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FOR RUTH


Nay, the same Solomon the king, although he excelled in the glory of treasure and magnificent buildings, of shipping and navigation, of service and attendance, of fame and renown, and the like, yet he maketh no claim to any of those glories, but only to the glory of inquisition of truth; for so he saith expressly, “The glory of God is to conceal a thing, but the glory of the king is to find it out”; as if, according to the innocent play of children, the Divine Majesty took delight to hide his works, to the end to have them found out; and as if kings could not obtain a greater honour than to be God’s play-fellows in that game.

—FRANCIS BACON, The Advancement of Learning (1605)
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A Personal Note to the Reader

MY hero is Man the Discoverer. The world we now view from the literate West—the vistas of time, the land and the seas, the heavenly bodies and our own bodies, the plants and animals, history and human societies past and present—had to be opened for us by countless Columbuses. In the deep recesses of the past, they remain anonymous. As we come closer to the present they emerge into the light of history, a cast of characters as varied as human nature. Discoveries become episodes of biography, unpredictable as the new worlds the discoverers opened to us.

The obstacles to discovery—the illusions of knowledge—are also part of our story. Only against the forgotten backdrop of the received common sense and myths of their time can we begin to sense the courage, the rashness, the heroic and imaginative thrusts of the great discoverers. They had to battle against the current “facts” and dogmas of the learned. I have tried to recapture those illusions—about the earth, the continents and the seas before Columbus and Balboa, Magellan and Captain Cook, about the heavens before Copernicus and Galileo and Kepler, about the human body before Paracelsus and Vesalius and Harvey, about plants and animals before Ray and Linnaeus, Darwin and Pasteur, about the past before Petrarch and Winckelmann, Thomsen and Schliemann, about wealth before Adam Smith and Keynes, about the physical world and the atom before Newton and Dalton and Faraday, Clerk Maxwell and Einstein.

I have asked some unfamiliar questions. Why didn’t the Chinese “discover” Europe or America? Why didn’t the Arabs circumnavigate Africa and the world? Why did it take so long for people to learn that the earth goes around the sun? Why did people begin to believe that there are “species” of plants and animals? Why were the facts of prehistory and the discovery of the progress of civilization so slow in coming?

I have included the story of only a few crucial inventions—the clock, the compass, the telescope and the microscope, the printing press and movable type—which have been essential instruments of discovery. I have not told the story of the shaping of governments, the waging of wars, the rise and fall of empires. I have not chronicled culture, the story of Man the Creator, of architecture, painting, sculpture, music, and literature, much as these have multiplied the delights of human experience. My focus remains on mankind’s need to know—to know what is out there.

The plan of the book as a whole is chronological. In detail it is a shingle scheme. Each of the fifteen Parts overlaps chronologically with its predecessor as the story advances from antiquity to the present. I begin with Time, the most elusive and mysterious of the primitive dimensions of experience. Then I turn to Western man’s widening vistas of the Earth and the Seas. On to Nature—the physical objects in the heavens and on earth, plants and animals, the human body and its processes. Finally to Society, finding that the human past was not what had been imagined, to the self-discovery of Man the Discoverer, and to the Dark Continents in the atom.

This is a story without end. All the world is still an America. The most promising words ever written on the maps of human knowledge are terra incognita—unknown territory.


BOOK ONE
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TIME

Time is the greatest innovator.

—FRANCIS BACON, “OF INNOVATIONS” (1625)

The first grand discovery was time, the landscape of experience. Only by marking off months, weeks, and years, days and hours, minutes and seconds, would mankind be liberated from the cyclical monotony of nature. The flow of shadows, sand, and water, and time itself, translated into the clock’s staccato, became a useful measure of man’s movements across the planet. The discoveries of time and of space would become one continuous dimension. Communities of time would bring the first communities of knowledge, ways to share discovery, a common frontier on the unknown.


PART ONE

THE
HEAVENLY
EMPIRE

God did not create the planets and stars with the intention that they should dominate man, but that they, like other creatures, should obey and serve him.

—PARACELSUS, Concerning the Nature of Things (c. 1541)
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The Temptations of the Moon

FROM far-northwest Greenland to the southernmost tip of Patagonia, people hail the new moon—a time for singing and praying, eating and drinking. Eskimos spread a feast, their sorcerers perform, they extinguish lamps and exchange women. African Bushmen chant a prayer: “Young Moon! … Hail, hail, Young Moon!” In the light of the moon everyone wants to dance. And the moon has other virtues. The ancient German communities, Tacitus reported nearly two thousand years ago, held their meetings at new or full moon, “the seasons most auspicious for beginning business.”

Everywhere we find relics of mythic, mystic, romantic meanings—in “moonstruck” and “lunatic” (Latin luna means moon), in “moonshine,” and in the moonlight setting of lovers’ meetings. Even deeper is the primeval connection of the moon with measuring. The word “moon” in English and its cognate in other languages are rooted in the base me meaning measure (as in Greek metron, and in the English meter and measure), reminding us of the moon’s primitive service as the first universal measurer of time.

Despite or because of its easy use as a measure of time, the moon proved to be a trap for naïve mankind. For while the phases of the moon were convenient worldwide cycles which anybody could see, they were an attractive dead end. What hunters and farmers most needed was a calendar of the seasons—a way to predict the coming of rain or snow, of heat and cold. How long until planting time? When to expect the first frost? The heavy rains?

For these needs the moon gave little help. True, the cycles of the moon had an uncanny correspondence with the menstrual cycle of women, because a sidereal month, or the time required for the moon to return to the same position in the sky, was a little less than 28 days, and a pregnant woman could expect her child after ten of these moon-months. But a solar year—the proper measure of days between returning seasons—measures 365¼ days. The cycles of the moon are caused by the moon’s movement around the earth at the same time that the earth is moving around the sun. The moon’s orbit is elliptical, and departs by an angle of about five degrees from the earth’s orbit about the sun. This explains why eclipses of the sun do not occur every month.

The discomfiting fact that the cycles of the moon and the cycles of the sun are incommensurate would stimulate thinking. Had it been possible to calculate the year, the round of seasons, simply by multiplying the cycles of the moon, mankind would have been saved a lot of trouble. But we might also have lacked the incentive to study the heavens and to become mathematicians.

The seasons of the year, as we now know, are governed by the movements of the earth around the sun. Each round of the seasons marks the return of the earth to the same place in its circuit, a movement from one equinox (or solstice) to the next. Man needed a calendar to find his bearings in the seasons. How to begin?

The ancient Babylonians started with the lunar calendar and stayed with it. Their obstinacy in sticking with moon cycles for their calendar-making had important consequences. In search of a way to measure the cycle of the seasons in multiples of moon cycles, they eventually discovered, probably around 432 B.C., the so-called Metonic cycle (after an astronomer Meton) of nineteen years. They found that if they used a nineteen-year cycle, assigned to seven of the years thirteen months, and assigned to the other twelve years only twelve months, they could continue to use the conveniently visible phases of the moon as the basis of their calendar. Their “intercalation,” or insertion of extra months, avoided the inconvenience of a “wandering” year in which the seasons wandered gradually through the lunar months, so that there was no easy way of knowing which month would bring the new season. This Metonic calendar with its nineteen-year clusters was too complicated for everyday use.

The Greek historian Herodotus, writing in the fifth century B.C., illustrated these complications in a famous passage when he reported how the wise Solon answered the rich and irascible Croesus, who asked him who was the happiest of mortals. To impress on Croesus the vast unpredictability of fortune, he calculated according to the Greek calendar then in use the number of days in the seventy years which he regarded as the limit of the life of man. “In these seventy years,” he observed, “are contained, without reckoning intercalary months, 25,200 days. Add an intercalary month to every other year, that the seasons may come round at the right time, and there will be, besides the seventy years, thirty-five such months, making an addition of 1,050 days. The whole number of the days contained in the seventy years will thus be 26,250, whereof not one but will produce events unlike the rest. Hence man is wholly accident. For yourself, Croesus, I see that you are wonderfully rich, and the lord of many nations; but with respect to your question, I have no answer to give, until I hear that you have closed your life happily.”

The Egyptians somehow escaped the temptations of the moon. So far as we know, they were the first to discover the length of the solar year and to define it in a useful, practical fashion. As with many other crucial human achievements, we know the what, but remain puzzled still about the why, the how, and even the when. The first puzzle is why it was the Egyptians. They had no astronomical instruments not already well known to the ancient world. They showed no special genius for mathematics. Their astronomy remained crude compared with that of the Greeks and others in the Mediterranean and was dominated by religious ritual. But it seems that by about 2500 B.C. they had figured out how to predict when the rising or setting sun would gild the tip of any particular obelisk, which helped them add a glow to their ceremonies and anniversaries.

The Babylonian scheme, which kept the lunar cycles and tried to adjust them to the seasonal or solar year by “intercalation,” was inconvenient. Local whims prevailed. In Greece, fragmented by mountains and bays and fertile in landscape loyalties, each city-state made its own calendar, arbitrarily “intercalating” the extra month to mark a local festival or to suit political needs. The result was to defeat the very purpose of a calendar—a time scheme to hold people together, to ease the making of common plans, such as agreements on the planting of crops and the delivery of goods.

The Egyptians, even without the Greek yen for mathematics, solved the practical problem. They invented a calendar that served everyday needs throughout their land. As early as 3200 B.C., the whole Nile Valley was united with the Nile Delta into a single kingdom which lasted for three thousand years, until the Age of Cleopatra. Political unity was reinforced by nature. Like the heavenly bodies themselves, the Nile displayed a regular but more melodramatic natural rhythm. The longest river in Africa, the Nile stretches four thousand miles from its remote headstream, gathering the rainfall and snowmelt of the Ethiopian highlands and all the northeastern continent into a single grand channel to the Mediterranean. The pharaoh’s realm was aptly called the Empire of the Nile. The ancients, taking Herodotus’ cue, called Egypt “the gift of the Nile.” The search for the sources of the Nile, like the search for the Holy Grail, had mystic overtones, which stirred death-defying explorers into the nineteenth century.

The Nile made possible the crops, the commerce, and the architecture of Egypt. Highway of commerce, the Nile was also a freightway for the materials of colossal temples and pyramids. A granite obelisk of three thousand tons could be quarried at Aswan and then floated two hundred miles down the river to Thebes. The Nile fed the cities that clustered along its banks. No wonder that the Egyptians called the Nile “the sea” and in the Bible it is “the river.”

The rhythm of the Nile was the rhythm of Egyptian life. The annual rising of its waters set the calendar of sowing and reaping with its three seasons: inundation, growth, and harvest. The flooding of the Nile from the end of June till late October brought down rich silt, in which crops were planted and grew from late October to late February, to be harvested from late February till the end of June. The rising of the Nile, as regular and as essential to life as the rising of the sun, marked the Nile year. The primitive Egyptian calendar, naturally enough, was a “nilometer”—a simple vertical scale on which the flood level was yearly marked. Even a few years’ reckoning of the Nile year showed that it did not keep in step with the phases of the moon. But very early the Egyptians found that twelve months of thirty days each could provide a useful calendar of the seasons if another five days were added at the end, to make a year of 365 days. This was the “civil” year, or the “Nile year,” that the Egyptians began to use as early as 4241 B.C.

Avoiding the seductively convenient cycle of the moon, the Egyptians had found another sign to mark their year: Sirius, the Dog Star, the brightest star in the heavens. Once a year Sirius rose in the morning in direct line with the rising sun. This “heliacal rising” of Sirius, which occurred every year in the midst of the Nile’s flood season, became the beginning of the Egyptian year. It was marked by a festival, the five “epagomenal days” (days outside the months), celebrating in turn the birthday of Osiris, of his son Horus, of his Satanic enemy, Set, of his sister and wife, Isis, and of Nephthys, the wife of Set.

Since the solar year, of course, is not precisely 365 days, the Egyptian year of 365 days would, over the centuries, become a “wandering year” with each named month gradually occurring in a different season. The discrepancy was so small that it took many years, far longer than any one person’s lifetime, for the error to disturb daily life. Each month moved through all the seasons in fourteen hundred and sixty years. Still, this Egyptian calendar served so much better than any other known at the time that it was adopted by Julius Caesar to make his Julian calendar. It survived the Middle Ages and was still used by Copernicus in his planetary tables in the sixteenth century.

While the Egyptians for their everyday calendar succeeded in declaring their independence of the moon, the moon retained a primeval fascination. Many peoples, including the Egyptians themselves, kept the lunar cycle to guide religious festivals and mystic anniversaries. Even today people dominated by their religion let themselves be governed by the cycles of the moon. The daily inconvenience of living by a lunar calendar becomes a daily witness to religious faith.

The Jews, for example, preserve their lunar calendar, and each Jewish month still begins with the appearance of a new moon. To keep their lunar calendar in step with the seasonal year the Jews have added an extra month for each leap year, and the Jewish calendar has become a focus of esoteric rabbinical learning. The Jewish year was made to comprise twelve months, each of 29 or 30 days, totaling some 354 days. In order to fill out the solar year, Jewish leap years—following the Metonic cycle of Babylonia—add an extra month in the third, sixth, eighth, eleventh, fourteenth, seventeenth, and nineteenth year of every nineteen-year period. Other adjustments are required occasionally to make festivals occur in their proper seasons—for example, to ensure that Passover, the spring festival, will come after the vernal equinox. In the Bible most of the months retain their Babylonian, rather than the Hebrew, names.

Christianity, following Judaism for most religious anniversaries, has kept its tie to the lunar calendar. “Movable feasts” in the Church were moved around in the solar calendar because of the effort to keep festivals in step with the cycles of the moon. They still remind us of the primeval charm of the most conspicuous light in the night sky. The most important of these Christian, moon-fixed festivals is, of course, Easter, which celebrates the resurrection of Jesus. “Easter-Day,” prescribes the English Book of Common Prayer, “is always the first Sunday after the Full Moon which happens upon, or next after the Twenty-first day of March; and if the Full Moon happens upon a Sunday, Easter-Day is the Sunday after.” At least a dozen other Church festivals are fixed by reference to Easter and its lunar date, with the result that Easter controls about seventeen weeks in the ecclesiastical calendar. The fixing of the date of Easter—in other words, the calendar—became a great issue and a symbol. Since the New Testament recounted that Jesus was crucified on the Passover, the anniversary of the Easter resurrection would obviously be tied to the Jewish calendar. The inevitable result was that the date of Easter would depend on the complicated lunar calculations by which the highest Jewish council, the Sanhedrin, defined the Passover.

Many of the early Christians, following their own literal interpretation of the Bible, fixed the death of Jesus on a Friday, and the Easter resurrection on the following Sunday. But if the anniversary of the festival was to follow the Jewish lunar calendar, there was no assurance that Easter would occur on a Sunday. The bitter quarrel over the calendar led to one of the earliest schisms between the Eastern Orthodox Church and the Church of Rome. The Eastern Christians, holding to the lunar calendar, continued to observe Easter on the fourteenth day of the lunar month, regardless of the day of the week. At the very first ecumenical (worldwide) council of the Christian Church, held at Nicaea in Asia Minor in 325, one of the world-unifying questions to be decided was the date of Easter. A uniform date was fixed in such a way as both to stay with the traditional lunar calendar and to assure that Easter would always be observed on Sunday.

But this did not quite settle the matter. For community planning someone still had to predict the phases of the moon and locate them on a solar calendar. The Council of Nicaea had left this task to the bishop of Alexandria. In that ancient center of astronomy he was to forecast the phases of the moon for all future years. Disagreement over how to predict those specified cycles led to a division in the Church, with the result that different parts of the world continued to observe Easter on different Sundays.

The reform of the calendar by Pope Gregory XIII was needed because the year that Julius Caesar had borrowed from the Egyptians, and which had ruled Western civilization since then, was not a precise enough measure of the solar cycle. The actual solar year—the time required for the earth to complete an orbit around the sun—is 365 days, 5 hours, 48 minutes, and 46 seconds. This was some 11 minutes and 14 seconds less than the 365¼ days in the Egyptian year. As a result, dates on the calendar gradually lost their intended relation to solar events and to the seasons. The crucial date, the vernal equinox, from which Easter was calculated, had been fixed by the First Council of Nicaea at March 21. But the accumulating inaccuracy of the Julian calendar meant that by 1582 the vernal equinox was actually occurring on March 11.

Pope Gregory XIII, though notorious now for his public Thanksgiving for the brutal massacre of Protestants in Paris on Saint Bartholomew’s Day (1572), was in some matters an energetic reformer. He determined to set the calendar straight. Climaxing a movement for calendar reform which had been developing for at least a century, in 1582 Pope Gregory ordained that October 4 was to be followed by October 15. This meant, too, that in the next year the vernal equinox would occur, as the solar calendar of seasons required, on March 21. In this way the seasonal year was restored to what it had been in 325. The leap years of the old Julian calendar were readjusted. To prevent the accumulation of another 11-minute-a-year discrepancy, the Gregorian calendar omitted the leap day from years ending in hundreds, unless they were divisible by 400. This produced the modern calendar by which the West still lives.

Simply because the reform had come from Rome, Protestant England and the Protestant American colonies obstinately refused to go along. Not until 1752 were they persuaded to make the change. The Old Style calendar year that governed them till then had begun on March 25, but the New Style year began on January 1. When the necessary eleven days were added, George Washington’s birthday, which fell on February 11, 1731, Old Style, became February 22, 1732, New Style.

Back in 1582, when Pope Gregory took ten days out of the calendar, there had been grumbling and confusion. Servants demanded their usual full monthly pay for the abridged month; employers refused. People objected to having their lives shortened by papal decree. But when Britain and the American colonies finally got around to making the change, Benjamin Franklin, aged forty-six when he lost the ten days of his life, with his usual cheery ingenuity gave readers of his Poor Richard’s Almanack something to be thankful for:

Be not astonished, nor look with scorn, dear reader, at such a deduction of days, nor regret as for the loss of so much time, but take this for your consolation, that your expenses will appear lighter and your mind be more at ease. And what an indulgence is here, for those who love their pillow to lie down in peace on the second of this month and not perhaps awake till the morning of the fourteenth.

The world never entirely accepted the Gregorian reform. The Eastern Orthodox Church, wary of subjecting itself to any Romish rule, has kept the Julian calendar for its own calculation of Easter. And so the Christian world, supposedly held together by a Prophet of Peace, has not been able to agree even on the date to celebrate the resurrection of their Savior.

Still, for everyday secular affairs, the whole Christian world has shared a solar calendar which serves the convenience of the farmer and the merchant. But Islam, insisting on literal obedience to the words of the prophet Muhammad and to the dictates of the holy Koran, continues to live by the cycles of the moon.

The crescent, the sign of the new moon, appears on the flag of Muslim nations. Despite scholarly dispute about the origin of the crescent symbol, there can be no doubt of its appropriateness for the peoples who have obediently submitted the schedule of their lives to the divinely commanded measure of the moon. And it is doubly significant as a conspicuous exception to the Muslim ban on representing natural objects. At least as early as the thirteenth century, the crescent became the military and religious symbol of the Ottoman Turks. There is reason to believe that its adoption and its survival as a sign of Islam came from the dominance of the new moon, which not only is a signal of the beginning and end of the month-long Muslim season of fasting, but is the regular punctuation for the whole calendar.

The new moons, declares the Koran, “are fixed times for the people and for the pilgrimage.” The Muslim world, with orthodox scrupulosity, has tried to live by the moon. Just as Caesar had decisively committed his world to the convenience of the solar year, with the months serving as indices of the seasons, so Muhammad committed his everyday world to the cycles of the moon. These lunar cycles would guide the faithful to the divinely ordained dates for the prime religious duties—the pilgrimage to Mecca and the Ramadan month of fasting. The Muslim year consists of twelve lunar months, of alternately 29 and 30 days. The fractional correction to keep the months in step with the moon was secured by varying the length of the twelfth month in the year. A cycle of thirty Muslim years was defined, in nineteen of which the final month had 29 days, with 30 days in the others.

Since the Muslim calendar contains only 354 or 355 days, the months have no regular relation to the seasons. Ramadan, the ninth month—the month of fasting, the observance which marks the true Muslim—and Dhu’l-Hijja, the twelfth month, during the first two weeks of which the faithful are to make their pilgrimage to Mecca, may occur in summer or in winter. In each year the festival of Ramadan and the Pilgrimage occur ten or eleven days earlier than in the previous year. The everyday inconveniences of this kind of calendar are simply another reminder of the good Muslim’s surrender to the will of Allah. The calendar itself, for others a mere schedule of worldly affairs, the Muslim makes an affirmation of faith.

The Muslim’s literal submission to the moon cycle has had some interesting consequences. To live by the God-given visible phases of the moon (and not by some human calculation of when the new moon is expected) has meant, of course, that celebration of a festival must await the actual sight of the moon. Most Muslims hold to this view, following a traditionally accepted utterance of the prophet Muhammad, “Do not fast until you see the new moon, and do not break the fast until you see it; but when it is hidden from you [by cloud or mist] give it its full measure.” If clouds or mist prevent the new moon from being seen in certain villages, those villages will observe the beginning and the end of Ramadan at different times from their neighbors.

One of the most hotly debated issues in Islam is whether it is permissible to define the beginning and end of festivals not by observation but “by resorting to calculation.” The members of the Ismaili sect, who separated themselves in this way, failed to persuade most of their fellow Muslims, who still stand by the need to observe, that is, actually to see the new moon. Strict adherence to the lunar calendar has become a touchstone of loyalty to traditional Islam. “Resort to calculation”—the appeal to the sophisticated mathematics of a solar year rather than to the simple, visible dictates of the lunar cycle—has marked the modern revolts against tradition. In 1926, when Kemal Atatürk (Mustapha Kemal) proclaimed the end of the sultanate in Turkey and “modernized” the nation by adopting a new code of laws, by making civil marriage compulsory, and by abolishing the fez for men and the veil for women, he also abandoned the lunar calendar of Islam and adopted the solar calendar of the West.

While for many in the West the calendar may seem nothing more than a system of chronological bookkeeping, it has proved to be one of the most rigid of human institutions. That rigidity comes partly from the potent mystic aura of sun and moon, partly from the fixed boundaries of the seasons. Revolutionaries have frequently tried to remake the calendar, but their success has been short-lived. The National Convention of the French Revolution set up a committee on calendar reform—made up of mathematicians, an educator, a poet, and the great astronomer Laplace—which produced a new calendar of charming rational symmetry. In 1792 their decimal calendar replaced the 7-day week by a 10-day week called a décade, each day of which was given a Latin numerical name, three of which comprised a month. The day was divided into ten hours, each consisting of 100 minutes, each minute of 100 seconds. In addition to the 360 days of these twelve months, the extra 5 or 6 days were given edifying names: Les Vertus, Le Génie, Le Travail, L’Opinion, Les Récompenses, with a leap day called Sans-culottide dedicated to holidays and sports. This calendar, designed to loosen the grip of the Church on daily life and thought, lasted uneasily for only thirteen years. When Napoleon became ruler of France, he restored the Gregorian calendar with its traditional saint’s days and holidays, for which he received the Pope’s blessing.

In China the Revolution of 1911 brought a reform, which introduced the calendar of the West, alongside the traditional Chinese calendar.

In 1929 the Soviet Union, aiming to dissolve the Christian year, replaced the Gregorian with a Revolutionary calendar. The week was to have 5 days, 4 for work, the fifth free, and each month would consist of six weeks. The extra days needed to make up each year’s complement of 365 or 366 would be holidays. The Gregorian names of the months were kept, but the days of the week were simply numbered. By 1940 the Soviet Union had returned to the familiar Gregorian calendar.
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The Week: Gateway to Science

SO long as man marked his life only by the cycles of nature—the changing seasons, the waxing or waning moon—he remained a prisoner of nature. If he was to go his own way and fill his world with human novelties, he would have to make his own measures of time. And these man-made cycles would be wonderfully varied.

The week—or something very like it—was probably the earliest of these artificial time clusters. Our English word “week” seems to come from an Old High German word meaning to change, or turn about (like the English “vicar” and the German Wechsel). But the week is no Western invention, nor has it everywhere been a cluster of seven days. Around the world, people have found at least fifteen different ways, in bunches of 5 to 10 days each, of clustering their days together. What is planet-wide is not any particular bouquet of days but the need and the desire to make some kind of bouquet. Mankind has revealed a potent, pressing desire to play with time, to make more of it than nature has made.

Our own Western 7-day week, one of the most arbitrary of our institutions, came into being from popular need and spontaneous agreement, not from a law or the order of any government. How did it happen? Why? When?

Why a seven-day week?

The ancient Greeks, it seems, had no week. Romans lived by an 8-day week. Farmers who worked in the fields for 7 days came to town for the eighth day—the market day (or nundinae). This was a day of rest and festivity, a school holiday, the occasion for public announcements and for entertaining friends. When and why the Romans fixed on 8 days and why they eventually changed to a 7-day week is not clear. The number seven almost everywhere has had a special charm. The Japanese found seven gods of happiness, Rome was set on seven hills, the ancients counted seven wonders of the world, and medieval Christians enumerated seven deadly sins. The Roman change from eight to seven seems not to have been accomplished by any official act. By the early third century A.D. Romans were living with a 7-day week.

There must have been some popular new ideas afloat. One of these was the idea of the Sabbath, which appears to have come to Rome through the Jews. “Remember the sabbath day, to keep it holy,” says the Fourth Commandment. “Six days shalt thou labor, and do all thy work but the seventh day is the sabbath of the Lord thy God; in it thou shalt not do any work, thou, nor thy son, nor thy daughter, thy manservant, nor thy maidservant, nor thy cattle, nor the stranger that is within thy gates. For in six days the Lord made heaven and earth, the sea, and all that in them is, and rested the seventh day; wherefore the Lord blessed the sabbath day, and hallowed it” (Exodus 20:8–11). Every week God’s creatures reenacted His Creation. The Jews made their week a memorial too of their liberation from slavery. “And remember that thou wast a servant in the land of Egypt, and that the Lord thy God brought thee out thence through a mighty hand and by a stretched out arm: therefore the Lord thy God commanded thee to keep the sabbath day” (Deuteronomy 5:15). When the Jews observed the Sabbath, they dramatized the Again-and-Again quality of their world.

There were other, less theological forces at work, such as the human need to refresh body and mind. The idea of a seventh day of rest, the very name Sabbath (from the Babylonian Sabattu), appears to have survived from the years when the Jews were in Babylonian captivity. The Babylonians observed certain enumerated days—the seventh, fourteenth, nineteenth, twenty-first, and twenty-eighth days of the month—when specific activities were forbidden to their king.

We find another clue in the name Saturday, which the Jews and the Romans and others after them came to use for their Sabbath day. Among the Romans, Saturn’s Day, or Saturday, was a day of evil omen When all tasks were ill-starred, a day when battles should not be fought, nor journeys begun. No prudent person would want to risk the mishaps that Saturn might bring. According to Tacitus, the Sabbath was observed in honor of Saturn because “of the seven stars which rule human affairs Saturn has the highest sphere and the chief power.”

By the third century the seven-day week had become common in private life throughout the Roman Empire. Each day was dedicated to one of the seven planets. Those seven, according to the current astronomy, included the sun and the moon, but not the earth. The order in which planets governed the days of the week was: sun, moon, Mars, Mercury, Jupiter, Venus, and Saturn. This order was not that of their then supposed distance from the earth, which was the “normal” order in which Dante, for example, later described the zones in the heavens, and in which the names of the planets were recited in the schools down to the time of Copernicus.

Our familiar order of the names for the days of the week came from this order of the planets that the Romans thought “governed” the first hour of each day in turn. The astrologers of the day did make use of the “order” of the planets according to their supposed distance from the earth, to calculate the “influence” of each planet on worldly affairs. They believed that each planet would govern an hour, then in the next hour would give way to the influence of the next planet nearer the earth, and so on through the cycle of all seven planets. After each cycle of seven hours, the planetary influences would begin all over again in the same order. The “governing” planet for each day, then, was the planet that happened to preside over the first hour of that day, and each day of the week thus took its name from the planet that governed its first hour. The result of this way of calculating was to name the days of the week in their now familiar order.

The days of our week remain a living witness to the early powers of astrology. We easily forget that our days of the week really are named after the “planets” as they were known in Rome two thousand years ago. The days of the week in European languages are still designated by the planets’ names. The survival is even more obvious in languages other than English. Here, with the dominant planet, are some examples:
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When peoples have tried to extinguish ancient idolatry, they have replaced the planetary names with simple numbers. So the Quakers call their days First Day, Second Day, and so on up to Seventh Day. They hold their religious meetings not on Sunday but on First Day. In modern Israel, too, the days of the week are given ordinal numbers.

One of the more unexpected examples of the power of the planetary idea is the Christian change of the Sabbath from Saturday, or Saturn’s day, to Sunday, or Sun’s day. When Christianity first took root in the Roman Empire, pious Church Fathers worried over the survival of the pagan gods in the names of the planets that governed the Christian week. The Eastern Church had some success in exterminating this pagan influence: the names of the days in both modern Greek and Russian ceased to be planetary. But Western Christianity proved more willing to turn Roman beliefs and prejudices to their own purpose. The Church Father Justin Martyr (c. 100–c. 165) shrewdly explained to the Emperor Antoninus Pius and his sons (c. 150) why the Christians chose their particular day for Gospel reading and to celebrate the Eucharist. “It is on what is called the Sun’s day that all who abide in the town or the country come together.… and we meet on the Sun’s day because it is the first day on which God formed darkness and mere matter into the world and Jesus Christ our saviour rose from the dead. For on the day before Saturn’s day they crucified him, and on the day after Saturn’s day which is the Sun’s day he appeared to his apostles and disciples and taught them.”

Saturn’s day, the traditionally unlucky day when the Jews found it wise to abstain from work, somehow remained the pivot around which the weekly auspices would revolve. But there were still other influences. The Mithraists, followers of the Persian mystery religion who worshipped the sun-god Mithras, which was one of the strongest competitors of Christianity in the Roman Empire, adopted a seven-day week. They naturally felt special reverence for what everybody then called the Sun’s day.

The Christians fixed their Lord’s day, then, so that every week’s passing would relive the drama of Jesus Christ. By taking Communion, every Christian would somehow become one of the Disciples at the Last Supper. The script for this mystic drama was, of course, the liturgy of the mass. The Eucharist, like the other sacraments, became a repeat performance of a crucial symbolic event in the history of the Church. What a happy coincidence that the Sun’s day was already known as a day of joy and renewal! “The Lord’s day is reverenced by us,” a Church Father, Maximus of Turin, explained in the fifth century, “because on it the Savior of the world like the rising sun, dispelling the darkness of hell, shone with the light of resurrection, and therefore is the day called by men of the world the Sun’s day, because Christ the sun of righteousness illumines it.” The Sun’s day, like the first David, prefigured the dazzling light of the sun in the true Savior. The Church Fathers made this coincidence further evidence that the world had long been preparing itself for the Savior’s coming.

The making of our week was another forward step in man’s mastery of the world, in his reach toward science. The week was man’s own cluster, not dictated by the visible forces of nature, for the planetary influences were invisible. By seeking astral regularities, by imagining that regularly recurring forces at a distance, forces that could be judged only by their effects, might govern the world, mankind was preparing a new arsenal of thought, an escape from the prison of Again-and-Again. The planets, unworldly forces, would lead mankind out into the world of history.

The planetary week was a path into astrology. And astrology was a step toward new kinds of prophecy. The earlier forms of prophecy can give us a hint of why astrology was a step forward into the world of science. Ancient rituals brought with them a complicated “science” for using parts of a sacrificed animal to foretell the future of the person who offered the sacrifice. Osteomancy, for example, prophesied by examining a bone of the sacrificed animal. In the mid-nineteenth century, Sir Richard Burton reported from Sindh, in the valley of the Indus, the elaborate technique still widely used for divining from the shoulder blade of a sacrificed sheep. The osteomancers divided the bone into twelve areas, or “houses,” each answering a different question about the future. If in the first “house” the bone was clear and smooth, the omen was propitious and the consulter would prove to be a good man. If, in the second “house,” which pertained to herds, the bone was clear and clean, the herds would thrive, but if there were layers of red and white streaks, robbers must be expected.

And so it went. Hepatoscopy, which predicted by examining the sacrificed animal’s liver, was one of the earliest popular techniques of prophecy among the Assyro-Babylonians. It seems to have been used in China in the Bronze Age. Then the Romans and many others continued the practice. The liver impressed the diviners by its large size, its interesting shape, and its heavy burden of blood. An elaborate bronze model of a sheep’s liver, which survives from Piacenza, Italy, is covered with inscriptions indicating what was to be foretold by the condition of each part. Every conceivable human activity or experience—from the knotting of strings to the interpretation of dreams—has become an oracle, witnessing man’s desperate eagerness for clues to his future.

By contrast with these other kinds of prophecy, astrology was progressive. Astrology differed in asserting the continuous, regular force of a power at a distance. The influences of heavenly bodies on the events on earth it described as periodic, repetitious, invisible forces like those that would rule the scientific mind.

It is not surprising that earliest man was awed by the heavens and enticed by the stars. These first night-lights which inspired the priests of ancient Babylonia also sparked the popular fancy. The changelessness of the rhythm of life on earth made the shifting fireworks of the sky into melodrama. The coming and going of the stars, their rising and falling, their moving about the heavens, became the conflicts and the adventures of the gods.

If the rising and setting of the sun made so much difference on earth, why not also the movement of the other heavenly bodies? The Babylonians made the whole sky a stage for their mythological imagination. Like the rest of nature, the heavens were a scene of living drama. Like the entrails of sacrificial victims, the heavens were divided into zones and then peopled with fantastic figures. The evening star, later called the planet Venus—the brightest heavenly object next to the sun and moon—became a luminous lion roaming the sky from east to west. The great god El, jealous of so bright and high-rising a luminary, put the lion to death again at every dawn. The Old Testament presents this fantasy in the vision of Lucifer cut down for his pride: “How art thou fallen from heaven, O Lucifer, son of the morning! … For thou hast said in thine heart, I will ascend into heaven, I will exalt my throne above the stars of God.… I will ascend above the heights of the clouds; I will be like the most High” (Isaiah, 14:12–14) This diurnal assassination was accomplished by the messenger of El, Michael (meaning “Who is like El”?). In the sky the gods fought battles, made love, formed alliances, and hatched conspiracies. How inconceivable that these cosmic events should not affect life on earth! Every farmer knew that the clouds in the sky, the warmth of the sun, and the heavenly gift of rain decided the fate of crops and so really governed his own life. Of course, the subtler, more obscure heavenly events required proper interpretation by priests.

This lure of the skies produced a fertile lore of the skies. The powers of sun and rain, the correspondence between happenings in the heavens and happenings on earth, stirred the search for other correspondences. The Babylonians were among the first who elaborated a mythological frame for these universal correspondences. Their vivid imaginings would be perpetuated by Greeks, Jews, Romans, and others over the following centuries.

The theory of correspondences became astrology, which sought new links between space and time, between the movements of physical bodies and the unfolding of all human experience. The growth of science would depend on man’s willingness to believe the improbable, to cross the dictates of common sense. With astrology man made his first great scientific leap into a scheme for describing how unseen forces from the greatest distance, from the very depth of the heavens, shaped everyday trivia. The heavens, then, were the laboratory of mankind’s first science, just as the interior of the human body, the intimate inward realm of his consciousness, and the Dark Continents in the atom, would be the scenes for his latest sciences. Man sought to use his growing knowledge of the patterns of repeating experience in his never-ending struggle to break the iron ring of repetition.

Social or wholesale prophecy flourished in Babylonia. It forecast the large events—battles, droughts, plagues, harvests—which affected the whole community. For centuries such astrology remained a lore rather than a doctrine. The Greeks made a science of it. Personal astrology—“judicial” astrology, or genethlialogy—which cast a person’s fortune from the position of the heavenly bodies at the moment of his birth, developed more slowly. The person was called the “native,” and the prophecy came to be called a “nativity,” or horoscope.

The Greeks, too, were torn between wanting to know the good news and fearing to know the bad. Their medical astrologers divided the whole sky according to the signs of the zodiac, then assigned a particular stellar force to each part of the body. Then Greek anti-astrologers attacked the whole dogma of astral forces with arguments that would last into modern times. The names assigned to the stars, the anti-astrologers argued, were quite accidental. Why should this planet be called Mars and that Saturn or Venus? And why did the astrologers limit their horoscopes to human beings? Would not the same astral fortunes govern all animals? And how could astrologers explain the different fortunes of twins? The Epicureans, whose philosophy was built on the belief in each man’s freedom to shape his destiny, attacked astrology as a way of making men think they were mere slaves of the stars.

In ancient Rome, astrology attained an influence seldom equaled in later centuries. Astrologers—called Chaldaei after the Chaldean or Babylonian origins of the science, or Mathematici from their astronomical calculations —were a recognized profession whose repute varied with the turbulent times. Under the Roman Republic they became so powerful and so unpopular that in 139 B.C. they were expelled not only from Rome but from all Italy. Afterwards, under the empire, when their dangerous prophecies had brought several astrologers to trial for treason, they were repeatedly banished. But the same emperor who would banish some astrologers for their ominous forebodings, would employ others to guide his imperial household. Some areas were declared off limits. In the late empire, even when astrologers were tolerated or encouraged, they were forbidden to make prophecies about the life of the emperor.

Christian emperors failed in their efforts to discourage astrology. “There are many,” the historian Ammianus Marcellinus recounted in the late fourth century after Constantine officially converted the empire to Christianity, “who do not presume either to bathe, or to dine, or to appear in public, till they have diligently consulted, according to the rules of astrology, the situation of Mercury and the aspect of the moon. It is singular enough that this vain credulity may often be discovered among the profane sceptics, who impiously doubt or deny the existence of a celestial power.” By that time the powers of the seven planets were attested by the quiet transformation of the eight-day week into the week of seven days, with each day now subordinate to one of the seven planets. When Romans attended the imperial circus, the astral powers were seen everywhere. Over each of the twelve stalls from which the chariots started their race, there appeared a sign of one of the twelve constellations of the zodiac. Each of the seven tracks of the racecourse was intended to represent a heavenly circuit of one of the seven planets.
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God and the Astrologers

ASTROLOGY married the human needs which later centuries would divorce into science and religion. Was astrology in ancient Rome, as historians commonly say, simply a superstitious fatalism, a triumph of the irrational? There is no denying that awe of the stars—those “visible gods”—inspired an awe of astrologers. “He to whom the gods themselves reveal the future,” observed Arellius Fuscus, an eminent rhetorician of the Augustan Age, “who imposes his will even on kings and peoples, cannot be fashioned by the same womb which bore us ignorant men. His is a superhuman rank. Confident of the gods, he is himself divine.… let us lift up our minds by means of the science which reveals to us the future, and before the appointed hour of death let us taste the pleasures of the Blest.”

But astral religion was not to be separated from astral science. The leading scientists took for granted the influence of the stars on human events. They disagreed only over how the stars exerted their powers. The great scientific encyclopedia of the age, Pliny’s Natural History, propagated the rudiments of astrology by showing the influence of the stars everywhere. Seneca’s only complaint was that the astrologers were not comprehensive enough. “What? Think you so many thousand stars shine on in vain? What else, indeed, is it which causes those skilled in nativities to err than that they assign us to a few stars, although all those that are above us have a share in the control of our fate? … But even those stars that are motionless, or because of their speed keep equal pace with the rest of the universe and seem not to move, are not without rule and dominion over us.”

The most influential of all ancient Roman scientists proved to be the most durable authority on astrology. Ptolemy (Claudius Ptolemaeus of Alexandria) provided the solid treatise which would give substance and respectability to this science for the next, thousand years. But his reputation has suffered from the overadvertised fate of two of his crucially erroneous theories. Both were current in his time, both were developed and perpetuated in his writings. The geocentric, or Ptolemaic, theory of the universe would become a modern byword for astronomical error. Similarly, the land-dominant view, the view that dry land comprised most of the earth’s surface, became a byword for geographic error. These two popular misconceptions were destined to obscure Ptolemy’s colossal achievements. But never since Ptolemy has anyone provided so comprehensive a survey of the whole scientific knowledge of an age.

Yet the life of this encyclopedic genius remains a mystery. Probably descended from Greek immigrants, Ptolemy (90–168) lived in Egypt during the reigns of Emperors Hadrian and Marcus Aurelius. His Alexandria had continued to be a great center of learning even after its famous library was burned by Caesar in 48 B.C.

Ptolemy dominated the popular and literary view of the universe throughout the Middle Ages. The world as depicted in Dante’s Divine Comedy came right out of Ptolemy’s Almagest In many ways Ptolemy spoke as a prophet. For he enlarged the uses of mathematics in the service of science. While he drew on the best observations made before him, he emphasized the need for repeated, increasingly precise observation. In fact, Ptolemy was a harbinger of the scientific spirit, an unsung pioneer of the experimental method. In trigonometry, for example, his table of chords has been found accurate to five decimal places. In spherical geometry he offered an elegant solution to the problems of sundials, which had special significance in that age before mechanical clocks. There was no branch of physical science that he did not survey and organize into newly usable forms. Geography, astronomy, optics, harmonics—each he expounded in a system. The best known of these was his treatise on astronomy, the Almagest. His Geography, which aimed to map the whole known world, pioneered in listing places systematically by latitude and longitude. There, too, he offered his own improved method for projecting spherical surfaces on flat maps. In view of the scanty factual reports available to him, Ptolemy’s maps of his “known world,” the Roman Empire, were a remarkable accomplishment. He showed the crucial scientific talents—shaping theories to fit available facts and testing old theories by new facts.

The Arabs appreciated the grandeur of Ptolemy’s work and brought him to the West. His astronomy was destined to bear an Arabic name (Almagest, from al majisti, “the greatest compilation”), and his Geography was translated into Arabic early in the ninth century. The Tetrabiblos, his four books on astrology, which Ptolemy regarded as the companion to his Almagest, also came West through the Arabic.

“Mortal as I am,” wrote Ptolemy, “I know that I am born for a day, but when I follow the serried multitude of the stars in their circular course, my feet no longer touch the earth; I ascend to Zeus himself to feast me on ambrosia, the food of the gods.” He helped others find a refuge from earthly cycles into heavenly mysteries. Ptolemy’s Tetrabiblos became the leading textbook of astrology, one of our best guides to science in the Middle Ages. While his Almagest predicted the changing positions of heavenly bodies, his astrology predicted their influences on earthly events. Did not the cycles of the sun and the moon obviously affect happenings on earth? Then why should not lesser celestial bodies also affect events down here? If illiterate sailors could forecast the weather from the sky, could not learned astrologers use the data of the heavens to forecast human events? Ptolemy saw the astral influence as purely physical, as only one of many forces. He conceded that astrology was of course no more foolproof than any other science. But that was no reason why careful observation of the correspondence of earthly events with celestial events should not produce some useful, though not mathematically certain, predictions.

In this practical spirit, Ptolemy laid the foundation of the most durable of the occult sciences. Of the four books of his Tetrabiblos, the first two, on “astrological geography” and weather prediction, cover the influences of celestial bodies on earthly physical events, and the last two cover their influence on human events. Ptolemy expounds the science of horoscopes, the prediction of human destinies from the position of the stars at the moment of a person’s birth. Although Ptolemy’s work did become the leading textbook of astrology for a thousand years, because he ignored “catarchic”—the technique of answering questions about the future by the position of heavenly bodies at the time the question was asked—his work did not fully satisfy the needs of astrological practitioners.

Ptolemy’s adventure into the occult world of astrology would even outlive his magisterial works in the more familiar realms of modern science. Copernicus’ epoch-making De Revolutionibus (1543), which changed the center of the solar system, still confirmed in its form and much of its content the dominant influence of Ptolemy’s Almagest Not until a half century later, when Tycho Brahe’s Astronomiae Instauratae Mechanica (1598) displaced Ptolemy’s star catalogue with a new catalogue based entirely on independent observations, did Ptolemy’s data, as well as his theory, finally become obsolete. Ptolemy’s geographic speculations about terra incognita, and about other parts of the world remote from Europe, had already begun to be out of date when his Geography, translated from Greek into Latin, reached Western Europe in 1406. Still, Ptolemy’s Geography long remained popular as the best guide to the “known world” in the West. Maps published in the fifteenth and sixteenth centuries, including Mercator’s own great map of Europe that appeared in 1554, were commonly based on Ptolemy, whose technique of map projection continued to stimulate cartography throughout the sixteenth century. Meanwhile, Ptolemy’s Tetrabiblos remained the bible of astrology. It was republished twice—once in England, once in Germany—during World War II, when it still was thought useful.

Astrology expressed a crucial transformation of human feelings in the land-bound age. There was a world of difference between the old wine-inspired Dionysiac intoxication that Euripides describes in his Bacchae and the new star-inspired ecstasy, the new astral mysticism. Now, as the historian of religion Franz Cumont observes, “it is with pure light that reason quenches her thirst for truth; and ‘the abstemious intoxication,’ which exalts her to the stars, kindles in her no ardour save a passionate yearning for divine knowledge. The source of mysticism is transferred from earth to heaven.”

The popular claims of pagan astrologers disturbed the early prophets of Christianity. Church Fathers who declared their own power to forecast everyman’s fate in the next world begrudged the powers of prophecy to those who pretended to know any man’s destiny on earth. If the astrologers’ horoscopes meant what they said, where was the room for free will, for freedom to choose good over evil, to forsake Mammon or Caesar for Jesus Christ?

The very struggle to become a Christian—to abandon pagan superstition for Christian free will—seemed to be a struggle against astrology. Saint Augustine (354–430) recalls in his Confessions: “Those impostors then, whom they style Mathematicians [Astrologers], I consulted without scruple; because they seemed to use no sacrifice, nor to pray to any spirit for their divinations. ‘ And he was tempted by the astrologers’ counsel: “The cause of thy sin is inevitably determined in heaven; this did Venus, or Saturn, or Mars: That man, forsooth, flesh and blood, and proud corruption, might be blameless; while the Creator and Ordainer of heaven and the stars is to bear the blame.”

Saint Augustine struggled to reject “the lying divinations and impious dotages of the astrologers.” Two acquaintances reminded him “that there was no such art whereby to foresee things to come, but that men’s conjectures were a sort of lottery, and that out of many things which they said should come to pass, some actually did, unawares to them who spake it, who stumbled upon it, through their oft speaking.”

At this providential moment of his burgeoning doubts, God “provided then a friend for me, no negligent consulter of the astrologers; nor yet well skilled in those arts, but … a curious consulter with them, and yet knowing something which he said he had heard of his father, which how far it went to overthrow the estimation of that art, he knew not.”

A story told by this friend, Firminus, shook the young Augustine from his pagan faith. Firminus’ father, an earnest experimenter in astrology, always noted the positions of the stars and even “took care with the most exact diligence to know the birth of his very puppies.” Firminus’ father learned that one of his women-servants was to be delivered of a child at about the same time that Firminus’ mother was expecting. “Both were delivered at the same instant; so that both were constrained to allow the same constellations, even to the minutest points, the one for his son, the other for his new-born slave. For so soon as the women began to be in labour, they each gave notice to the other what was fallen out in their houses, and had messengers ready to send to one another, so soon as they had notice of the actual birth, of which they had easily provided, each in his own province, to give instant intelligence. Thus then the messengers of the respective parties met, he averred, at such an equal distance from either house, that neither of them could make out any difference in the position of the stars, or any other minutest points; and yet Firminus, born in a high estate in his parents’ house, ran his course through the gilded paths of life, was increased in riches, raised to honours; whereas that slave continued to serve his masters, without any relaxation of his yoke, as Firminus, who knew him, told me.” The diverse destiny of twins struck Augustine as the most obvious and appealing argument against astrology.

Not only in the autobiographical Confessions but even in his great theoretical work, The City of God, he labors lengthily against the astrologers. The Roman Empire, and all other kingdoms, he warns, have their destiny shaped not by the stars but by the will of God. His clinching Biblical argument is the example of Jacob and Esau—“two twins born so near together that the second held the first by the heel; yet in their lives, manners, and actions, was such a disparity, that that very difference made them enemies one to another.” And he elaborates on the cases of other twins.

Astrology remained the bête noire of the Christian Church Fathers. Faith in a star-written destiny had dissuaded Romans, such as Emperor Tiberius, from paying homage even to their pagan gods. Tertullian (c. 160–c. 230) warned against astrology because “men, presuming that we are disposed of by the immutable arbitrament of the stars, think on that account that God is not to be sought after.”

Shrewd Christian theologians of the Middle Ages managed to find holy uses for the widespread belief in astral powers. Both Albertus Magnus and Saint Thomas Aquinas admitted the strong governing influence of the stars, but they insisted that man’s freedom was his very power to resist that influence. Even if astrologers often did make true predictions, Aquinas explains, these usually concerned, events in which large numbers of men were involved. In such cases the passions of the many would prevail against the rational wisdom of the few; but the individual Christian’s free will had not been exercised.

The great medieval theologians earnestly enlisted the prevailing belief in astrology to reinforce the truths of Christianity. They liked to recall the astrological prediction of the Virgin Birth of Jesus Christ. If Jesus Christ was not Himself subject to the rule of the stars, the stars did give signs of His coming. What else was the Star of Bethlehem? Was it not likely that those wise enough to follow that star, the Magi, were actually learned astrologers?


PART TWO

FROM
SUN TIME
TO
CLOCK TIME

The gods confound the man who first found out
How to distinguish hours! Confound him, too,
Who in this place set up a sun-dial,
To cut and hack my days so wretchedly
Into small portions.

—PLAUTUS (c. 200 b.c.)
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Measuring the Dark Hours

SO long as mankind lived by raising crops and herding animals there was not much need for measuring small units of time. The seasons were all-important—to know when to expect the rain, the snow, the sun, the cold. Why bother with hours and minutes? Daylight time was the only important time, the only time when men could work. To measure useful time, then, was to measure the hours of the sun.

No change in daily experience is more emptying than the loss of the sense of contrast between day and night, light and dark. Our century of artificial light tempts us to forget the meaning of night. Life in a modern city is always a time of mixed light and darkness. But for most of the human centuries night was a synonym for the darkness that brought all the menace of the unknown. “Never greet a stranger in the night,” warned the Talmud (c. 200 B.C.), “for he may be a demon.”

“I must work the works of him that sent me, while it is day,” announced Jesus (John 9:4–5), “the night cometh, when no man can work. As long as I am in the world, I am the light of the world.” Few subjects have been more enticing to the literary imagination. “In the dead vast and middle of the night” was when Shakespeare and other dramatists placed their crimes.

O comfort-killing night, image of Hell;
Dim register and notary of shame;
Black stage for tragedies and murders fell;
Vast sin-concealing chaos, nurse of blame.

The first step in making night more like day was taken long before people became accustomed to artificial lighting. It came when man, playing with time, began measuring it off into shorter slices.

While the ancients measured the year and the month, and set the pattern for our week, the shorter units of time remained vague and played little part in the common human experience until the last few centuries. Our precise uniform hour is a modern invention, while the minute and the second are still more recent. Naturally enough, when the working day was the sunlit day, the first efforts to divide time measured the passing of the sun across the heavens. For this purpose sundials, or shadow clocks, were the first measuring devices. The original meaning of our English word “dial,” which since has taken on so many other meanings (from the Latin dies, or day; medieval Latin dialis), was sundial. Primitive societies noticed that the shadow of an upright post (or gnomon, from the Greek “to know”) became shorter as the sun rose in the heavens, and lengthened again as the sun set. The ancient Egyptians used such a device, and we can still see one that survives from the time of Thutmose III (c. 1500 B.C.). A horizontal bar about a foot long had a small T-shaped structure at one end which would cast a shadow on the calibration on the horizontal bar. In the morning the bar was set with the T facing east; at noon the device was reversed with the T facing west. When the prophet Isaiah promised to cure King Hezekiah by making time go backward, he announced that he would do so by making the sun’s shadow recede.

For centuries the sun’s shadow remained the universal measure of time. And this was a handy measure, since a simple sundial could be made anywhere by anybody without special knowledge or equipment. But the cheery boast “I count only the sunny hours,” inscribed on modern sundials, announces the obvious limitation of the sundial for measuring time. A sundial measures the sun’s shadow: no sun, no shadow. A shadow clock was useful only in those parts of the world where there was lots of sunlight, and then it served only when the sun was actually shining.

Even when the sun shone bright, the movement of the sun’s shadow was so slow that it would be small help in marking minutes and useless for signaling seconds. The dial that marked the day’s passing in any one place was ill suited to measure a universal standard unit, such as our hour of sixty minutes. For everywhere except on the equator the length of daylight hours varies from one day to the next and around the seasons. To use the sun’s shadow in any place to define the hour according to Greenwich Mean Time requires a combined knowledge of astronomy, geography, mathematics, and mechanics. Not until about the sixteenth century could sundials be marked with these true hours. When this “science of dialing” was developed, it became fashionable to carry a pocket sundial. But by then the clock and the watch existed and were more convenient and useful in every way.

The early sundials had other limitations. The horizontal instrument of Thutmose III could not record the earliest hour in the morning or the latest hour of the afternoon because the shadow of the horizontal T-bar would stretch to infinite length and so not register on the scale. The great ancient advance in sundial design, while no help in describing universal time, did make it easier to divide the daylight hours into equal parts. This was a sundial shaped into a hemicycle, the interior of a half-sphere, with the pointer extended from one side to the center and the opening facing upward. The shadow path during any day, then, would be a perfect replica of the sun’s path in the hemisphere of the sky above. This arc traced by the sun and marked inside the hemicycle was divided into twelve equal parts. After paths were drawn for different dates, the twelve “hour” divisions for each date were joined with curves, indicating the varying twelfth of the daylight hours.

The Greeks, adept at geometry, succeeded in making many advances in sundial design. One delightful example survives in the Tower of the Winds in Athens. On this eight-sided tower, each of the eight principal directions is personified in its winds, and each face bears a sundial, so that an Athenian could read the time on at least three faces at once. The sundial became so common a Roman fixture that the architect Vitruvius, in the first century B.C., could list thirteen kinds of sundials. But the many beautiful monumental sundials that the Romans looted abroad to decorate their villas Were nearly useless as timepieces in the Roman latitude. If we believe Plautus (d. 184 B.C.), the Romans relied on sundials to fix their mealtimes;

The gods confound the man who first found out
How to distinguish hours! Confound him, too,
Who in this place set up a sun-dial,
To cut and hack my days so wretchedly
Into small portions. When I was a boy,
My belly was my sun-dial; one more sure,
Truer, and more exact than any of them.
This dial told me when ’twas proper time
To go to dinner, when I had aught to eat.
But now-a-days, why even when I have,
I can’t fall-to, unless the sun give leave.
The greater part of its inhabitants,
Shrunk up with hunger, creep along the streets!

Even after the sundial was designed to divide the daylight time into equal segments, it was not much help in comparing times from one season to another. Summer days were long, so too were summer hours. Roman soldiers, in the reign of Emperor Valentinian I (364–375), were drilled to march “at the rate of 20 miles in five summer hours.” An “hour”—one-twelfth of the daylight—on a particular day in one place would be quite different from that on another day or in another place. The sundial was an elastic yardstick.

How was mankind liberated from the sun? How did we conquer the night, making it part of the intelligible world? Only by escaping the sun’s tyranny would we ever learn to measure out our time in universally uniform spoonfuls. Only then could the recipes for action, for making and doing be understood anywhere anytime. Time was, in Plato’s phrase, “a moving image of eternity.” No wonder that measuring its course tantalized mankind all over the planet.

Anything that would flow, that would be consumed or would consume has been tried somewhere or another as a measure of time. All were efforts to escape the tyranny of the sun, to grasp time more firmly, more predictably and bring it into the service of man. The simple universal measure needed every day, the measure of life itself, would have to be something better than the whimsical, fleeting, slow-moving, often obscured shadow. Man must find something better than the Greeks’ “timepiece they call Hunt-the-Shadow.”

Water, that wonderful, flowing medium, the luck of the planet—which would serve humankind in so many ways, and which gives our planet a special character—made possible man’s first small successes in measuring the dark hours. Water, which could be captured in any small bowl, was more manageable than the sun’s shadow. When mankind began to use water to serve him for a timepiece, he took another small step forward in making the planet into his household. Man could make the captive water flow fast or slow, day and night. He could measure out its flow in regular, constant units, which would be the same at the equator or on the tundra, winter or summer. But perfecting this device was long and difficult. By the time the water clock was elaborated into a more or less precision instrument, it had already begun to be supplanted by something far more convenient, more precise, and more interesting.

Yet, for most of history, water provided the measure of time when the sun was not shining. And until the perfection of the pendulum clock about 1700, the most accurate timepiece was probably the water clock. During all those centuries, the water clock ruled man’s daily—or, rather, his nightly—experience.

Man discovered very early that he could measure the passage of time by the amount of water that dripped from a pot. Within five hundred years after their first sundials, the ancient Egyptians were using water clocks. In their sunny country, the sundial well served their needs by day, but they needed the water clock to measure off hours of night. Their god of the night, Thoth, who was also god of learning, of writing, and of measurement, presided over both outflow and inflow models of water clocks. The outflow type was an alabaster vessel with a scale marked inside and a single hole near the bottom from which the water dripped. By noting the drop in the water level inside from one mark to the next mark below on the scale, the passage of time was measured. The later inflow type, which marked the passing time by the rise of water in the vessel, was more complicated, as it required a constant source of regulated supply. Even such simple devices were not without their problems. In cold climates the changing viscosity of the water would be troublesome. But, in any climate, to keep the clock at constant speed, the hole through which the water poured must not become clogged or worn larger. The outflow clocks posed another minor problem because the speed of flow depended on the water pressure, and that always varied with the amount of water left in the bowl. The Egyptians therefore slanted the walls of the vessel so that the height declined by the same amount for equal periods of time.

The problem of designing a useful water clock was simple enough so long as its only purpose was like that of a modern egg timer, which marks the passage of short uniform units of time. But to use the water clock as an instrument for dividing the hours of daylight or of darkness into equal segments posed a difficult problem of calibration. The winter night in Egypt was, of course, longer than the night in summer. The water clock at Thebes required, according to Egyptian measures, that the summer night be measured by only twelve fingers of water, while the winter night required fourteen. These variant “hours”—equal subdivisions of the total hours of daylight or darkness—were not really Chronometric hours. They came to be called “temporary hours” or “temporal” hours, for they had meaning that was only temporary and did not equal an hour the next day. It would have been much simpler to make a water clock measure off a fixed, unchanging unit. But centuries passed before abstracted time was captured by a machine that measured something other than a fragment of daylight or darkness.

The Greeks, who had perfected the sundial to measure their daylight, also used the water clock as an everyday timer. Their picturesque name, klepsydra, meaning water-thief, would designate the device for centuries to come. They used their water clock to limit the times for pleading in Athenian courts. The surviving court clocks flow for about six minutes. Demosthenes in his legal speeches, referring to the time running out in the water clock, often asked that the flow of the water be stopped while he read from laws or depositions so that his speaking time would not be used up. The elegant Tower of the Winds had attached to it a circular cistern as a reservoir for a water clock. Ctesibius of Alexandria (second century B.C.), the ingenious Greek physicist and inventor, who also devised a hydraulic organ and an air gun, contrived a water clock with a floating indicator to mark the time on a vertical scale set above.

Adept though they were at engineering and mechanics, the Romans relied on the water clock as their only mechanical device, apart from the sundial, for measuring time. Latinizing klepsydra to clepsydra—or the horologium ex aqua—they elaborated and popularized it into an everyday convenience. They made miniature sundials measuring only one and a half inches across for carrying about in the pocket. At the same time the Roman feeling for the grandiose was displayed on the Campus Martius in the great obelisk of Montecitorio, serving as gnomon for a giant sundial whose shadow was measured on lines of bronze in the surrounding marble pavement.

The Romans showed a similar versatility with their water clocks. Like other practical, commercial people, they were alert to the value of time. But only gradually, and then only crudely, did they divide their day into smaller parts. They never invented a mechanical clock that would conveniently subdivide the hours. Even at the end of the fourth century B.C. they formally divided their day into only two parts: before midday (ante meridiem, A.M.) and after midday (post meridiem, P.M.). An assistant to the consul was assigned to notice when the sun crossed the meridian, and to announce it in the Forum, since lawyers had to appear in the courts before noon. Eventually they made finer subdivisions. First by dividing each half of the day into two parts: early morning (mane) and forenoon (ante meridiem); afternoon (de meridie) and evening (suprema). Then they took to marking the “temporary” hours according to a sundial that had been brought from Catana in Sicily. Made for a different latitude, it was hardly precise. Finally in 164 B.C. the censor Q. Marcius Philippus earned popularity by setting up a sundial properly oriented for Rome. Beside the sundial a waterclock was installed to tell time on foggy days and at night.

The Romans used their sundials to calibrate and set the water clocks, which had become the common timepiece in imperial Rome. The water clocks still offered only “temporary” hours, with daylight and darkness measurements for all the days of a month lumped together, though these really varied from day to day. Since no one in Rome could know the exact hour, promptness was an uncertain, and uncelebrated, virtue. It was as impossible to find agreement among the clocks of Rome, the wit Seneca (c. 4 B.C.-A.D. 65) observed, as to find agreement among Roman philosophers.

The “hours” of their daily lives—their temporary “hour” was one-twelfth the time of daylight or of darkness on that day—were more elastic than we can now imagine. At the winter solstice, even if the sun shone all day there would be, by our modern measures, only 8 hours, 54 minutes of sunlight, leaving a long night of 15 hours, 6 minutes. At the summer solstice the time, by our modern hours, was exactly reversed. But from the Romans’ point of view both day and night always had precisely 12 hours year round. In Rome at the winter solstice the first hour of their day (hora prima) began at what we would call 7:33 A.M. and lasted only till 8:17 A.M., while the twelfth hour (hora duodecima) began at 3:42 P.M. and expired at 4:27 P.M., when the longer night hours began. What a problem for the clockmakers! We must be amazed not that they did not provide a more precise timepiece, but that under these circumstances they were able to provide an instrument that served daily needs at all.

By elaborate systems of calibration they made their water clocks indicate the shifting lengths of hours from month to month. It was far too complicated to mark the shifting increments from day to day. This meant, too, that there was no accepted way of subdividing each day’s passing hours.

When daily needs required shorter standard units, a simple water clock served them with all the precision of an egg timer. In the Roman courtroom, for example, where the lawyers of opposing parties were supposed to have equal time, the simple water clock worked well. For this purpose they followed the Athenian example, using a bowl with a hole near the bottom. This timer emptied in about twenty minutes. A lawyer might ask the judge to grant him an additional “six clepsydrae,” or about two of our modern hours, to make his case. A particularly long-winded advocate was once actually granted sixteen water clocks—five hours! While the Romans doubtless shared our view that “time is money,” they often equated time with water. In Rome the phrase aquam dare, “to grant water,” meant to allot time to a lawyer, while aquam perdere, “to lose water,” meant to waste time. If a speaker in the Senate spoke out of turn or talked too long, his colleagues would shout that his water should be taken away. Under other circumstances they might petition that more water be allowed.

Lawyers were no less wordy then than they are today. One especially tiresome advocate inspired the Roman wit Martial (c. 40–c. 102) to suggest:

Seven water-clocks’ allowance you asked for in loud tones, Caecilianus, and the judge unwillingly granted them. But you speak much and long, and with back-tilted head, swill tepid water out of glass flasks. That you may once for all sate your oratory and your thirst, we beg you, Caecilianus, now to drink out of the water-clock!

For every bowlful of water the lawyer drank he would reduce the judge’s boredom by twenty minutes.

The simple water clock challenged the Romans’ ingenuity. To prevent the escape hole from wearing away or being clogged, the hole was fashioned from a gem, much as later mechanical clockmakers used “jewels.” Some of the Roman water clocks described by the architect Vitruvius were fitted with elaborate floats which announced the Roman “hour” by tossing pebbles—or eggs—into the air, or by blowing a whistle. The water clock, like the piano in middle-class European households in the nineteenth century, became a symbol of status. “Has he not got a clock in his dining-room?” observed the admirers of the parvenu Trimalchio in the Age of Nero. “And a uniformed trumpeter to keep telling him how much of his life is lost and gone?”

In later centuries people everywhere, after their fashion, found ways to use water to mark off the portions of life. The Saxons in the ninth century characteristically used a bowl of strong and rustic elegance. The bowl, with a small hole in the bottom, was floated on water and sank as it filled, always marking the same period. The Chinese, who had their own simple water clocks from remote antiquity, returned home from Western travels with astonishing tales of complicated striking water clocks. They especially admired a giant water clock that ornamented the east gate of the Great Mosque at Damascus. At each “hour” of the day or night two weights of brightly shining brass fell from the mouths of two brazen falcons into brazen cups, perforated to allow the balls to return into position. Above the falcons was a row of open doors, one for each “hour” of the day, and above each door was an unlighted lamp. At each hour of the day, when the balls fell, a bell was struck and the doorway of the completed hour was closed. Then, at nightfall, the doors all automatically opened. As the balls fell announcing each “hour” of the night, the lamp of that hour was lit, giving off a red glow, so that finally by dawn all the lamps were illuminated. With the coming of daylight the lamps were extinguished and the doors of day-time hours resumed their cycle. It required the full time of eleven men to keep this machine in working order.

Not the flowing waters of time but the falling sands of time have given modern poets their favorite metaphor for the passing hours. In England, sandglasses were frequently placed in coffins as a symbol that life’s time had run out. “The sands of time are sinking,” went the hymn. “The dawn of heaven breaks.”

But the hourglass, measuring time by dripping sand, comes late in our story. Sand was, of course, less fluid than water, and hence less adapted to the subtle calibration required by the variant “hours” of day and night in early times. You could not float an indicator on it. But sand would flow in climates where water would freeze. A practical and precise sandglass required the mastery of the glassmaker’s art.

We hear of sand hourglasses in Europe in the eighth century, when legend credits a monk at Chartres with their invention. As glassmaking progressed it became possible to seal the hourglass to keep out the moisture that slowed the fall of the sand. Elaborate processes dried the sand before it was inserted in the glass. A medieval treatise prescribed in place of sand a fine-ground black-marble dust, boiled nine times in wine. At each boiling, the scum was skimmed off, and finally the dust was dried in the sun.

Sandglasses were ill adapted for daylong timekeeping. Either they had to be made too large for convenience—like the sandglass Charlemagne ordered which was so large that it had to be turned only once in twelve hours—or, if they were small, they had to be turned frequently at the precise moment when the last grain had dropped. Some had a little dial attached with a pointer that could be advanced with each turn of the glass. But the sandglass did serve better than a water clock for measuring the shortest intervals when no other device was yet known. Columbus on his ships noted the passing time by a half-hour sandglass that was turned as it emptied to keep track of the seven “canonical” hours. By the sixteenth century the sandglass was already being used to measure short intervals in the kitchen. Or to help a preacher (and his congregation!) regulate the length of his sermon. An English law of 1483 was said to require clocks to be placed over pulpits, since congregations could not otherwise see the “sermon-glass.” The House of Commons kept a two-minute glass to time the ringing of bells to announce divisions for voting. Stonemasons and other craftsmen used a glass to count their hours of work. Teachers brought their hourglass along to measure the duration of their lecture or the length of the students’ prescribed study period. An Oxford don in Elizabethan times once threatened his idle pupils “that if they did not doe their exercise better he would bring an Hower-glasse two howers long.”

The unique use of the sandglass, after the sixteenth century, was measuring a ship’s speed. Knots were tied at seven-fathom intervals on a line tied to a log chip that would float astern. A sailor dropped the log chip off the end of the speeding ship and counted off the number of knots paid out while a small sandglass measured a half-minute. If five knots passed in the interval, the ship was making five nautical miles an hour. Throughout the nineteenth century, sailing vessels still “heaved the log” every hour to keep track of the speed.

In the long run the sandglass was not much use in measuring the hours of the night, for it was inconvenient to keep the glass turning. From time to time, as a way of solving this problem, people tried to combine a timepiece with a lighting device. For centuries, ingenuity was lavished on the effort to use the fire that illuminated the night also to measure the passing hours of darkness. The inventions, however original, were not practical. They were costly, sometimes dangerous, and never succeeded in aligning night hours with day hours. So long as “hours” remained elastic, a fire clock, like a sandglass, would measure off a short, fixed unit but could not be widely used for daylong timekeeping.

A famous candle clock was that reputedly designed to help the pious Alfred the Great (849–899), king of the West Saxons, keep the vow he made when he was a fugitive from his native country. He swore that if his kingdom was restored, he would devote a full third of each day to the service of God. According to legend, when he was back in England he ordered a candle clock. From seventy-two pennyweight of wax, six twelve-inch candles were made, all uniform in thickness, each marked in one-inch divisions. The candles were lit in rotation, and the six candles were said to last a full twenty-four hours. They were protected by transparent horn panels set into wooden frames to prevent the light from being extinguished by a draft. If King Alfred devoted the time of two full candle lengths to his religious duties, he could be assured that he was fulfilling his vow.

Other sovereigns who could afford to use candles or lamp oil for the purpose of timekeeping—King Alfonso X of Castile (c. 1276), King Charles V of France (the Wise, 1337–1380), King Philip I of Spain (1478–1506)—experimented with clock lamps. The search for a practical portable clock lamp led a Milanese physician, Girolamo Cardano (1501–1576), to invent a fountain-feeding device that used the principle of the vacuum to draw in a constant flow of oil. Cardano’s lamp provided a convenient and popular lighting device until the late eighteenth century.

Even after mechanical clocks came into general use, restless inventors continued to try all sorts of expedients—some using the flame of an oil lamp to propel the mechanism of a clock, others using the consumption of oil indicated on a calibrated transparent container, still others using the changing shadow of a diminishing candle cast on a scale that marked the changing night hours—to conquer both night and time with the same device.

In China, Japan, and Korea, the use of fire to measure time took quite another turn. The custom of burning incense gave them a clue to a range of ingenious and beautiful devices. These produced a pleasing aroma while a continuous trail of powdered incense was burned in an elaborate seal. The time was indicated by the place within the seal that was reached by the fire. One of the most intricate of these—the “hundred-gradations incense seal”—was invented in China in 1073, when a drought had dried up the wells and so made it impossible to use the customary water clocks. The Chinese aromatic clock, in turn, inspired later generations to find newly vivid and elaborate ways to use a fire clock to measure time into temporary hours, which varied with the seasons. The charming intricacy of the Chinese designs was a delightful by-product of the effort to make a virtue of the variant hour.

There seems no end to the desperate ingenuity spent on ways to count the passing hours of the night before inexpensive artificial illumination became universal. After the invention of the mechanical clock the striking hour was the obvious way of conquering darkness. A clever French inventor in the late seventeenth century, M. de Villayer, tried using the sense of taste. He designed a clock so arranged that when he reached for the hour hand at night, it guided him to a small container with a spice inserted in place of numbers, a different spice for each hour of the night. Even when he could not see the clock, he could always taste the time.
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The Rise of the Equal Hour

WHILE man allowed his time to be parsed by the changing cycles of daylight he remained a slave of the sun. To become the master of his time, to assimilate night into the day, to slice his life into neat, usable portions, he had to find a way to mark off precise small portions—not only equal hours, but even minutes and seconds and parts of seconds. He would have to make a machine. It is surprising that machines to measure time were so long in coming. Not until the fourteenth century did Europeans devise mechanical timepieces. Until then, as we have seen, the measuring of time was left to the shadow clock, the water clock, the sandglass, and the miscellaneous candle clocks and scent clocks. While there was remarkable progress five thousand years ago in measuring the year, and useful week clusters of days were long in use, the subdivided day was another matter. Only in modern times did we begin to live by the hour, much less by the minute.

The first steps toward the mechanical measurement of time, the beginnings of the modern clock in Europe, came not from farmers or shepherds, nor from merchants or craftsmen, but from religious persons anxious to perform promptly and regularly their duties to God. Monks needed to know the times for their appointed prayers. In Europe the first mechanical clocks were designed not to show the time but to sound it. The first true clocks were alarms. The first Western clockworks, which set us on the way to clockmaking, were weight-driven machines which struck a bell after a measured interval. Two kinds of clocks were made for this purpose. Probably the earlier were small monastic alarms, or chamber clocks—called horologia excitatoria, or awakening clocks—for the cell of the custos horologii, or guardian of the clock. These rang a small bell to alert a monk to summon the others to prayer. He would then go up to strike the large bell, usually set high in a tower, so that all could hear. About the same time much larger turret clocks began to be made and placed in the towers, where they would ring the large bell automatically.

These monastic clocks announced the canonical hours, the times of day prescribed by the Church’s canons, or rules, for devotion. The number of these hours varied, of course, with the changing canons of the Church, with the varied customs from place to place, and with the rules of particular orders. In the sixth century, after Saint Benedict, the canonical hours were standardized at seven. Distinct prayers were specified to be said at the first light or dawn (Matins or Lauds), with the sunrise (Hora Prima), at mid-morning (Hora Tertia), at noon (Hora Sexta or Meridies), at midafternoon (Hora Nona), at sunset (Vespers, or Hora Vesperalis), and at nightfall (Compline, or Completorium). The number of strokes of the bell varied from four at sunrise to one at noon and back to four again at nightfall. The precise hour, by our modern calculation, for each of these prayers depended in any given place on the latitude and the season. Despite the complexity of the problem, monastic clocks were adjusted to vary the time between bells according to the season.

Efforts to adapt earlier timekeeping devices to the making of sounds had never been quite successful. A clever Parisian fitted a lens into his sundial to act as a burning glass which precisely at noon focused on the touchhole of a small cannon, and so automatically saluted the sun at its apex. This elegant cannon clock, installed by the Duke of Orléans in the garden of the Palais Royal in 1786, is said to have fired the shot that started the French Revolution. Centuries before, complicated water clocks had been designed to mark passing time by tossing pebbles or blowing whistles. Some such devices were probably tried in monasteries.

But a new kind of timepiece, a mechanical timepiece that was a true clock, would be much better adapted to the new mechanical needs. The very word “clock” bears the mark of its monastic origins. The Middle English clok came from the Middle Dutch word for bell and is a cognate of the German Glocke, which means bell. Strictly speaking, in the beginning a timepiece was not considered to be a clock unless it rang a bell. It was only later that it came to mean any device that measured passing time.

These first mechanical clocks came into an age when sunlight circumscribed the times of life and movement, when artificial lights had not yet begun to confuse night with day. Medieval striking clocks remained silent during the dark hours. After the four strokes which announced Compline, the prayers at nightfall, the next bell was not sounded until the time for Matins, the prayers at dawn the next morning. But in the long run the unintended consequence of the making of mechanical clocks, and a hidden imperative of the machine itself, was to incorporate both hours of darkness and hours of sunlight into a single equal-houred twenty-four-hour day. The monastic clock, specially designed for sounding the time, pointed the way to a new way of thinking about time.

The sundial, water clock, and hourglass were all designed primarily to show the passing time, by the visible gradual flow of a shadow across a dial, of water from a bowl, of sand through a glass. But the mechanical clock, in its monastic origins, was made for a decisive mechanical act, a stroke of a hammer on a bell. The needs of mechanical timekeeping, the logic of the machine itself, imposed a new feeling. Instead of being synonymous with repeated cycles of the sun, which varied as the cycles of the seasons commanded, or with the shorter cycles of other flowing media, time now was to be measured by the staccato of a machine. Making a machine to sound the canonical hours required, and achieved, mechanical novelties which would be the foundation of clockmaking for centuries to come.

The force that moved the arm that struck the bell was provided by falling weights. What made the machine truly novel was the device that prevented the free fall of the weights and interrupted their drop into regular intervals. The sundial had shown the uninterrupted movement of the sun’s shadow, and the sandglass operated by the free-falling of water or sand. What gave this new machine a longer duration and measured off the units was a simple enough device, which has remained almost uncelebrated in history. It was called an escapement, since it was a way of regulating the “escape” of the motive power into the clock, and it held revolutionary import for human experience.

With the simplicity of the greatest inventions, the “escapement” was nothing more than an arrangement that would regularly interrupt the force of a falling weight. The interruptor was so designed that it would alternately check and then release the force of the weight on the moving machinery of the clock. This was the basic invention that made all modern clocks possible. Now a weight falling only a short distance could keep a clock going for hours as the regular downward pull of the falling weights was translated into the interrupted, staccato movement of the clock’s machinery.

The earliest simple form was the “verge” escapement. An unknown mechanical genius first imagined a way of connecting the falling weight by intersecting cogged wheels to a vertical axle which carried a horizontal bar, or verge, with weights attached. These weights regulated the movement. When they were moved outward, the clock beat slower; when moved inward, the clock went faster. The back-and-forth movement of the bar (moved by the large falling weights) would alternately engage and disengage the cogs on the clock’s machinery. These interrupted movements eventually measured off the minutes and, later, the seconds. When, in due course, clocks became common, people would think of time no longer as a flowing stream but as the accumulation of discrete measured moments. The sovereign time that governed daily lives would no longer be the sunlight’s smooth-flowing elastic cycles. Mechanized time would no longer flow. The tick-tock of the clock’s escapement would become the voice of time.

Such a machine plainly had nothing to do with the sun or the movements of the planets. Its own laws provided an endless series of uniform units. The “accuracy” of a clock—which meant the uniformity of its measured units—would depend on the precision and regularity of the escapement.

The canonical hours, which had measured out the daylight into the appropriate elastic units between divine services, were registered on clocks until about the fourteenth century. It was around 1330 that the hour became our modern hour, one of twenty-four equal parts of a day. This new “day” included the night. It was measured by the time between one noon and the next, or, more precisely, what modern astronomers call “mean solar time.” For the first time in history, an “hour” took on a precise, year-round, everywhere meaning.

There are few greater revolutions in human experience than this movement from the seasonal or “temporary” hour to the equal hour. Here was man’s declaration of independence from the sun, new proof of his mastery over himself and his surroundings. Only later would it be revealed that he had accomplished this mastery by putting himself under the dominion of a machine with imperious demands all its own.

The first clocks did not have dials or hands at all. They did not need them, since their use was simply to sound the hour. An illiterate populace that might have trouble reading a dial would not mistake the sound of bells. With the coming of the “equal” hour, replacing the “temporary” or “canonical” hour, the sounding of hours was ideally adapted for measurement by a simple machine. Sun time was translated into clock time.

By the fourteenth century in Europe large turret clocks in the belfries of churches and town halls were sounding the equal hours, heralding a new time-consciousness. Church towers, built to salute God and to mark man’s heavenward aspirations, now became clock towers. The torre became the campanile. As early as 1335, the campanile of the Chapel of the Blessed Virgin in Milan was admired by the chronicler Galvano della Fiamma for its wonderful clock with many bells. “A very large hammer … strikes one bell twenty-four times according to the number of the twenty-four hours of the day and night; so that at the first hour of the night it gives one sound, at the second, two strokes, at the third, three, and at the fourth, four; and thus it distinguishes hour from hour, which is in the highest degree necessary for all conditions of men.” Such equal-hour clocks became common in the towns of Europe. Now serving the whole community, they were a new kind of public utility, offering a service each citizen could not afford to provide himself.

People unwittingly recognized the new era when, noting the time of day or night, they said it was nine “o’clock”—a time “of the clock.” When Shakespeare’s characters mentioned the time, “of the clock,” they recalled the hour they had heard last struck. Imogen, Cymbeline’s daughter, explains that a faithful lover is accustomed “to weepe ’twixt clock and clock” for her beloved. While the populace now began to know the “hour,” several centuries passed before they could talk of “minutes.” During the whole fourteenth century, dials were seldom found on clocks, for the clocks’ function was still to sound the hours. They are not found on the Italian campaniles, though there may have been one on St. Paul’s Cathedral (1344) in London. Early dials were not like ours. Some showed hours only from I to VI with hands that moved around the dial four times in twenty-four hours. Others, like the famous work of Giovanni de’ Dondi (1318–1389), enumerated the full twenty-four hours.

It was not too difficult to improve clocks that already struck the hour so that they could strike the quarter-hour. A dial, marked 1 to 4, was sometimes added to indicate the quarters. Later these were replaced by the figures 15, 30, 45, and 60 to indicate minutes. There was still no minute hand.

By 1500 the clock at Wells Cathedral in England was striking the quarter-hours, but had no way to mark the minutes. To measure minutes you still had to use a sandglass. A separate concentric minute hand, in addition to the hour hand, did not come into use until the pendulum was successfully applied to clocks. The pendulum also made it possible to indicate seconds. By 1670 it was not unusual for clocks to have a second hand whose movements were controlled by a 39-inch pendulum with a period of just one second.

More than any earlier invention the mechanical clock began to incorporate the dark hours of night into the day. In order to show the right time at daybreak this time machine had to be kept going continuously all night.

When does a “day” begin? Answers to this question have been almost as numerous as those to the question of how many days should be in a week. “The evening and the morning were the first day,” we read in the first chapter of Genesis. The very first “day” then was really a night. Perhaps this was another way of describing the mystery of Creation, leaving God to perform his miraculous handiwork in the dark. The Babylonians and the early Hindus calculated their day from sunrise. The Athenians, like the Jews, began their “day” at sunset, and carried on the practice through the nineteenth century. Orthodox Muslims, literally following Holy Script, continue to begin their day at sunset, when they still set their clocks at twelve.

As we have seen, for most of history, mankind did not think of a day as a unit of twenty-four hours. Only with the invention and diffusion of the mechanical clock did this notion become common. The early Saxons divided their day into “tides”—“morningtide,” “noontide,” and “evening-tide”—and some of the earliest English sundials are so marked.

Other widespread ways of dividing the day were much simpler than the system of “temporary” hours, which subdivided daylight and darkness. The seven canonical hours marked the passing time for Columbus and his crew.

Even after the arrival of the mechanical clock the sun left its mark on the measuring of the hours. The “double-twelve” system, by which Americans count the hours, is such a relic. When the daylight hours were measured off and subdivided, in contrast to the hours of night, the hours of each of the two parts were numbered separately. And so it remained, even after a machine required that time be measured continuously. The first 24-hour clocks—while substituting equal mechanical hours for the elastic canonical or “temporary” hours—still remained curiously tied to the sun. They normally used sunset as the end of the twenty-fourth hour.

To ask how we came to our day, hour, minute, and second takes us deep into the archaeology of everyday life. Our English word “day” (no relation to the Latin dies) comes from an old Saxon word “to burn,” which also meant the hot season, or the warm time. Our “hour” comes from Latin and Greek words meaning season, or time of day. It meant one-twelfth part of the sunlight or the darkness—the “temporary,” or seasonal, hour—varying with season and latitude, long before it acquired its modern meaning of one twenty-fourth part of the equinoctial day.

Why the twenty-four? Historians do not help us much. The Egyptians did divide their day into twenty-four “hours”—“temporary,” of course. Apparently they chose this number because they used the sexagesimal system of numbers, based on multiples of sixty, which had been developed by the Babylonians. This pushes the mystery back into earlier centuries, for we have no clear explanation of why the Babylonians built their arithmetic as they did. But their use of the number sixty seems to have had nothing to do with astronomy or the movement of heavenly bodies. We have seen how the Egyptians fixed 360 days as the regular days of their year—12 months of 30 days each, supplemented by 5 additional days at the end of each year. They also marked off 360 degrees in a circle, perhaps by analogy to the yearly circuit of the sun. Sixty, being one-sixth of the 360 and so a natural subdivision in their sexagesimal system, became a convenient subdivision of the circle, and also of each “degree” or each hour. Perhaps the Chaldean Babylonians, noticing five planets—Mercury, Venus, Mars, Jupiter, and Saturn—multiplied 12 (the number of the months, and a multiple of 6) by the planetary 5, and so arrived at the significant 60.

An everyday relic of the primitive identification of the circuit of the sun with the full circle is our sign for a “degree.” The tiny circle we now use to designate a degree is probably a hieroglyph for the sun. If the degree sign was a picture of the sun, then 360°—a full circle—would also properly mean a cycle of 360 days, or a full year. The degree as a way of dividing the circle was first applied by ancient Babylonian and Egyptian astronomers to the circle of the zodiac to designate the stage or distance traveled by the sun each day, just as a sign described for them the astronomical space passed through in a month.

Our “minute,” from the medieval Latin pars minuta prima (first minute or small part), originally described the one-sixtieth of a unit in the Babylonian system of sexagesimal fractions. And “second,” from partes minutae secundae, was a further subdivision on the base of sixty. Since the Babylonian arithmetic was based on that unit, it was their version of a decimal and was easier to handle in their scientific calculations than other “vulgar fractions” (minutae) would have been. Ptolemy used this sixty-unit system for subdividing the circle, and he also used it to divide the day. Not until much later, perhaps in the thirteenth century with the arrival of the mechanical clock, did the minute become a division of the hour. The language, again, is a clue to the needs and capacities of timekeeping machinery. The “second” was at first an abbreviation for “second minute,” and originally described the unit resulting from the second operation of sexagesimal subdivision. Long used for subdivisions of a circle, seconds were not applied to timekeeping until clockmaking was refined in the late sixteenth century.

The clock did not entirely liberate itself from the sun, from the dictates of light and darkness. In Western Europe the hours of the clock continued to be numbered from noon, when the sun was at the meridian, or from midnight midway between two noons. In most of Europe and in America a new day still begins at midnight by the clock.

The archaeology of our everyday life leads us all over the world. The 365 days of our year acknowledge our debt to ancient Egyptian priests, while the names of months—January, February, March—and of the days of our seven-day week—Saturday, Sunday, Monday—remain our tie to the early Hebrews and to Greek and Roman astrologers. When we mark each hour of our 24-hour day, and designate the minutes after the hour, we are living, as a historian of ancient science reminds us, by “the results of a Hellenistic modification of an Egyptian practice combined with Babylonian numerical procedures.”

The broadcasting medium of the medieval town was bells. Since the human voice could not reach all who needed to hear a civic announcement, bells told the hours, summoned help to extinguish a fire, warned of an approaching enemy, called men to arms, brought them to work, sent them to bed, knelled public mourning at the death of a king, sounded public rejoicing at the birth of a prince or a coronation, celebrated the election of a pope or a victory in war. “They may ring their bells now,” Sir Robert Walpole observed in 1739 on hearing bells rung in London to announce the declaration of war against Spain, “before long they will be wringing their hands.” Americans treasure a relic of that age of bells in the Liberty Bell, which announced Independence in Philadelphia.

There was supposed to be power and therapy in the sound of the bells that were rung to ward off an epidemic or to prevent a storm. Citizens of Lyons, France, in 1481 petitioned their town council that they “sorely felt the need for a great clock whose strokes could be heard by all citizens in all parts of the town. If such a clock were to be made, more merchants would come to the fairs, the citizens would be very consoled, cheerful and happy and would live a more orderly life, and the town would gain in decoration.”

Community pride was a pride of bells. Churches, monasteries, and whole towns were judged by the reach and resonance of the peals from their towers. An inscription on an old bell boasted, “I mourn death, I disperse the lightening, I announce the Sabbath, I rouse the lazy, I scatter the winds, I appease the bloodthirsty” (Funera piango, fulmina frango, Sabbath pango, Excito lentos, dissipo ventos, paco cruentos). Paul Revere, the messenger of the American Revolution, made a reputation, and a fortune, as a caster of bells for proud New England towns. The art of bell-casting and experiments with bell-ringing devices advanced the art of the clockmaker and encouraged the elaboration of clocks.

Widespread illiteracy helps explain why dials were slow to appear on the exterior of public clocks. Not everybody could read even the simple numbers on a clockface. The very same factors that delayed the production of calibrated dials also encouraged experiment, ingenuity, and playfulness with clockwork performances. The great public clocks of the Middle Ages did not much advance the precision of clockworks, which, before the pendulum, lost or gained as much as an hour a day. It was technically difficult to improve the escapement hidden inside the machinery, and that regulated the accuracy of the movement. But it was easy to add wheels to wheels to improve the automated public display.

Nowadays the calendrical or astronomical indicators on antique clocks seem superfluous ornaments on a machine that should only show us hours, minutes, and seconds. For at least two centuries after the great mechanical clocks began to be built in Europe, it was quite otherwise. The magnificent clock made about 1350 for the Cathedral of Strasbourg served the public as both a calendar and an aid to astrology. Also an instructive and entertaining toy, it performed a variety show as it tolled the hours. In addition to a moving calendar and an astrolabe with pointers marking the movement of sun, moon, and planets, in its upper compartment the Three Magi bowed in procession before a statue of the Virgin Mary while a tune played on the carillon. At the end of the procession of the Magi, an enormous cock made of wrought iron with a copper comb and set on a gilded base opened its beak and stuck out its tongue, crowing as it flapped its wings. When rebuilt in 1574, the Strasbourg clock included a calendar showing movable feasts, a Copernican planetarium with revolutions of the planets, phases of the moon, eclipses, apparent and sidereal times, precession of the equinoxes, and equations for translating sun and moon indicators into local time. A special dial showed the saint’s days. Each of the four quarters of each hour was struck by a figure showing one of the Four Ages of Man: Infancy, Adolescence, Manhood, and Old Age. Every day at noon the twelve Apostles passed before Christ to receive His blessing. The days of the week were indicated by chariots among clouds, each carrying the appropriate pagan god. The burghers of Strasbourg boasted that they had produced one of the Seven Wonders of Germany. In the late nineteenth century, German immigrant clockmakers in the Pennsylvania Dutch countryside produced Americanized versions of these “apostolic clocks” which added to the traditional procession of Magi and Apostles a patriotic parade of presidents of the United States.

The most popular dramas of the Middle Ages did not occur on a theater stage, nor even at the fairs or in the courtyards of churches, but were broadcast from clock towers. When the great turret clocks were in full display, they performed every hour on the hour, and every day, including Sundays and holidays. The Wells Cathedral clock, first built in 1392 and improved in the following centuries, offered a widely appealing show. Dials indicated the hour, the age and phases of the moon. Opposite the moon was a figure of Phoebus, for the sun, weighted to remain upright. Another dial showed a minute hand concentric with an hour hand that carried an image of the sun which made a full circle each twenty-four hours. In a niche above, two pairs of armored knights circled around in combat in opposite directions. As the bell struck the hour one of them was unhorsed and then, when out of view, regained his saddle. A conventional uniformed figure, “Jack Blandifet,” struck each hour with a hammer but sounded the quarter-hours on two smaller bells with his heels.

Clockmakers lost no opportunity for drama. In place of a clapper hidden in the bell, they preferred vivid automata to strike the hours and the quarters. The striking figure became personified as “Jack,” derived from Jacquemart, a shortened form of Jacques combined with marteau (hammer). This word later became generalized into “jack,” meaning a tool that saved labor. A pair of such Jacks, two robust men of bronze, dating from 1499, still perform for us on the Piazza San Marco in Venice. Here was something for everyone. As the chronicler at Parma observed in 1431, to the whole populace (“al popolo”) the town clock told only the simple hours, while to the few who could understand (“agli intelligenti”) it showed the phases of the moon and all sorts of astronomical subtleties.

The clock dial, a convenience for the literate, and the first mechanical device for registering time visibly rather than aurally, is said to have been invented by Jacopo de’ Dondi of Chioggia, Italy, in 1344. For this he was honored with the title of the Horologist (Del Orologio), which became his family name. “Gracious Reader,” his epitaph boasted, “advised from afar from the top of a high tower how you tell the time and the hours, though their number changes, recognize my invention.…” His son, Giovanni de’ Dondi, completed in 1364 one of the most complicated clockworks ever built, combining a planetarium and a timepiece. Although the clock itself has disappeared, Dondi left detailed descriptions and complete drawings from which this famous “astrarium” has been reconstructed, and can now be viewed in the Smithsonian Institution in Washington, D.C. An elegant heptagonal machine of brass activated by falling weights, it stands about five feet high. In many respects it was centuries ahead of its time, for it took account of such subtleties as the slightly elliptical orbit of the moon. On its numerous dials, it recorded the mean hour and minute, the times of the setting and rising of the sun, conversion of mean time to sidereal time, the “temporary” hours, the day of the month and month of the year, the fixed feasts of the Church, the length of daylight for each day, the dominical letter of the year, the solar and lunar cycles, the annual movement of the sun and moon in the ecliptic, and the annual movements of the five planets. In addition, Dondi provided the means to predict eclipses, indicated the movable feasts of the Church, and devised a perpetual calendar for Easter. People from everywhere came to Padua to see the clock and meet the genius who had spent sixteen years making it.

In that age the boundary was much less sharp than it would become later between the data of the heavens and the needs of everyday life. Night was more threatening, and darker, and the modern mechanical antidotes to darkness, heat, and cold had not yet been invented. For people on the seacoast or on a river the tide times were crucial. Over everybody and everything, the influence of the planets—the astral powers—governed. The Strasbourg clock of 1352 used the data of the heavens to provide the community also with medical advice. A conventional human figure was surrounded by the signs of the zodiac. Lines were drawn from each sign to the parts of the body over which it ruled and which should be treated only when that sign was dominant. The clock then offered information about the changing dominance of the signs, helping citizens and doctors to choose the best times for medical treatment. The astrological indications on the public clock in Mantua, Italy, impressed a visitor in 1473 with its display of “the proper time for phlebotomy, for surgery, for making dresses, for tilling the soil, for undertaking journeys, and for other things very useful in this world.”
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Making Time Portable

IN 1583 Galileo Galilei (1564–1642), a youth of nineteen attending prayers in the baptistery of the Cathedral of Pisa, was, according to tradition, distracted by the swinging of the altar lamp. No matter how wide the swing of the lamp, it seemed that the time it took the lamp to move from one end to the other was the same. Of course Galileo had no watch, but he checked the intervals of the swing by his own pulse. This curious everyday puzzle, he said, enticed him away from the study of medicine, to which his father had committed him, to the study of mathematics and physics. In the baptistery he had discovered what physicists would call the isochronism, or equal time of the pendulum—that the time of a pendulum’s swing varies not with the width of the swing but with the length of the pendulum.

This simple discovery symbolized the new age. Astronomy and physics at the University of Pisa, where Galileo was enrolled, had consisted of lectures on the texts of Aristotle. But Galileo’s own way of learning, from observing and measuring what he saw, expressed the science of the future. His discovery, although never fully exploited by Galileo himself, opened a new era in timekeeping. Within three decades after Galileo’s death the average error of the best timepieces was reduced from fifteen minutes to only ten seconds per day.

A clock that kept perfect step with countless other clocks elsewhere made time a measure transcending space. Citizens of Pisa could know what time it was in Florence or in Rome at that very moment. Once such clocks were synchronized they would stay synchronized. No longer a mere local convenience for measuring the craftsman’s hours or fixing the time for worship or the town council’s meeting, henceforth the clock was a universal yardstick. Just as the equal hour standardized the units of day and night, summer and winter, in any particular town, so now the precision clock standardized the units of time all over the planet.

Certain peculiarities of our planet made this magic possible. Because the earth turns on its axis, every place on earth experiences a 24-hour day with each full 360-degree turn. The meridians of longitude mark off these degrees. As the earth turns, it brings noon successively to different places. When it is noon in Istanbul, it is still only 10 A.M. westward at London. In one hour the earth turns 15 degrees. Therefore we can say that London is 30 degrees longitude, or two hours, west of Istanbul, which makes those degrees of longitude measures of both space and time. If you have an accurate clock set to the time at London and carry it to Istanbul, by comparing the time on the clock you have carried with the local time in Istanbul, you will also know precisely how far you have traveled eastward, or how far east Istanbul is from London.

If you are a long-distance traveler and want to know precisely where you are, you are apt to find it much harder on sea than on land. On land you can get your bearings by landmarks—mountains and rivers, buildings, roads and towns. But seamarks are few, and mostly discernible only to the skilled observer who has been there before. The emptiness and homogeneity of the sea, the vast sameness of the oceans on the surface naturally drove sailors to seek their bearings in the heavens, in the sun and moon and stars and constellations. They sought skymarks to serve for seamarks. It is no wonder that astronomy became the handmaiden of the sailor, that the Age of Columbus ushered in the Age of Copernicus. With the aid of the newly invented telescope fixed on the heavens, with Galileo’s new vision of the moon, Jupiter, and Venus, men discovered the seas, charted the oceans, and defined new continents.

When people set out to explore the oceans, they found it more than ever necessary to know the heavens. They had to locate themselves both on latitude north or south of the equator and on longitude east or west of some agreed point. But it was always much more difficult to determine longitude (east-west relations) than latitude (north-south relations)—which helps us understand why the New World lay so long undiscovered, why Columbus had the courage to go on his voyage of discovery, and why “East” and “West” were so long separated. To locate his east-west position on the planet the navigator had to measure the difference between the time, for example, when the sun was at noon in different places.

Defining latitude is much simpler, for the altitude of the sun above the horizon is the crucial fact. At the equator at the equinoxes the sun at noon is directly above or at altitude 90 degrees, while at the North Pole the sun is totally invisible in winter and always visible in summer. In between, the altitude of the sun above the horizon at noon can be noted, then compared with astronomical tables in national almanacs that tell us how far we are north or south of the equator. For this purpose the only device needed is a simple sighting instrument to measure in degrees the altitude of the sun above the horizon. The Greeks’ way of determining latitude—by merely noting the elevation of the circumpolar stars—actually required no instrument at all. The astronomical tables in medieval nautical manuals were already so accurate that a person who had properly determined the declination of the sun could fix his latitude to within half a degree or less.

For the necessary latitude observations, medieval sailors used the simple cross-staff, or Jacob’s Staff. Two rods hinged at one end could measure the angle of declination when the observer leveled the bottom rod on the horizon and the upper on the sun or star. The principle of the cross-staff, known to the ancient Greeks as dioptra and to the Arabs as kamal, was applied in western Europe at least as early as 1342. An Englishman, John Davis, devised in 1595 the handier backstaff, or English quadrant, which allowed the observer to stand with the sun behind him and avoid being dazzled.

Seafarers, reaching out into the vast oceans, began to discover how little they knew of the planet. They had to solve the problem of longitude. From the States General of the United Provinces of the Netherlands Galileo heard about the urgent need of that seagoing people to solve this problem. As early as 1610 he suggested to the States General that the longitude could be determined at sea by observation of the four satellites of Jupiter that he had discovered earlier that year. But this required observations over an extended period through a long telescope resting on the shifting deck of a ship at sea, which obviously made it impractical. He then devised a helmet with a telescope attached which the observer could wear while seated in a chair set in gimbals, like those used to keep the ship’s compass horizontal. Although this method would eventually prove practical for surveying on land, it never worked at sea. Finally he recommended the making of an accurate seagoing timepiece. After he had found the pendulum to be a simple natural timekeeper, he reflected that if it could time the human pulse, perhaps it could also provide an accurate marine clock. Not until the last ten years of his life in enforced retirement did Galileo himself explore this possibility, and then his blindness prevented him from putting together the clock he had designed.

The Dutch, who now had outposts far eastward on Asian shores, more than ever felt the need for better defining longitude, the need for a seafaring clock. The brilliant young Christiaan Huygens (1629–1695), set out to solve the problem. From the age of twenty-seven when he devised his first pendulum clock, he tried again and again. But he never quite succeeded, because a pendulum would not keep accurate time on a surging, rocking ship.

Before there was an accurate seafaring clock, the sailor seeking his bearings had to be a trained mathematician. The accepted way to find longitude at sea was by precise observations of the moon, which required refined instruments and subtle calculations. An error as small as 5′ in observing the moon meant an error of 2½ degrees of longitude, which on the ocean could be as much as 150 miles—enough to wreck a ship on treacherous shoals. Fatal miscalculation might come from a crude instrument, from an error in the nautical tables, or from the rocking motion of the ship.

This made the problem of longitude an educational as well as a technological problem. The great seafaring nations optimistically organized mathematics courses for common sailors. When Charles II set up a mathematics course for forty pupils at Christ’s Hospital, the famous “Bluecoat” charity school in London, teachers found it hard to satisfy both the sailors and the mathematicians. The governors of the school, noting that Drake, Hawkins, and other great sailors had done well enough without mathematics, asked whether future sailors really needed it. On the side of mathematics, Sir Isaac Newton argued that the old rule of thumb was no longer good enough. “The Mathematicall children, being the flower of the Hospitall, are capable of much better learning, and when well instructed and bound out to skilful Masters may in time furnish the Nation with a more skilful sort of Sailors, builders of Ships, Architects, Engineers, and Mathematicall Artists of all sorts, both by Sea and Land, than France can at present boast of.” Samuel Pepys, then Secretary to the Admiralty, had already set up a naval lieutenant’s examination which included navigation and, following Newton’s advice, naval schoolmasters were actually put on board ships to instruct the crew in mathematics.

Still, the calculations to find longitude from the moon were discouragingly complicated. Some method, preferably a machine, had to be found to give semiliterate crews their bearings. In 1604 King Philip III of Spain offered a prize of 10,000 ducats for a solution, and later Louis XIV of France offered 100,000 florins. And the Dutch States General announced the prize to which Galileo had responded.

In England the urgent impulse to solve the problem of longitude came not from the needs of sailors on distant oceans but from an avoidable catastrophe just off Land’s End on the southwest coast. In 1707 an English fleet foundered on the rocks of the Scilly Islands, a cluster of a hundred and forty islets not forty miles offshore. Down with the crew went their admiral, Sir Clowdisley Shovell, the very model of a heroic sea captain. In the glorious heyday of the British navy, the loss of so many seamen so close to home, and not from enemy action, was humiliating. The public conscience was stricken. Two eminent mathematicians declared publicly that the wreck could have been prevented if only the seamen had not been ignorant of their longitude. What was needed, then, was some way to find longitude that was “easy to be understood and practis’d by ordinary seamen, without the necessity of any puzzling calculations in astronomy.”

Stirred by this event, Parliament in 1714 passed an act “For providing a Publick Reward for such Person or Persons as shall discover the Longitude at Sea.” A Board of Longitude, including seamen and scholars, would grant sums up to £2,000 to support promising experiments and then could award a prize of £20,000 for solving the problem. This was, of course, an invitation to eccentrics. As late as 1736 in the madhouse that Hogarth shows us in his Rake’s Progress, we see an inmate earnestly trying to solve the puzzle of longitude. One proposal was to locate sunken ships in known positions all over the world and then send up signals from them. Another was to publish a worldwide table of the tides, then use a portable barometer so that a seaman could locate his position by the expected rise and fall at that particular place. Still another suggested using lighthouses to flash the needed time signals on to clouds. Many claimed to have techniques that they dared not reveal publicly for fear someone else would get the reward. To qualify for the prize the method had to prove its success on a voyage to the West Indies and back with a round-trip error of less than 30′ or 2 minutes of time.

It was obvious that the prize could not be won by a weight-driven pendulum-escapement clock. To keep precisely measured pace on a pitching, dipping, rolling ship there must be some other way. The clock must be freed of weights and pendulums.

It had occurred to someone that if a thin piece of metal was coiled into a spring, it could propel the machine as it unwound. The Italian architect Brunelleschi seems to have made a spring-driven clock about 1410. Within a century a German locksmith was making small clocks driven by springs. But the spring had its own problems. While a descending weight exerted the same force whether at the beginning or at the end of its descent, an uncoiling spring exerted a decreasing force as it unwound. An ingenious solution to this problem was the “fusee,” a conical spool so designed that as the spring unwound and so uncoiled the connecting cord, the shape of the spool itself exerted an increasing force on the machine. This device was borrowed from the military engineers who had invented a conical axle to ease the job of spanning the cord on a heavy crossbow. And before clock-makers began to call it a fusee, military men, drawing on their own wide experience, had already christened it “the virgin” because, they said, it offered the least resistance when the bow was slack and the most when it was taut.

At first the shapes of these newly portable clocks were as whimsical as the dramatic performances of the early public clocks. They took the forms of skulls, eggs, prayer books, crucifixes, dogs, lions, or pigeons. And some were designed to provide astronomical calendars, showing the movements of the sun, the moon, and the stars.

But these early spring-driven clocks were no more accurate than the weight-driven models they replaced. At first the dial was put horizontally on top, and there was only an hour hand. Until the early seventeenth century the works were not enclosed or protected from dust and moisture. After the works were set upright, with the dial facing out, they began to be enclosed in cases made of brass. Still, as long as they relied on the primitive verge escapement, their inaccuracy was proverbial. While Cardinal Richelieu was showing his collection of clocks, a careless visitor dropped two of them at once on the floor. The imperturbable Cardinal observed, “That’s the first time they’ve both gone together!”

A more accurate portable clock would require a more accurate regulator. Neither the old verge escapement nor Galileo’s pendulum escapement would serve the new purpose. An ingenious anchorsmith turned clock-maker, William Clement, devised an “anchor” escapement adapted from the flukes of an inverted anchor. He used the pendulum to move these flukes back and forth, releasing one tooth at a time the teeth of an escape-wheel. He made a clock of this design for King’s College, Cambridge, in 1671. The verge escapement had required a swing of 40 degrees, but the anchor limited the swing of the pendulum to a small arc of 3 or 4 degrees. In this small arc the pendulum’s free swing exactly coincided with the truly isochronous cycloidal arc. Still, Clement’s anchor escapement could not solve the seafarer’s problem.

A seafaring clock would have to be independent of gravity not only for its motive force but also for its regulator. If the force of a spring could be used to drive the clock, could not the resilience of a spring also be used in place of a pendulum to regulate the works? This was Robert Hooke’s simple idea.

Before Robert Hooke (1635–1703) was ten, he saw a clock taken apart and then built one for himself out of wood. At Christ Church, Oxford, where he was older than other students, he joined a scientific discussion group which included the pioneer economist William Petty, the architect Christopher Wren, and the physicist Robert Boyle. Hooke made the machines to test the theories that the others were developing. When the Royal Society was founded in 1662, they wisely chose Hooke, still only twenty-seven, for the novel post of Curator of Experiments, assigned to try the experiments suggested by members. “The truth is”—Hooke in his Micrographia (1665) sounded the keynote of the new age—“the science of Nature has been already too long made only a work of the brain and the fancy: It is now high time that it should return to the plainness and soundness of observations on material and obvious things.”

In 1658, when he was only twenty-three, Hooke had already conjectured that the regulator for a marine clock might be made by the “use of Springs instead of Gravity for the making of a Body vibrate in any Posture.” A spring attached to a balance wheel could make the wheel oscillate back and forth around its own center of gravity, thus providing the periodic movement needed to stop and start the clockworks, and so mark the units of time. This crucial insight would make possible the marine clock.

If his device had been patented, it might have made Hooke’s fortune. Fellow scientists, including Robert Boyle and William Brouncker, the first president of the Royal Society, both wealthy men, wanted to back the project. But Hooke retreated when they could not satisfy every last one of his demands. In 1674, when his Duteh competitor, Huygens, actually made a watch with a balance spring, Hooke was outraged and accused Huygens of stealing his invention. To assert his priority, Hooke made a watch the next year to present to the king, inscribed with the assertion that Hooke had invented the crucial device back in 1658. Hooke became the undisputed author of Hooke’s Law: Ut tensio sic vis—a spring when stretched resists with a force proportionate to its extension. But his primacy for nearly every one of his many specific inventions, including the balance spring, was widely disputed. Whoever may have been their “first inventor,” the combination of a mainspring for motive power and a balance spring as regulator eventually provided a marine clock.

Government prizes and the evolving law of patents were beginning to give public and profitable rewards to the first inventor. One of the most effective uses of public funds to advance science and technology was the prize that, as we have seen, was announced by the British Parliament in 1714, for a practical way of finding longitude at sea. The lucky winner was John Harrison (1693–1776), the skillful and persistent son of a Yorkshire carpenter. He had promptly responded to the British Parliament’s offer, and after repeated efforts financed by an interest-free loan from George Graham, the famous London instrument maker, Harrison finally succeeded. In 1761 his Model No. 4 seemed to meet the test. On a nine-week trip to Jamaica his clock lost only five seconds, or about 1.25 minutes of longitude, which was well within the margin of 30 minutes of longitude which the Board of Longitude had allowed. A second trial confirmed the clock’s accuracy, and brought him £10,000, which was half the prize.

Until cheaper marine clocks were produced, captains continued to use the lunar method. But in the long run it would be easier to provide cheap clocks than to turn out mathematically educated sailors. It was not only sailors who would have convenient new access to time, for Harrison’s marine clock was really a large watch. The spring mechanism brought portability on land as well as on sea. The new sense of time which came with the portable clock—ever smaller, gravity-free, in a pocket or on the wrist—would fill all the interstices of life.


PART THREE

THE
MISSIONARY
CLOCK

One need not be astonished that the Chinese sages did not make these steps. The astonishing thing is that these discoveries were made at all.

—ALBERT EINSTEIN (1953)
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Open Sesame to China

NOW it was technically possible for people everywhere to find their bearings on the planet, and return to the new places they would discover. But what was possible technically was not always possible socially. Tradition, custom, institutions, language, a thousand little habits—ways of thinking and behaving—became barriers. The drama of the clock in the West was not reenacted in the East.

In 1577, at the Jesuit College in Rome, when the twenty-five-year-old priest Matteo Ricci (1552–1610) met a Father returning from the Jesuit outpost in India, he decided to join the missions on that side of the world “to garner into the granaries of the Catholic Church a rich harvest from this sowing of the gospel seed.” The young Ricci had already shown the independence of spirit which would make him one of the greatest of missionaries. His father had sent him to Rome at the age of seventeen to study law. Fearing that Matteo might be tempted into the priesthood, his father expressly ordered him to avoid religious subjects. Despite his father’s efforts he entered the Society of Jesus before he was twenty, then wrote his father for approval. When the elder Ricci, hastening to Rome to withdraw his son from the Jesuit novitiate, fell sick en route, he was persuaded that this was a sign from God that Matteo should be allowed to follow his call. Matteo Ricci then left Rome for Genoa, where he sailed for Portugal, to take passage in one of the annual trading ships for India. Arriving in Goa, a Portuguese enclave on the southwest coast, in September 1578, he spent four years studying and teaching theology. Then his Jesuit superiors assigned him to the mission at Macao, where he set about learning Chinese. Across the bay from the great commercial city of Canton, Macao seemed an ideal jumping-off place for missionaries.

Ricci and his fellow priest, Michele Ruggieri, stayed for seven years in Chao-ch’ing, a town west of Canton. They built a mission house, and despite popular suspicion and occasional hails of rocks from the hostile populace, they were accepted as men of learning. On the wall of the mission’s reception room Ricci mounted his map of the world. As Ricci himself reported:

Of all the great nations, the Chinese have had the least commerce, indeed, one might say that they have had practically no contact whatever, with outside nations, and consequently they are grossly ignorant of what the world in general is like. True, they had charts somewhat similar to this one, that were supposed to represent the whole world, but their universe was limited to their own fifteen provinces, and in the sea painted around it they had placed a few islands to which they gave the names of different kingdoms they had heard of. All of these islands put together would not be as large as the smallest of the Chinese provinces. With such a limited knowledge, it is evident why they boasted of their kingdom as being the whole world, and why they call it Thienhia, meaning, everything under the heavens. When they learned that China was only a part of the great east, they considered such an idea, so unlike their own, to be something utterly impossible, and they wanted to be able to read about it, in order to form a better judgment.…

We must mention here another discovery which helped to win the good will of the Chinese. To them the heavens are round but the earth is flat and square, and they firmly believe that their empire is right in the middle of it. They do not like the idea of our geographies pushing their China into one corner of the Orient. They could not comprehend the demonstrations proving that the earth is a globe, made up of land and water, and that a globe of its nature has neither beginning nor end. The geographer was therefore obliged to change his design and, by omitting the first meridian of the Fortunate Islands, he left a margin on either side of the map, making the Kingdom of China to appear right in the center. This was more in keeping with their ideas and it gave them a great deal of pleasure and satisfaction. Really, at that time and in the particular circumstances, one could not have hit upon a discovery more appropriate for disposing this people for the reception of the faith.…

Because of their ignorance of the size of the earth and the exaggerated opinion they have of themselves, the Chinese are of the opinion that only China among the nations is deserving of admiration. Relative to the grandeur of empire, of public administration and of reputation for learning, they look upon all other people not only as barbarous but as unreasoning animals. To them there is no other place on earth that can boast of a king, of a dynasty, or of culture. The more their pride is inflated by this ignorance, the more humiliated they become when the truth is revealed.

Ricci’s learning and tact did not allay the fears of the townspeople. One night they stoned the mission, denounced Ricci for conspiring to bring in the Portuguese to sack the town, accused him of knowing alchemy yet refusing to tell the people its secrets, and then destroyed his house. Father Ricci moved on northward, toward Peking and the headquarters of the Emperor.

By tradition, the Chinese emperors kept themselves hidden from their subjects. In these last decadent years of the Ming dynasty, Emperor Wan-li, a pathological recluse, had imprisoned himself inside the “Great Within,” the Forbidden City, with his wives and scores of concubines, attended by uncounted eunuchs. Even his highest officials seldom saw him, and had to send messages by the palace eunuchs.

As Ricci and his fellow Jesuits approached Peking, they were arrested and their possessions seized. The magistrate especially warned Ricci “to reduce to dust, and if possible to annihilate every sample they had in their possession of the man who was nailed to the cross.” Chinese officials were horrified by the bleeding figure being crucified, which they feared as an instrument of black magic. For six months the imprisoned Jesuit Fathers, seeing no other hope, “turned their thoughts toward God and prepared themselves resolutely and joyfully to meet any difficulty, even death itself, in the cause they had undertaken.”

For twenty years Father Ricci had been trying to reach the Emperor, who alone could open the way for the Gospel, and he began to fear that his mission would end in a prison cell in Peking. Then out of the blue came a call from the Emperor to approach the palace, and be sure to bring his presents from Europe. The surprising explanation, according to Ricci, was that “one day, the King, of his own prompting, suddenly remembered a certain petition that had been sent in to Kim and said, ‘Where is that clock, I say, where is that clock that rings of itself; the one the foreigners were bringing here to me, as they said in their petition?’ ”

So Ricci was released from prison, his presents were delivered to the palace, and a gun was fired announcing that the Emperor had just received tribute. The gifts had been sent first to the Board of Rites for their advice, which was as follows:

The western ocean countries have had no relations with us, and do not accept our laws. The images and paintings of the Lord of Heaven and of a virgin which Li Ma-tou [Ricci] offers as tribute are not of great value. He offers a purse in which he says there are the bones of immortals, as if the immortals, when they ascend to heaven did not take their bones with them. On a similar occasion Han Yü [an anti-Buddhist scholar, who had been counseled on the offering of a reputed finger of Buddha] said that one should not allow such novelties to be introduced into the palace for fear of bringing misfortune. We advise, therefore, that his presents should not be received, and he should not be permitted to remain in the capital. He should be sent back to his country.

In spite of this, the Emperor received the gifts and summoned Ricci to the Great Within.

Ricci’s presents included two elegant timepieces of the latest Italian design—a large clock driven by weights and a small clock driven by a spring. Both had been delivered to the palace a few days before Ricci’s arrival, and when Ricci was summoned, the smaller clock was still running. The large clock had stopped because its weights had reached bottom. The “self-ringing bells,” which had so delighted the Emperor, ceased to ring. The Emperor, a child with a broken toy, through his chief eunuch gave Ricci three days to get the clock running.

Luckily, when Ricci, back in Rome, had trained for his exotic mission, he took care to be well instructed in the clockmaker’s craft. Now he was prepared to give a short course in clock repair.

By dint of hard work, the four mathematicians who were assigned to the clocks finally acquired sufficient knowledge to regulate them and for fear that something might go wrong, they wrote out every detail of the instruction and of the mechanism of the clocks. For a eunuch to make a mistake in the presence of the King is equivalent to placing his life in danger. They say the sovereign is so rigid with them in this respect that even for a slight fault the poor unfortunates are sometimes beaten to death. Their first care was to ask for the names, in Chinese, of all the wheels, springs and accessories, all of which Ricci gave them in Chinese characters, because if any parts were missing, the names of the parts would be readily forgotten.…

The three days assigned for instructions had not passed before the King called for the clocks. They were brought to him at his order and he was so pleased with them that he immediately promoted the eunuchs and raised their wages. This they were delighted to report to the Fathers and particularly so because, from that day on, two of them were permitted to enter the presence of the King, to wind the small clock, which he always kept before him, because he liked to look at it and to listen to it ringing the time. These two became very important figures in the royal palace.

The Emperor ordered a wooden tower built for the big clock in one of the inner courtyards where only His Majesty and a few privileged dignitaries were admitted.

The Emperor wanted to see the strangers who had brought these machines with self-ringing bells. Yet he dared not break his custom of never appearing in the company of anyone save his immediate family, his wives, concubines, and eunuchs. Least of all could he favor foreigners over his own magistrates. Instead of calling the Fathers into his presence, he sent two of his best artists to paint their full-length portraits.

During the next nine years Father Ricci became a quite different kind of emissary than he had intended. The Emperor’s clock “struck all the Chinese dumb with astonishment,” Ricci explained, simply because it was “a work the like of which had never been seen, nor heard, nor even imagined, in Chinese history.” But Ricci was wrong. Although the Fathers did not know it, the mechanical clock already had a long and remarkable history in China. Five hundred years before the Jesuits arrived there a few privileged Chinese courtiers were dazzled by a spectacular astronomical clock. By the time the Jesuit Fathers arrived in China that Heavenly Clockwork survived only as a legend known to a handful of antiquarian scholars.

The building of Su Sung’s Heavenly Clockwork was itself a saga. In 1077 Su Sung, a learned civil servant, was sent by the Sung emperor of North China to offer birthday congratulations to a “barbarian” emperor in the farther north. That year the barbarian emperor’s birthday happened to fall on the winter solstice. When Su Sung arrived at his destination, he found to his dismay that he was a day early. The barbarian calendar, it seemed, was more accurate than the Chinese. Since Su Sung dared not admit the inferiority of his own emperor’s calendar, he persuaded his hosts to allow him to accomplish his diplomatic mission on the day he had originally intended.

Back home in China, the issuing of a calendar, like the royal minting of coins in Europe, declared a new dynasty’s authority. To counterfeit the calendar or use an unauthorized calendar was lèse majesté. An inaccurate calendar could also spell disaster for the farmer. Astronomy and mathematics had to be confined to authorized persons, for others might use their astrology with help from these sciences to note when the stars were propitious to overthrow the regime. The Emperor was responsible for pleasing heaven by his ordering of earthly events.

When the Emperor asked his returned emissary whether the Chinese or the barbarian calendar was right, “Su Sung told him the truth,” reads the Chinese chronicle, “with the result that the officials of the Astronomical Bureau were all punished and fined.” Su Sung then received the Emperor’s order to design an astronomical clock more useful and more beautiful than any before seen.

Su Sung’s purpose was not to make a timepiece for public convenience but to create a calendar machine, a private “heavenly clockwork,” for the Son of Heaven:

According to your servant’s opinion there have been many systems and designs for astronomical instruments during past dynasties all differing from one another in minor respects. But the principle of the use of water-power for the driving mechanism has always been the same. The heavens move without ceasing but so also does water flow [and fall]. Thus if the water is made to pour with perfect evenness, then the comparison of the rotary movements [of the heavens and the machine] will show no discrepancy or contradiction; for the unresting follows the unceasing.

His “New Design for a Mechanized Armillary Sphere and Celestial Globe” was so detailed that working drawings have been prepared from it and functioning models have been made.

The thirty-foot-high astronomical clock tower was a five-story pagodalike structure. On the topmost platform reached by a separate outside staircase was a huge bronze power-driven armillary sphere within which there rotated automatically a celestial globe. Outside each of the five stories a procession of manikins carrying bells and gongs was programmed to ring at appropriate hours. Inside the main tower, reaching three-stories upward from the ground, was a huge clockwork, driven by water flowing at ground level and alternately filling and emptying the scoops on a vertical rotating wheel.

Every quarter-hour the whole structure reverberated to bells and gongs, the splashing of water, the creaking of giant wheels, the marching of manikins. The escapement that stopped and started the machine as it marked off the units of time was, of course, the crucial element. Su Sung’s ingenious water escapement made use of the fluid qualities of water—as Hooke and Huygens later would use the elastic properties of metal—to provide the staccato motion required in a mechanical timepiece.

Those few who were privileged to view Su Sung’s Heavenly Clockwork witnessed a mechanical fantasy, which Su Sung himself described:

There are ninety-six jacks. They are arranged to correspond in timing with the sounding of “quarters” on the bell-and-drum floor of this belfry.…

At sunset a jack wearing red appears to report, and then after two and a half “quarters” there comes another in green to report darkness. The night-watches each contain five subdivisions. A jack wearing red appears at the beginning of the night-watch, marking the first subdivision, while for the remaining four subdivisions the jacks are all in green. In this way there are twenty-five jacks for the five night-watches. When the time of waiting for dawn comes, with its ten “quarters,” a jack in green comes out to report this. Then dawn with its two and a half “quarters” is marked by another jack wearing green, and sunrise is reported by a jack wearing red. All these jacks appear in the central doorway.

In 1090 this machine was ready to entertain and instruct the Emperor and a few high officials in the palace grounds.

When a new emperor came to power in 1094, his minions, following custom, declared the previous emperor’s calendar to be faulty. No longer under the imperial protection, Su Sung’s Heavenly Clockwork became a quarry of bronze for vandals, and it dissolved from the memories of the learned. When Ricci arrived in Peking, Chinese scholars of the court were dazzled by the wonderful “European” invention, which they considered something new under the sun.

Ricci and Jesuit missionaries who came after him used their knowledge of astronomy and the calendrical sciences to secure influence within the Chinese government. On his arrival, Ricci noted that the Chinese lunar calendar was in error, as it had been for centuries. The Imperial Astronomers had repeatedly erred in predicting the eclipse of the sun, which, of course, cast suspicion on the Emperor’s power to obey the will of heaven.

The great opportunity for the Jesuits came when an eclipse was expected on the morning of June 21, 1629. The Imperial Astronomers predicted that the eclipse would occur at 10:30 and would last for two hours. The Jesuits forecast that the eclipse would not come until 11:30 and would last only two minutes. On the crucial day, as 10:30 came and went the sun shone in full brilliance. The Imperial Astronomers were wrong, but were the Jesuits right? Then, just at 11:30, the eclipse began and lasted for a brief two minutes, as the Jesuits had predicted. Their place in the Emperor’s confidence was now secure, and the door of China which Ricci had set ajar was opened to the science of the West. The Imperial Board of Rites begged the Emperor to command revision of the calendar, and on September 1 the Emperor ordered the Jesuits to begin the work. Incidentally, with their Chinese collaborators they translated Western books on mathematics, optics, hydraulics, and music, and they began building telescopes for China. At the very moment when, in Rome, Galileo was being tried by the Pope for his heresies, Jesuits in Peking were preaching the Galilean gospel.

The skill and tact of a succession of Jesuit missionary-astronomers made them intimates of the Sons of Heaven. They attained a power never equaled by foreigners there until the European advisers of Asian potentates came in the nineteenth century. It was their understanding of the calendar that opened the Jesuits’ way to the imperial court. Yet it was not the calendar but the clock that opened a new commerce between West and East. In the West the clock soon became an everyday convenience, while in China it long remained a toy.

During the eighteenth century, clocks, watches, and clockwork toys became a treasured currency in European dealings with the Chinese imperial court. The young Emperor K’ang-hsi, the patron of Father Ferdinand Verbiest, was delighted to receive from the Jesuit Father Gabriel de Magalhaen a soldier-automaton motivated by clockwork, which flourished a sword in one hand while holding a shield in the other, and another clock, which played a melody after each hour was struck. The brilliant French missionary Father Jean Matthieu de Ventavon produced for the Emperor a legendary clockwork-automaton that could write in Manchu, Mongolian, and Tibetan. By the 1760’s the Jesuit Father in charge of the Emperor’s collection reported that the imperial palace was “stuffed with clocks … watches, carillons, repeaters, organs, spheres and astronomical clocks of all kinds and description—there are more than four thousand pieces from the best masters of Paris and London.”

Chinese emperors established their own factories and workshops for these charming toys. By the mid-eighteenth century the imperial clockworks employed a hundred workers, but their product was not up to European standards. Because the Chinese could not make high-quality clock springs they remained back in the age of weight-driven clocks. The first manual of clockmaking finally appeared in Chinese in 1809, when there were enough secondhand clocks in China to occupy hundreds of repairmen.

As soon as Europeans learned of the seductive appeal of clockwork in China, they set about to meet the demand. Clockwork toys of every conceivable shape and performing every imaginable trick poured into China. “I have been appointed by the Emperor as clockmaker,” the Jesuit Father Jean Matthieu de Ventavon complained in 1769, “but I should rather say that I am here as a machinist because the Emperor expects me to produce not really clocks but curious machines and automata.”

The ambassador of the Dutch East India Company in Peking at the end of the eighteenth century sent back to Holland advice that “one should bring to Peking especially those playthings that European boys use to amuse themselves. Such objects will be received here with much greater interest than scientific instruments or objets d’art.”

The situation stirred the ingenuity—and the knavery—of European merchants and sounded the keynote for future Western relations with China. John Barrow (1764–1848), founder of the Royal Geographical Society, a self-made man who became one of the great explorers of his age, in his Travels in China (1804) helps us understand why Western merchants would be held in low esteem in China.

The gaudy watches of indifferent workmanship, fabricated purposely for the China market and once in universal demand, are now scarcely asked for. One gentleman in the Honourable East India Company’s employ took it into his head that cuckoo clocks might prove a saleable article in China, and accordingly laid in a large assortment, which more than answered his most sanguine expectations. But as these wooden machines were constructed for sale only, and not for use, the cuckoo clocks became all mute long before the second arrival of this gentleman with another cargo. His clocks were now not only unsaleable, but the former purchasers threatened to return theirs upon his hands, which would certainly have been done, had not a thought entered his head, that not only pacified his former customers but procured him also other purchasers for his second cargo; he convinced them by undeniable authorities, that the cuckoo was a very odd kind of bird which sung only at certain seasons of the year, and assured them that whenever the proper time arrived, all the cuckoos they had purchased would once again “tune their melodious throats.” After this it would only be fair to allow the Chinese sometimes to trick the European purchaser with a wooden ham instead of a real one.

In China the man who could afford to gratify his taste for these “curious baubles” was not satisfied to have only one. If he possessed a clock at all, he was likely to be a collector. And he was unlikely to use it as a time marker. When there were so few public clocks and so few people carrying watches, a timepiece was not much use in daily intercourse. One Jesuit watchmaker stationed in Peking reported the Chinese gentlemen’s custom of carrying several watches, which they were anxious should always harmonize. A grandson of the Emperor, in Barrow’s time, had collected at least a dozen watches. In the mid-nineteenth century a British doctor in China noted that clocks were seldom seen, except in public offices, where it was not uncommon to see as many as a half-dozen clocks in a row—with few if any in working order.
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Mother of Machines

PRECISELY because the clock did not start as a practical tool shaped for a single purpose, it was destined to be the mother of machines. The clock broke down the walls between kinds of knowledge, ingenuity, and skill, and clockmakers were the first consciously to apply the theories of mechanics and physics to the making of machines. Progress came from the collaboration of scientists—Galileo, Huygens, Hooke, and others—with craftsmen and mechanics.

Since clocks were the first modern measuring machines, clockmakers became the pioneer scientific-instrument makers. The enduring legacy of the pioneer clockmakers, though nothing could have been further from their minds, was the basic technology of machine tools. The two prime examples are the gear (or toothed wheel) and the screw. The introduction of the pendulum, by Galileo and then by Huygens, made it possible for clocks to be ten times more accurate than they had been, but this could be accomplished only by precisely divided and precisely cut toothed wheels. Clockmakers developed new, simpler, more precise techniques both for dividing the circumference of a circular metal plate into equal units and for cutting the gear teeth with an efficient profile. Clocks also required precision screws, which in turn required the improvement of the metal lathe.

Gears were, of course, the essential connective tissue in a mechanical clock. The teeth in the wheels within the clock were not apt to be accurately spaced or cleanly cut if they were hand-hewn. The first gear-cutting machine of which we have any record is the work of an Italian craftsman, Juanelo Torriano of Cremona (1501–1575), who went to Spain in 1540 to make an elegant large planetary clock for Emperor Charles V. Torriano spent twenty years planning a timepiece with eighteen hundred gear wheels and then three and a half years building it. “So every day (not counting holidays),” his friend reported, “he had to make … more than three wheels that were different in size, number and shape of teeth, and in the way in which they are placed and engaged. But in spite of the fact that this speed is miraculous, even more astounding is a most ingenious lathe that he invented … to carve out with a file iron wheels to the required dimension and degree of uniformity of the teeth … no wheel was made twice because it always came out right the first time.” During Torriano’s lifetime his “lathe” was already being used by other clockmakers. It appears to have become the model for the “wheel-cutting engines” used by English and French clockmakers in the seventeenth century, when timepieces were reaching a wider market. Without such a device it would have been impossible for clocks to be made in large numbers for the commercial market. With such a gear-cutting machine, it was possible to make countless other machines and scientific instruments.

The screw, like the gear, was essential for a new world of machines. Its prototypes, like those of the gear, go back to the time of Archimedes or before. An ancient Greek scientist, Hero, may have devised a screw-cutting tool. But making a simple screw long remained a difficult operation. Until the mid-nineteenth century, when finally screws were made with points, it was always necessary in advance to prepare a hole for the full length of the screw.

During the Middle Ages, metal screws were rare. For centuries the screw was used in the winepress and for irrigation before it was applied to printing and to the pressing of coins. The wooden-threaded barrels of winepresses were laboriously made: first the diagonal channels were marked, then cut by hand. The earliest recorded mechanical device for threading a screw was the work of clockmakers. By about 1480 a German clockmaker had devised a remarkable little lathe, operated by a crank handle and equipped with what was later known as a compound slide rest.

The first all-metal lathes were made by clockmakers and for clockmakers. Later lathes, basic for the machine-tool industry, were little more than elaborations of the clockmakers’ early design. The pioneer clockmakers of the seventeenth and eighteenth centuries proved to be the pioneer lathe-makers.

Improvements in the clock required improvements in the lathe. For example, the spring-driven clock used a special kind of conical screw device—a fusee—as the gear to compensate for the varying force exerted by the driving spring as it unwound. But the spiral groove in this fusee was difficult to cut by hand with the required accuracy. By 1741 French clockmakers had invented a “fusee machine” that cut the spiral groove on the tapered barrel, and so made it possible to produce clocks and watches in larger numbers for the commercial market. This fusee cutting machine still required skill to direct the tool that cut the channel as the barrel was turned. In 1763 the famous Swiss clockmaker Ferdinand Berthoud made a fully automatic fusee machine, which, incidentally, was one of the earliest examples of “building the skill into the machine.” The next step was taken by Jesse Ramsden (1735–1800), an English instrument-maker with a celebrated passion for precision. He drew on the techniques of the early clockmakers to make a lathe that produced the master screw required for his “dividing engine,” which made it possible to turn out countless other new scientific instruments—sextants, theodolites, micrometers, balances, barometers, microscopes, and telescopes.

The great Salisbury clock (1380), the oldest clock still operating in England and said to be the oldest surviving mechanical clock in the world, was made without the use of a single screw thread. Its iron frame was held together by rivets or wedges. Much of its construction was the work of a blacksmith who must have made the holes for the arbor pivots, rivets, and wedge bolts by punching through the hot metal. The diffusion of clocks came only with the making of smaller, portable clocks. If clocks were to be supplied not only to monasteries and town halls and noble palaces but to individual citizens, they had to be made in sizes suitable for a modest house or a craftsman’s shop. This required scaling down the design, which brought a whole new technology of precision-machine craftsmanship.

A small clock obviously could not be hammered together or forged by a blacksmith. To assemble it without knocking it apart, screws were needed. Smallness required screws, and then screws made possible a host of other portable machines. Of course smaller clocks appealed to a wider market, and the demands of this wider market in turn were incentives to making cheaper clocks that people could afford to buy.

By the seventeenth century clockmakers had advanced spectacularly ahead of the other technology of the age, and had begun to apply the principle of division of labor. In 1763 Ferdinand Berthoud could list sixteen different sorts of workmen involved in producing clocks, and twenty-one making watches. Among these were makers of the movement, finishers, borers, makers of springs, engravers of brass needles, pendulum makers, engravers of dials, polishers of brass parts, enamelers of dials, silverers of brass dials, engravers of cases, bronze gilders, painters to imitate gilding in colors, founders of wheels, turners and polishers of bells.

The clock stimulated new talents, new kinds of understanding and imagination. In the age of the French Revolution, Condorcet, the mathematician-philosopher and encyclopedist, while praising an inventor of improvements in silk-weaving machinery, observed:

Generally speaking, people have a very erroneous idea of the type of talent proper to the ideal mechanician. He is not a geometrician who, delving into the theory of movement and the categories of phenomena, formulates new mechanical principles or discovers unsuspected laws of nature.…

In most other branches of science are to be found constant principles; a multitude of methods offer to the genius inexhaustible possibilities. If a scholar poses himself a new problem, he can attack it fortified by the pooled knowledge of all his predecessors. No elementary textbook contains the principles of this [new] science; no one can learn its history. The workshops, the machines themselves, show what has been achieved, but results depend on individual effort. To understand a machine it has to be divined. This is the reason why talent for mechanics is so rare, and can so easily go astray, and this is why it is hardly ever manifested without that boldness and the errors which, in the infancy of science, characterize genius.

The clock enticed men across boundaries of religion, language, and politics. Even before the vast colonial migrations and the settlement of the New World, the movements of skilled craftsmen exerted an influence far out of proportion to their numbers. Before power-driven transportation, before the rise of mass production, it was often the craftsmen themselves, rather than their product, that traveled. When clocks were gigantic machines built into the tops of public towers, these had to be erected where they would be used. At first there was no demand for more than one clock to a community, which meant, of course, that the professional clockmaker had to be a traveler. A clockmaker came from Basel to build the Strasbourg cathedral clock in the early 1350’s, then went on to construct the first public clock in Lucerne. A German clockmaker made the first clock in the royal palace in Paris. A Paris clockmaker journeyed to Avignon in 1374 to make a clock for the Pope. While it was unusual to build a large clock in one place for use in another, there were a few famous exceptions. Genoa’s first mechanical public clock was actually made in Milan in 1353 and the elegant clock we can still see on the Piazza San Marco in Venice was brought there from Reggio. After clocks were scaled down into small fragile machines, there were new reasons for making them near their customers.

Centuries passed in Europe before there were enough clockmakers in any one place to form a guild to protect their monopoly. The earliest clockmakers were drawn from blacksmiths, locksmiths, or gun founders. A clock-makers’ guild was begun in 1544 in Paris and in 1601 in Geneva. Not until 1630 was a Clockmakers’ Company chartered in England—a result of complaints in 1627 that “the Clockmakers Freemen of this Cittie … are exceedingly oppressed by intrusion of Clockmakers straingers.” By the sixteenth and seventeenth centuries the local market in European metropolises supported settled groups of clockmakers who organized to enforce their monopoly against foreigners.

The market for their product attracted some. Political and religious upheaval and epidemics pushed out others. In the fifteenth century Italy had been a Mecca for craftsmen who came to serve Lorenzo the Magnificent (de’ Medici; 1449–1492) in Florence, and others in Milan, Genoa, Rome, or Naples. In the sixteenth century skilled craftsmen, victims of religious persecution in Germany, went out to enrich metropolises elsewhere. In France it seems that a considerable number of clockmakers had become Protestants, and so were targets of Catholic regimes that forced them to move on.

Before the end of the fifteenth century there were no great centers of clockmaking in Europe. For a while Augsburg and Nuremberg flourished by building on their traditions of metalworking. Peter Henlein, clockmaker of Augsburg, was given legendary credit for inventing the pocket watch. But the chaos of the Thirty Years War (1618–1648) dispersed Augsburg and Nuremberg clockmakers all over Europe. By the eighteenth century the most precise and most elegant timepieces were being made in Geneva and in London. The future of the pioneer machine lay in two islands—in Switzerland, isolated by mountain barriers, and in seagirt England. Here were safe gathering places where mobile craftsmen from all Europe could meet, combine, and exchange their talents. London and Geneva would reap the fruits of persecution by others.

The Protestant Reformation, which divided Western Christendom, had brought a new era of upheaval, persecution—and mobility. In 1517 Luther nailed up his provocative 95 Theses on the door of All Saints Church in Wittenberg, and so opened the Reformation in Germany. Within two years Zwingli was preaching reformation in Zurich. Within another decade Calvin announced the Reformation in France. Banished from Paris, Calvin took refuge in Basel, where he published his Institutes of the Christian Religion (1536), the first textbook of Protestant Christianity. In the next decades the thousands who followed Calvin to Geneva made that city a center for European refugees.

Just as, four centuries later, the Nazi and Fascist persecutions would make the United States a world center of atomic physics, so independent Geneva profited in the science and technology of its day, and speedily became a world center of clockmaking. In both eras a few refugees with specialized skills could make all the difference. In 1515, when the clock in Geneva’s Cathedral of St. Pierre needed repairing, there still was no qualified clockmaker in the city. But soon after 1550, as the persecution of Protestants heated up in France and elsewhere, the clockmakers arrived. To Geneva they came not only from France but also from the Low Countries, from Germany, and from Italy. By 1600 Geneva counted some twenty-five master clockmakers, in addition to an unrecorded number of apprentices and workmen. Before the seventeenth century was over, more than one hundred masters and some three hundred workers there were turning out five thousand clocks a year.

Protestant England also became a place of refuge, and the rise of English clockmaking was a measure of the persecutions across the channel. In the earliest era of mechanical clocks, England was not a land of pioneers. But it offered a vacuum of skills into which the enterprising foreigners gladly flowed. When Henry VIII needed repairs on the clock in Nonsuch Palace, he still had to import Frenchmen. Queen Elizabeth, too, used French clockmakers. There is no record of an English-made watch before 1580, and those made in the next two decades were slavish copies of French or German models. In due time the growing number of native English clock-makers complained of “the manie straingers invadinge this Realme,” and argued that they needed a royally chartered guild monopoly, which was finally granted in 1631.

One of these troublesome strangers was Lewis Cuper, whose family moved from Germany to become eminent among the clockmakers of Blois, in France, before emigrating to London about 1620. In the early seventeenth century, England continued to live on borrowed talents. The Fromanteel family of London, still famous among clock collectors, came from the Netherlands. They were the first to make pendulum clocks in England—an art that John Fromanteel had gone to the Netherlands to learn from Huygens and Coster. But before the end of the century an Englishman, Robert Hooke, was making epochal improvements in clock design, and by the early eighteenth century London took its place beside Geneva.

In England watchmaking was showing the advantages of specialization and the division of labor. The Clerkenwell district of London housed various groups of workmen who called themselves escapement makers, engine turners, fusee cutters, secret springers, or finishers. The Clockmakers’ Company reported to the Board of Trade in 1786 that they were exporting about eighty thousand clocks and watches each year to Holland, Flanders, Germany, Sweden, Denmark, Norway, Russia, Spain, Portugal, Italy, Turkey, the East and West Indies, China, and elsewhere.

In the tolerant interval after the Edict of Nantes (1598) granted the French Huguenots freedom of worship, and before it was revoked in 1685, French clockmaking seems to have been growing. But the French guilds still excluded new talent, inhibited movement into new lines of work, and enforced countless narrow monopolies. While in England, makers of new scientific instruments—depending on whether their main interests were mechanical or optical—could join either the Clockmaker’ Company or the Spectacle-makers’ Company, some managed to pursue their craft without joining either, and many joined the Grocers’ Company. In France, guild membership was strictly enforced. When the making of mathematical instruments was first listed among French monopolies, in 1565, it was assigned to the cutlery engravers, with King Charles IX’s express prohibition that, except for members of that guild, “no one may make shears or scissors … nor surgical instruments of metal, nor cases for falconry or any other cases furnished with astrological and geometrical instruments.” As it turned out, fine scientific instruments had to be made of brass, and the smelting of copper necessary for making brass was reserved only for the founders’ guild. The result was lengthy and acrimonious disputes over who held this particular monopoly. At the end of the seventeenth century, when barometers and thermometers were being made commercially in France, they came under the monopoly of the enamelers simply because the graduated scale was inscribed on an enameled metal plate. During the eighteenth century, an age of innovation in Europe, while French guilds were imposing exorbitant dues on their own members, and restricting the numbers of apprentices and of workshops, the guilds themselves were also being exorbitantly taxed by a domineering government. French instrument-makers, at the same time, were snubbed by men of science, who thought them no better than manual workers or tradesmen, and kept them out of the learned societies.

From time to time, the French government made strenuous but futile efforts to invigorate the craft. The famous English clockmaker and horologist Henry Sully (1680–1728) was imported to be clockmaker to the Duke of Orléans. But all of Sully’s efforts, even his importation of sixty skilled English craftsmen, could not overbalance the retarding forces in French society, and his workshops at Versailles and St. Germain were soon abandoned.

Life in England—looser guild restrictions, and the increasing demands of a growing prosperous middle class for clocks and watches—was much more favorable to the clockmakers’ crafts. Competition increased and the market widened. It is not surprising that when seamen of the expanding worldwide empires required seafaring clocks and better scientific instruments of all sorts, English clockmakers were pioneers.

Philosophers were always looking for new handles on the universe—new similes, new metaphors, new analogies. Despite their scorn for those who cast the Creator of the Universe in man’s image, the theologians never ceased to scrutinize man’s own handiwork as their clues to God. Now man was a proud clockmaker, a maker of self-moving machines. Once set in motion, the mechanical clock seemed to tick with a life of its own. Might not the universe itself be a vast clock made and set in motion by the Creator Himself? This interesting possibility, not conceivable until the mechanical clock was on the scene, would be a main way station toward modern physics.

The older view of the movement of physical bodies, as expounded by Aristotle, was that nothing moved unless it was constantly being pushed by some outside force. But by the time the first mechanical clocks were striking in the town belfries of Europe, an interest in predictable regularities was growing—toward a new theory of motion. Now, it was argued, things kept moving because of forces originally imprinted on them (vis impresa) that simply continued to operate. De’ Dondi’s elegant model of a clockwork universe, recently completed, was already astounding the scholarly world. In the late fourteenth century an influential French popularizer of science, Bishop Nicole d’Oresme (1330?–1382), created the unforgettable metaphor: a clockwork universe, God the perfect clockmaker! And “if anyone should make a mechanical clock,” Oresme asked, “would he not make all the wheels move as harmoniously as possible?”

This metaphor guided and inspired scientists like the great astronomer Johannes Kepler (1571–1630). “My aim,” he observed in 1605, “is to show that the celestial machine is to be likened not to a divine organism but rather to a clockwork.” And Descartes, too, the philosopher-mathematician, made the clock his prototypical machine. His doctrine of dualism—that mind and body operated independently—was explained in a famous clock metaphor. Suppose there are two clocks, Descartes’s Dutch disciple Geulincx suggested, both of which keep perfect time. When one points to the hour, the other always strikes. If you did not know about their machinery and how they were made, you might mistakenly assume that the movements of the one caused the other to strike. This is the way both the mind and the body function. God the Clockmaker created each quite independently of the other, then wound up both of them and set them going so they are in perfect harmony. When I decide to lift my arm, I may think that my mind is acting on my body. But really both move independently, each a part of God’s perfectly harmonized clockwork.

This fertile mother of machines was the missing link between man’s own efforts to master his physical universe and his awed reverence before his Creator. In the seventeenth century the pioneer Puritan physicist and founder of the Royal Society, Robert Boyle (1627–1691), saw the universe as “a great piece of clock work,” and his Catholic contemporary Sir Kenelm Digby (1603–1665) agreed that the universe was just that. The Newtonian universe soon elevated God from a clockmaker to a master engineer and mathematician. Now the universal laws that governed the smallest portable watch also governed the movements of the earth, the sun, and all the planets.

Even after the clock ceased to be the master metaphor of the universe, it became more than ever master of daily life on this planet. The clock made it possible for Europeans to be “on time.” By the late seventeenth century, when clocks were not uncommon among the literate and wealthy, the word “punctual”—which formerly had described a person who insisted upon points (from the Latin punctus, “points”) or details of conduct—came to describe a person who was exactly observant of an appointed time. By the late eighteenth century the word “punctuality” appeared in our language to describe the habit of being in good time. “O, madam,” Joseph in Sheridan’s School for Scandal (1777) reproached, “punctuality is a species of constancy—a very unfashionable custom among ladies.” The clock brought its own morality. “Punctuality”—creature of the clock—was still not listed among the dozen virtues in which Benjamin Franklin aimed to make himself perfect. By 1760, when Laurence Sterne wrote his mock-heroic Life and Opinions of Tristram Shandy, he opened his saga with the most modern possible interruption of his hero’s conception. At the crucial moment, when Tristram’s mother and father were in bed and Tristram was about to be conceived:

“Pray, my dear,” quoth my mother, “have you not forgot to wind up the clock?” “Good God!” cried my father. “Did ever woman, since the creation of the world, interrupt a man with such a silly question?”
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Why It Happened in the West

IN Europe the clock very early became a public machine. Churches expected communicants to assemble regularly and repeatedly for prayers, and flourishing cities brought people together to share a life of commerce and entertainment. When clocks took their places in church steeples and town belfries, they entered on a public stage. There they proclaimed themselves to rich and poor, awakening the interest even of those who had no personal reason to mark the hours. Machines that began as public instruments gradually became some of the most widely diffused private instruments. But instruments that began their lives in private might never become diffused into the wants and needs of the whole community. The first advertisement for the clock was the clock itself, performing for new publics all over Europe.

No self-respecting European town would be without its public clock, which tolled all citizens together to defend, to celebrate, or to mourn. A community that could focus its resources in a dazzling public clock was that much more a community. The bell tolled for all and each, as the poet John Donne noted in 1623, and the tolling of the community’s bells was a reminder that “I am involved in mankind.”

Many communities, even before they had organized sewage disposal or a water supply, offered the town clock as a public service. In due course each citizen wanted his own private clocks—first for his household, then for his person. When more people had their private timepieces, more other people needed timepieces to fulfill their neighbors’ expectations at worship, at work, and at play.

All the while, the clock was being secularized—another way of saying it was being publicized. The first European clocks, as we have seen, alerted cloistered monks for their regular prayers, but when the clock moved into the church steeple and then into the town belfry, it moved out to a secular world. This larger public soon required the clock for the whole schedule of daily life. In Europe the artificial hour, the machine-made hour, took the calculations of time out of the calendar-universe, out from the penumbra of astrology, into the bright everyday light. When steam power, electric power, and artificial illumination kept factories going around the clock, when night was assimilated into day, the artificial hour, the clock-marked hour became the constant regimen for everyone. The story of the rise of the clock in the West, then, is the story of new modes and widening arenas of publicity.

The contrast to China is dramatic and illuminating. There, circumstances conspired to prevent publicity. The first spectacular mechanical clockworks in China, as we have seen, were made not to mark the hour but to mark the calendar. And the science of the calendar—both of its making and of its meaning—was hedged in by government secrecy. Each Chinese dynasty was symbolized, served, and protected by its own new calendar. Between the first unification of the empire in the third century B.C. (C. 221) and the end of the Ch’ing, or Manchu, dynasty in 1911, about one hundred different calendars were issued, with a name identifying it with a particular dynasty or emperor. These were not required by advances in astronomy or in the technology of observation, but were needed to put the cachet of the heavens on the authority of a new emperor. Private calendar-making was punished as a kind of counterfeiting—as both a threat to the security of the emperor and an act of lèse majesté. The French Jesuit and translator of Ricci, Nicholas Trigault, reported in the early seventeenth century that the Ming emperors “forbad any to learn this Judiciall Astrology but those which by Hereditary right are thereto disigned, to prevent Innovations.”

To find clues to why the mother of machines proved so unfertile there, we must recall some of the large features of life in ancient China. One of the first, most remarkable of Chinese achievements was a well-organized centralized government. As early as 221 B.C. the “Chinese Caesar,” the precocious King Cheng, who had ascended the throne of Ch’in at the age of thirteen, had managed within twenty-five years to unify a half-dozen Chinese provinces into a single great empire, with a vast hierarchy of bureaucrats. He standardized the laws and the written language, established uniform weights and measures, and even fixed the length for carriage axles so they would fit into the wheel ruts.

The Chinese kings, as we have seen, had regulated the calendar, the state religion remained emphatically tied to the round of the seasons, and astronomy became “the secret science of priest-kings.” Chinese farming depended on irrigation, and successful irrigation required predicting the rhythms of the monsoon rains and the melting of the snows to flood the rivers and fill the canals.

From earliest times in China an astronomical observatory was an essential part of the cosmological temple, the ruler’s ritual headquarters. As the central government became stronger and better organized, Chinese astronomy, by contrast with astronomy in ancient Greece or medieval Europe, became more and more officiai and governmental. This meant, of course, that Chinese astronomy became increasingly bureaucratic and esoteric. There the technology of the clock was the technology of astrological indicators. Just as in the West the machinery for minting coins, for printing paper money, or for manufacturing gunpowder was tightly controlled, so in China were calendrical timepieces.

The imperial rites that survive from the era of the Chinese Caesar required the emperor to define the four cardinal points—north, south, east, and west—by observations of the polestar and the sun. The Imperial Astronomer, one of the highest-ranking hereditary officials, was expected to keep watch at night from the emperor’s observatory tower. He “concerns himself with the twelve years [the sidereal revolutions of Jupiter], the twelve months, the twelve [double] hours, the ten days, and the positions of the twenty-eight stars. He distinguishes them and orders them so that he can make a general plan of the state of the heavens. He takes observations of the sun at the winter and summer solstices, and of the moon at the spring and autumn equinoxes, in order to determine the succession of the four seasons.”

Another high hereditary official, the Imperial Astrologer, interpreted the message of the heavens for the destiny of the people.

He concerns himself with the stars in the heavens, keeping a record of the changes and movements of the planets, the sun and the moon, in order to examine the movements of the terrestrial world, with the object of distinguishing good and bad fortune. He divides the territories of the nine regions of the empire in accordance with their dependence on particular celestial bodies. All the fiefs and principalities are connected with distinct stars, and from this their prosperity or misfortune can be ascertained. He makes prognostications, according to the twelve years [of the Jupiter cycle], of good and evil in the terrestrial world. From the colours of the five kinds of clouds, he determines the coming of floods or drought, abundance or famine. From the twelve winds he draws conclusions about the state of harmony of heaven and earth, and takes note of the good or bad signs which result from their accord or disaccord.

Incidentally these state astrologers produced the most remarkable continuous record of celestial phenomena before the rise of modern astronomy. The Chinese record of an eclipse in 1361 B.C. is probably the earliest verifiable eclipse reported by any people. Other Chinese records cover long periods for which we have no other accurate chronicle of celestial events. Twentieth-century radio-astronomers still use these records in their study of novae and supernovae.

While these state records survive, most of the ancient Chinese literature on astronomy has disappeared. Because astronomy was so state-oriented, so security-bound, and so secret, the old astronomy books have left few traces. By contrast, the early books on mathematics, which were used by merchants, directors of public works, and military commanders, have survived in considerable numbers. Repeated imperial edicts enforced state security for calendrical science, astronomy, and astrology. In A.D. 840, for example, when the empire had recently been disturbed by the appearance of several comets, the Emperor ordered all observers in the imperial observatory to keep their business secret. “If we hear of any intercourse between the astronomical officials or their subordinates and officials of other government departments or miscellaneous common people, it will be regarded as a violation of security regulations which should be strictly adhered to. From now onwards, therefore, the astronomical officials are on no account to mix with civil servants and common people in general. Let the Censorate look to it.” The security concerns which so notoriously plagued atomic research centers at Los Alamos and Harwell in World War II had their Chinese antecedents.

The famous Heavenly Clockwork of Su Sung could not have been constructed if Su Sung had not been a high imperial official authorized to help the Emperor view the astrological destinies. This explains, too, why, within a few years, Su Sung’s spectacular achievement had become only a dim legend. If Su Sung had built his clockwork not for the private garden of a Chinese emperor but for a European town hall, he would have been hailed as a heroic public benefactor. His work would have become a monument to civic pride—the object of widespread emulation.

The Emperor himself had an especially intimate need for calendrical timekeepers. For every night the Emperor in his bedchamber had to know the movements and positions of the constellations at every hour—in precisely the way Su Sung’s Heavenly Clockwork made possible. In China the ages of individuals and their astrological destinies were calculated not from the hour of birth but from the hour of conception.

When Su Sung constructed his imperial clock, the Emperor had as attendants a large number of wives and concubines of various ranks. These women totaled 121 (one-third of 365, to the nearest round number), including one empress, three consorts, nine spouses, twenty-seven concubines, and eighty-one assistant concubines. Their rotation of duty, as described in the Record of the Rites of the Chou dynasty, was as follows:

The lower-ranking [women] come first, the higher-ranking come last. The assistant concubines, eighty-one in number, share the imperial couch nine nights in groups of nine. The concubines, twenty-seven in number, are allotted three nights in groups of nine. The nine spouses and the three consorts are allotted one night to each group, and the empress also alone one night. On the fifteenth day of every month the sequence is complete, after which it repeats in reverse order.

By this arrangement, the women of highest rank would lie with the Emperor on the nights nearest to the full moon, when the Yin, or female, influence would be most potent, and so best able to match the potent Yang, or male, force of the Son of Heaven. So timely a combination, it was believed, would assure the strongest virtues in the children then conceived. The main function of the women of lower ranks was to nourish the Emperor’s Yang with their Yin.

A corps of secretarial ladies kept the records of the Emperor’s cohabitations with their brushes dipped in imperial vermilion. The proper order of these proceedings in the imperial bedchamber was believed essential to the larger order and well-being of the empire. In the disorderly days of the ninth century, writers lamented that the ancient tradition of “nine ordinary companions every night, and the empress for two nights at the time of the full moon” was no longer respected, with the result that “alas, nowadays, all the three thousand [palace women] compete in confusion.”

The need for an accurate calendrical clock, to show the position of the heavenly bodies at each moment of the day or night, was then obvious, to ensure the best-qualified succession of emperors. The ruling houses of China did not follow the rule of primogeniture. In theory, only the sons of the empress could become emperor, but this usually left the emperor with a number of young princes from whom to choose his heir. A prudent emperor was bound to give close attention to the astrological omens at the precise moment when each prince was conceived. To record these facts accurately was the duty of the secretarial ladies with their vermilion brushes. The astronomical observations and mechanical calculations of Su Sung’s Heavenly Clockwork provided the data for these records and prognostications, and so were of great political significance. But these curiosities of the imperial court had little to do with a farmer’s life. The community as a whole was not expected, and did not dare, to plumb the depths of state astrology, nor to profit from the data of calendrical timepieces.

By contrast, the spread of the clock in the West came from community needs—which meant the need for publicity and portability. The crucial development, as we have seen, was the advance from the weight-driven to the spring-driven clock. Heavy weights and their accompanying pendulum rooted a clock in the site where it was first placed. But a portable spring-driven clock was versatile in its habitat. For Europeans the seafaring clock in the eighteenth century was an exploring machine—a catalyst to cartographers, travelers, merchants, botanists, and navigators, a device that encouraged sailors to go farther, helped them know where they were, and made it possible to come back again. Eventually the pocket watch, and then the wristwatch, would put a timepiece on the person of millions.

The first great Chinese clock, incarcerated in the precincts of the imperial court, was driven by a stream of water. Su Sung’s escapement, the heart of his “heavenly clockwork,” required a continuous stream of water, which, of course, firmly attached the machine to one site.
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