 86, 235 Sostratos, 125 f

Sotades, 133

Spaichl, Hans, 336

Spain & Spaniards, 86, 132, 244, 331; civilization in, 19, 22; Muslim, 314-17; Roman, 193, 212, 215

Sparta, 96, 100, 102, 105, 111, 147

Spartacus, 189 specialization, 15, 20, 27, 370

Sphinx, 36 f, 46

(elastic), 138 f, 145, 345; (water), 80,


spring
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Stabiae, 224 f starling, 343Statius, Publius Papirius, 186 fstatues, 74, 76, 129, 148, 155, 214, 243, 257;

colossal, 29, 39-42, 48 f, 90, 134-37, 218, 291; equestrian, 220, 364 ff; Greek, 89, 93 ff

Stein, Mark Aurel, 298

Stevin, Simon, 121, 366, 369 f stiff, 235stirrup, 65, 248 ff

stone, building, 39, 44, 52, 73 f, 80, 173, 238, 315; pyramid, 40-44; thrower. See catapultStonehenge, 48

Strabon, 229, 256 Straton, 118-24, 133, 146, 238street, 56, 70 f, 74, 98 f, 178 f, 326 fstress, 44, 193, 366, 370

Stiickofen, 323

stupa, 29, 274, 290

Successors or Diadochoi, 108, 115 f, 129, 151, 273

Suetonius Tranquillus, Gaius, 206, 222

Suiko, 297

suit, diving, 153, 367 Suleyman the Magnificent, 284sulfur, 234, 267, 305 ff, 324Sumer & Sumerians, 54, 58sun, 38, 97, 143; Gate of the, 128; Temple ofthe, 276

sundial, 140 f, 304

Sun Wu, 113 supernaturalism, 235, 239, 255 f, 259, 297, 318Surena, 248

surveying & surveyors, 42 f, 100, 165, 185 f, 238, 360

Surveyor’s Transit, The, 237 f

Susa, 55, 78, 80, 270

Su Sung, 302 ff

swape, 50, 59, 68, 123, 225

Swenet. See Aswan

sword, 88, 187, 277, 340, 342

Sylvester II, 246

Syracuse, 98, 103, 106, 201; siege of, 161 ff, 237 Syrakosia, 152

Syria & Syrians, 14, 17, 61, 83, 114, 215, 277 f, 330

syringes, 240, 267

Tacitus, Publius Cornelius, 206, 250

tacking, 122 f, 210

Talas River, 297

Taras, Tarentum, or Taranto, 134, 184

Tarim Basin, 286 ff

Tarquinius Priscus, Lucius, 191, 203

Tarracina or Anxur, 183, 206, 219

Tartessos, 81

Tatars, 283, 294, 299, 303 taxation, 41, 55, 76, 299, 327taximeter, 216

Taylor, John, 38

Tebitu River, 68

technology, 350, 368; advance of, 25 ff, 115; Byzantine, 268 f; Chinese, 260, 289, 311; Indian, 260, 272, 277

Telephanes, 80

telescope, 253, 320

temples, 21, 29, 48, 84, 158, 166, 291; Egyptian,

32 f, 36 f, 40 f, 46-49, 120 f, 131, 274; Greek, 46, 89-93, 263, 328; Hellenistic, 115, 148, 179,277; Indian, 274-77, 329; Mesopotamian, 55 f,61, 70, 74 ff; Roman, 164 f, 179, 213-17, 220 f,263, 357

tetrere or quadrireme, 103 f, 159, 205, 351 Thales, 87, 159

theater, Greek, 95 f, 180; Roman, 179, 213-17 Thebes (Egypt), 45; (Greece), 110

Theodoric, 204, 244 f

Theodosius II, 92, 266

Theophilus (bishop), 131

Theophilus (monk), 315 f

Theophrastos, 119, 323

Thothmes III, 47 f

Thrace & Thracians, 65, 77, 87, 151

Tiber River, 191 ff, 196, 198, 202, 207, 213, 232 Tiberius, 165, 169, 188, 215 ff

Tibet & Tibetans, 285 f, 293

Tibur or Tivoli, 173, 222

Ticino River, 348

Tigris River, 23, 28, 53, 58, 67 ff, 72, 234, 270,

278, 280, 283, 285

tiles, 93, 155, 173, 290

Timur, 283, 285

tin, 315, 323

tire, 63, 247

Tiryns, 84

Titus, 180 f, 214, 220

tombs, 84, 122, 295; Egyptian, 31 f, 40, 46, 49;

Roman, 122, 193, 200, 214 tongs, 39, 238tools, 39, 315

Torlonia, Prince, 206 tortoise, 64, 109, 216, 237Toscanelli, Paolo del Pozzo, 362Tosorthos. See Joser

Toulouse, 112, 344

tourism & tourists, 36, 39, 96, 115, 351

tower, bell, 281; cathedral, 329; clock, 302 f; collapsible, 213; fortified, 72, 280, 293 f, 331,334, 343; of Babel, 61; of the Winds, 144;siege (see Belfry)

toys, 145, 243, 269, 364

tracery, 329

Trajan (Marcus Ulpius Traianus), 51, 164,

167 f, 180-84, 200, 204-7, 214, 220 f, 327 treadle, 336tread wheel, 59, 133 f, 226, 252, 311, 368Treatise on Various Arts, A, 315Trebizond, 244trebuchet, 112, 336trial by battle, 342triere or trireme, 82, 103 f, 205, 351Troy, 25, 86, 102Troyu, 32, 34, 42truss, 35 f, 92 f, 221, 257, 290, 327 f, 369Tryphon, 83Tsai Lun, 296Tsang-jou, 296Tsin Er-shi, 294Tsin Shi Hwang-di, 291-95tunnel, 73, 99 f, 155, 184, 205, 363turbine, 147, 243Turks, 60, 91, 244, 261, 265-69, 279, 283 f, 288,

297, 340, 352; in India, 277 turntable, 156, 309turret, castle, 331, 332, 334; windmill, 339Tutankhamon, 46tympanum, 142, 225 f, 304type, movable, 299 fTyre, 83, 106, 168

Ulm, 335 Ur, 54, 61, 63Urban VIII, 214Ur-Nanshe, 60Uruk, 54, 61Utnapishtim, 58utopias, 97Utrecht Psalter, 156, 229U-turns, 325

vacuum, 119 Valens, 132, 254Valentinian I, 252Valturio, Roberto, 369valves, 138, 143, 156, 367Vandals, 181, 246vase (gun), 307; Chertomlyk, 249vault, 176 ff, 270, 274, 290, 329; cloister, 177;

corbelled, 35; cross, 220 Vegetius, Flavius Renatus, 251 fVenice, 91, 314, 351 f, 364Venus, 179, 222Verantius, 369Verbiest, Ferdinand, 243Verrocchio, Andrea del, 362Verus, 186Vespasianus, 170, 181, 218, 220Vesuvius, 173, 224Via Appia, 183 f, 187, 206 f, 219, 280Vienna, 284, 335vigiles, 241Vikings, 245, 314villa, 167; Hadrian’s, 216, 222 fVinci, Leonardo da, 20, 31, 111, 156, 339, 362-

71

Vipsania, 215 f Virgil (Publius Vergilius Maro), 148, 243Virginia State House, 215visor, 341 f

Vitruvius, Marcus, 138, 142 f, 147, 165 f, 173,

197, 216 ff, 226, 230, 236 f, 357 Vitry, Cardinal de, 310Vladimir, 265volcano, 213, 224 fvolute, 94voussoir, 176, 281, 321Vyse, Howard, 38wagon, 63, 71, 325, 345wall, brick, 29 f, 64, 71-74; castle, 331 f, 333,

335; cathedral, 264, 328; circular, 43; city, 168, 293; concrete, 174 f; crenellated orbattlemented, 72, 266, 280, 293, 331, 332,333; cyclopean, 21, 84, 273; Hadrian’s, 222;Long, 96; stone, 29 f, 44, 108; wooden, 273.wall (cont’d)

See also Great Wall of China

Wang Jye, 298

war, 27, 57, 99, 105, 115, 151, 181, 219, 257, 312, 331, 341 f, 352, 356; civil, 24, 211, 246,258, 279, 342; Peloponnesian, 96, 100 ff;Punic, 161, 207 f, 248

warship. See galley watch, 144, 282, 304water, 141, 196, 359; running, 182, 199Watt, James, 27, 243

weapons, 104, 304; bronze, 101, 296; iron, 63,

101

wedge, 42, 123, 145, 238, 244

wheel, 18, 39, 63, 247; balance, 304; bronze,

120; gear, 120 f, 142, 160, 230 f; paddle, 226, 229-32, 252, 311; perpetual-motion, 283;steering, 237; water, 146 f, 216, 225 f, 229,230 f, 232, 282 f, 301, 324, 337, 347wheelbarrow, 289whim, horse, 338Whitney, Eli, 352

William of Normandy, 111, 251 windlass, 74, 105 f, 123, 145, 150, 152, 228 f,

238, 244, 334, 336

windmill, 147, 240, 254, 304; European, 338 ff, 350, 367; Persian, 283, 338

window, 61, 169, 263, 334, 345; church, 325, 328 f

windowpane, 169 f, 255 Winged Victory of Samothrace, 135wire, 143, 233, 315, 324

Wittfogel, Karl A., 23

Woolley, Leonard, 63

Worcester, Marquis of, 243

works, engineering, 29, 279; harbor, 164, 266;

223 ^256*°^ 98 f’ 164’ 188’ 212 £’ 217’

worm (gear), 238

Wren, Christopher, 326

writing & writers, 20 f, 271; Arabic, 279, 299; classical, 246, 316, 356; Greek, 22, 117 ff,224; picture, 287, 299

Xenokrates, 116 f

Xenophon, 70, 248

Xerxes, 76-80, 88 f, 295

Yangtze River, 287, 291, 295

Yi Hing, 309

Yu, 287

Yiin-ho, 295

Zagonara, 341

Zaneto, Giovanni di, 351

Zenodoros, 218

Zeus, 29, 90, 92, 134, 222, 263

ziggurat, 61 f, 70, 74, 76, 114, 281

zinc, 233

Ziusudra, 58

Zopyros, 107

Zoroastrianism, 132, 256, 269, 278

Zoser. See Joser

Zuider Zee, 350
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