Classical Thoughts about Time

Time has played a central role in mathematics from its very beginnings, yet it remains one of the most mysterious aspects of the world in which we live. The beginnings of civilisation on Earth required a knowledge of the seasons, and the mysteries surrounding the length of the year, the length of the day and the length of the month began to be studied. All the world religions gave time a central role, be it in astrology, stories of creation, cyclical world histories, notions of eternity, etc. Philosophers have tried to come to grips with the concept; some have argued that time is a basic property of the universe while others have argued that it is an illusion or a property of the human mind and not of the world. A huge effort has been put into making devices to measure time with ever increasing accuracy from the beginnings of recorded history to the present day. 

Quantum mechanics and relativity theory in the 20th century have shown the complexities, and sometime apparent paradoxes, in the notion of time. Yet basic mathematics takes time as understood and develops the calculus around a particle whose position at time t is given by x(t), its velocity is dx/dt , the derivative of x(t) with respect to time, and its acceleration is the second derivative. This requires time to be continuous and a time interval to always be divisible, yet quantum theory tells us that time is quantised and quite unlike mathematical time which forms the basis of applied mathematics. We shall look at the fascinating 20th century developments in understanding time in the article A history of time: 20th century time. In this article we examine how ideas about time developed, culminating in Newton's universal absolute mathematical time. 

Of course the very title of these articles: "A history of time" is confusing. The idea of "history" already contains the idea of "time". But let us make it clear that what we intend to investigate in these two articles is a history of how ideas about time have developed and, as always in this archive, we emphasise the mathematical aspects. 

Mathematics almost certainly began through the study of time, particularly the need to record sequences of events. An understanding of the seasons is vital for the successful growing of crops. When should crops be planted? When would the rains come? When would rivers flood? When should one harvest the crops? The natural timekeepers in the sky are the daily passage of the sun and the monthly phases of the moon. The fact that knowing the length of a year was vitally important, yet much less visible from the timekeepers in the sky, led to calculation. It was also necessary to count days and months and this gave rise to calendars. The earliest evidence of timekeeping goes back around 20000 years; evidence from markings made on sticks and bones in Europe around this time are thought to be records of days between successive new moons. Many ancient calendars were created but as an example let us look briefly at an Egyptian one from around 4500 BC. 

It was important for the Egyptians to know when the Nile would flood and so this played a large role in the way their calendar developed starting from an early version around 4500 BC which was based on months. From 4236 BC the beginning of the year was chosen as the heliacal rising of Sirius, the brightest star in the sky. The heliacal rising is the first appearance of the star after the period when it is too close to the sun to be seen. For Sirius this occurs in July and this was taken to be the start of the year. The Nile flooded shortly after this so it was a natural beginning for the year. The heliacal rising of Sirius would tell people to prepare for the floods. The year was computed to be 365 days long and by 2776 BC it was known to this degree of accuracy. A civil calendar of 365 days was created for recording dates. Later a more accurate value of 3651/4 days was worked out for the length of the year but the civil calendar was never changed to take this into account. In fact two calendars ran in parallel, the one which was used for practical purposes such as the sowing of crops, harvesting crops etc. being based on the lunar month. 

Dividing the year into months was natural, yet complicated since there were not an integral number of months in a year. Similarly dividing the month into days was complicated for the same reason. A day was a long period of time and there was clearly a need for dividing the day, but it was less obvious how this might be done. In around 3000 BC the Sumerians divided the day into 12 periods, and divided each of these periods into 30 parts. The Babylonian civilisation, which grew up around 1000 years later, in the same area of present day Iraq as that of the earlier Sumerians, divided the day into 24 hours, each hour into 60 minutes, each minute into 60 seconds. It is their division of the day which gives us the widely used modern units of time. We should note, of course, that these modern units, although deriving from the Babylonian versions, are today not defined from astronomical data. We should also note that many early units of time varied throughout the year as the length of the day and night varied with the seasons. 

Now units of time require some way of measurement and, not surprisingly, because of their astronomical definitions the early devices to measure time used the sun. From around 3500 BC the gnomon was used, consisting of a vertical stick or thin monument whose shadow indicated the time of day. Later, by about 1500 BC, the sundial was in use. The problem with the sundial was that the sun took a different path through the sky throughout the year. To ensure that the sundial registered roughly the correct time all the year round the gnomon had to be set at exactly the correct angle. The sundial developed into a more accurate instrument with the introduction of the hemispherical sundial around 300 BC. By the time the Roman architect Vitruvius wrote De architectura shortly before 27 BC, he was able to describe 13 different designs of sundial in Book 9 of his work. 

Of course the sun could not be used to tell the time at night and clepsydras or water clocks were in use in Egypt by 1500 BC. Water ran out through a hole in the bottom of a vessel, the inside of which had lines to indicate the passage of time. Early versions did not allow for the fact that the water ran out more slowly as the pressure dropped. Sand was also used in the still familiar hour glass where sand trickles from a container, taking a set length of time to run out. 

There was high religious significance in time measurement in these early civilisations. Of course the importance of successful crop management to the survival of a civilisation meant that time gained a religious significance, and the astronomical way that time was measured emphasised this. Also religious observance required certain events to be carried out at specific times, and detailed knowledge of a calendar was necessary. An example of what we mean is illustrated by the way the Christian festival of Easter is still calculated. It occurs on the first Sunday after the first full moon that occurs on or after the vernal equinox. A more sophisticated weaving of time into religions took place with Pythagoras and Buddha, around 500 BC, each claiming a cyclical nature of time with humans being reborn during the flow of time. Both could recall memories of previous existences on Earth and indeed this idea is a very natural one given the cyclical nature of time as observed in the seasons and years. Some religions such as Judaism and Christianity are based on a creation story where time begins in the act of creation. In these the creator is often considered to be outside of time, a concept which is hard to understand. Let us examine some early, yet significant, contributions to the understanding of the concept of time. 

Zeno of Elea, around 450 BC, gave a number of paradoxes which indicated puzzling aspects of time. In the paradox 'The Arrow' Zeno argues, in Aristotle's words:- 

If, says Zeno, everything is either at rest or moving when it occupies a space equal to itself, while the object moved is in the instant, the moving arrow is unmoved. 

The argument rests on the fact that if in an indivisible instant of time the arrow moved, then indeed this instant of time would be divisible (for example in a smaller 'instant' of time the arrow would have moved half the distance). Aristotle argues against the paradox by claiming:- 

... for time is not composed of indivisible 'nows', no more than is any other magnitude. 

For Aristotle to deny that 'now' exists as an instant which divides the past from the future seems also to go against intuition. On the other hand if the instant 'now' does not exist then the arrow never occupies any particular position and this does not seem right either. Really one feels that Aristotle had dismissed Zeno's subtle paradox far too readily. The paradox is brilliant with Zeno putting his finger on a genuinely deep puzzle. 

Let us look at how Plato and Aristotle viewed time. Plato argued that time was created when the creator fashioned the world from existing material, giving form to primitive matter. Plato argues in the Timaeus that the creator:- 

... sought to make the universe eternal, so far as might be. Now the nature of the ideal being was everlasting, but to bestow this attribute in its fullness upon a creature was impossible. Wherefore he resolved to have a moving image of eternity, and when he set in order the heavens, he made this image eternal but moving, according to number, while eternity itself rests upon unity; and this image we call Time. 

According to Plato then, time was created at the same instant as the heavens, see [15]. Aristotle, however, argues against Plato's idea that time was created. His ideas relate time to motion. In a sense this is reasonable since to Aristotle time was measured by the motions of the heavenly bodies so a period of time was represented by the movement of the sun across the sky. Other ways of telling time such as the water clock and the hour glass also identified time with movement, in these cases movement of water or sand. There is an argument, claims Aristotle, to say that time does not exist, for the past no longer exists and the future does not yet exist. Having looked at this argument, he rejects it and defines time as motion which can be enumerated. From this we see why he argues against Zeno's arrow paradox. For Zeno, the arrow cannot move for it does not move in the instant. However, for Aristotle time itself is motion, the flow of time is the motion of the arrow or of the sun and moon across the sky. 

St Augustine, around the end of the 4th century AD, was responsible for bringing much of Plato's philosophy into Christianity. Plato's version of the creation does not quite fit the Genesis account since in that God creates the world from nothing, while for Plato the world was created by bringing order to primitive matter. However, St Augustine agrees with Plato that time begins with the creation. He answers the question of why the world was not created sooner by stating clearly that there is no 'sooner'. However, the concept of time was still a puzzle to St Augustine:- 

What then is time? If no one asks of me, I know; if I wish to explain to him who asks, I know not. 

Like Aristotle, St Augustine questions whether the past or future really exist. Surely only the present actually exists and this is instantaneous, only measured by its passing. Yet, like Aristotle, St Augustine says how can it be that past and future time do not exist. He tried to answer the apparent contradiction by claiming that past time can only be thought of as past if one is thinking of it in the present. He identifies three times:- 

... a present of things past, a present of things present, and a present of things future. ... The present of things past is memory, the present of things present is sight, and the present of things future is expectation. 

St Augustine had reached conclusions that time does not exist without an intelligent being who is able to think in the present about things past, present and future. However he was not really happy with his own ideas and prayed for enlightenment:- 

My soul yearns to know this most entangled enigma. I confess to Thee, O Lord, that I am as yet ignorant what time is. 

Certainly St Augustine was right to feel that his ideas are less than satisfactory, yet that said, he had thought more deeply about time than anyone seems to have done before him including the greatest of the Greek philosophers, and more deeply than anyone else seems to have done during the following one thousand years. If his ideas are less than satisfactory, at least St Augustine has appreciated for the first time what a complex and puzzling concept time is. 

There was some progress in clocks to measure periods of time going in the period when St Augustine was contemplating the puzzle. The developments were not, however, in new types of clock, merely in improved designs of sundials and water clocks. Mechanical devices were added to water clocks to strike bells, move hands on a dial, open doors to display figures like the modern cuckoo clock but these did nothing to improve the basic time keeping. There was much interest in clocks, however, and in the first century BC, the Tower of the Winds was constructed in Athens. This had both sundials, and water clocks which drove mechanical devices to display the hour on a 24 hour scale. It had other features relating to time such as displaying the season, and various astrological dates. 

Progress in timekeeping in Europe was non-existent from around 500 AD to 1300 AD, but in other countries progress did continue with mechanical clocks being introduced in China. However the invention of the verge escapement in Europe in the 14th century led to a revolution in mechanical clocks. The verge escapement worked by having a wheel with cogs which was prevented from spinning by a pair of metal leaves which moved up and down to allow the cog wheel to move forward one cog at a time. The leaves were attached to a foliot, a weighted crossbar, on which the small weights could be moved back and forward to adjust the rate at which the bar oscillated. The whole of the mechanism was powered by heavy weights which drove the cog wheel. Such clocks were more accurate than any of the earlier ways of measuring time, but they were very difficult to adjust to obtain that accuracy. The speed which the clock ran at was still completely dependent on the power applied by the weights, and by the amount of friction in the mechanism. 

An early example of such a mechanical clock was the one constructed in Strasbourg between 1352 and 1354. The Clock of the Three Kings was built in Strasbourg Cathedral and stood twelve metres high. Clocks at this time needed to be big so that the weights had a long drop, otherwise the weights required to be wound up frequently, but the Strasbourg clock was more than just a clock for it related time to all its astronomical origins. In addition, the clock was a work of art in terms of both the decoration and the novelty of the automata. The lowest portion of the clock consisted of a calendar, above which was an astrolabe, while above that again there was a statue of the Virgin and Child. Every hour figures of the Magi appeared and bowed before the Virgin and Child while chimes rang out and an automaton cock crowed and flapped its wings.

You can see a picture of the Strasbourg clock. 

Time had gained a certain status which it had not enjoyed earlier. Mechanical clocks were an important status symbol but towns only required their own local times, and it would be another 500 years before the advent of the train made standard time zones a necessity. 

We will return to the Strasbourg astronomical clock in a moment, but first let us consider the 14th century work De proportionibus proportionum by Oresme. In this Oresme discussed whether the celestial motions are commensurable or, expressed another way, is there a basic time interval so that the day, month, and year are all exact integer multiples of it. On the one hand Oresme says one might expect that a creator of the universe would have arranged things so that this is so. He ends his discussion, however, by coming down on the side that no two celestial motions are commensurable. It is a fascinating discussion which essentially asks if time as measured by the sun and the moon is the "same" time. 

The Strasbourg astronomical clock ran for about 150 years before its mechanism failed. A decision to replace the clock was made and work began in the cathedral on a new clock in 1547. Chrétien Herlin, an astronomer and professor of mathematics at Strasbourg Academy, was in charge of the project with two assistants who were also mathematicians. When the project began the cathedral was a Protestant one, since the Reformation had swept through Germany about twenty years earlier. However the cathedral returned to be a Roman Catholic one soon after construction of the new clock began, the project was put on hold and only restarted in 1571 when the cathedral was again a Protestant church. Herlin's successor as professor of mathematics at Strasbourg Academy was Conrad Dasypodius and he was now put in charge. 

Both a mechanical and artistic triumph, this clock illustrated clearly how time was thought of in the 16th century. Time was astronomical, founded on the movements of the celestial bodies, and this is represented by there being a celestial globe with 48 constellations and 1022 stars. The movements of the sun, moon and five planets were shown. Eclipses of the sun and moon and phases of the moon were also shown, and there was an astrolabe which was designed on Ptolemy's version of the universe. 

During the 16th century the solution of problems relating to time became of utmost importance because of its relation to finding the longitude. In an age of exploration on a world scale, determining position became a crucial problem and much effort was put into its solution. The realisation that an absolute time standard for the world would allow the calculation of the longitude of any position by comparison with local time was a major driving force in efforts to devise accurate clocks. It also led to a clear distinction in people's minds between an absolute time and a local time. Gemma Frisius wrote in 1530:- 

... while we are on our journey we should see to it that our clock never stops. When we have completed a journey of 15 or 20 miles, it may please us to learn the difference of longitude between where we have reached and our place of departure. We must wait until the hand of our clock exactly touches the point of an hour and at the same moment by means of an astrolabe ... we must find out the time of the place we now find ourselves. 

In the 17th century Galileo discovered a 'clock' in the sky which recorded 'absolute time', namely the times of the eclipses of Jupiter's moons. Theoretically this provided a solution to the longitude problem, but in practice observing the eclipses of Jupiter's moons from the deck of a ship was essentially impossible. Several large prizes were offered for a solution to the problem of determining longitude and Galileo tried the persuade the Spanish Court in 1616 that he could determine absolute time using Jupiter's moons and, after failing to convince them, tried to persuade Holland of his method when they offered a large prize in 1636. 

This was not the only contribution Galileo made to the study of time. Long before his discovery of Jupiter's moons he discovered the fundamental property of the pendulum in 1583. While attending services in Pisa cathedral be noticed that a swinging lamp in the cathedral took the same time to swing irrespective of how large the displacement. Of course one might reasonably ask how he discovered this since in Galileo's time there was no device to accurately measure small intervals of time. In fact Galileo used the biological clock built into his body, for he used his own pulse to compare the time taken for the pendulum to swing. Galileo does not seem to have realised that his discovery might be used to design an accurate clock until many years later, but around 1640 he did design the first pendulum clock. Galileo died in early 1642 but the significance of his clock design was certainly realised by his son who tried to make a clock to Galileo's design, but failed. 

The first to succeed in making a pendulum clock was Huygens in 1656, see [11]. This invention brought a new accuracy to the measurement of time, with his early versions achieving errors of less than 1 minute a day. With a later improved design Huygens was able to build a clock accurate to within 10 seconds in a day. Hooke used the natural oscillation of a spring to control the balance of a clock and some years later Huygens also experimented with a balance wheel and spring assembly which can still be found in mechanical wrist watches. 

Descartes used mathematical principles to explain the world and many, including the early members of the Royal Society in London, followed his example. This, however, provoked a reaction among many who used religion to explain the world and objected to the mechanical approach. Boyle, a great advocate for mathematical descriptions of the world, provided an answer by stating clearly that he believed in a God who could create a mechanical universe which operated with certain laws and he gave as an example the Strasbourg clock. There was a parallel, said Boyle, between the creator of the Strasbourg clock who built a mechanism which ran on its own without the intervention of the builder and the universe made by God which operated according to his laws but without his intervention. The ultimate version of the mechanical universe appeared in Newton's Principia in 1687. The whole description of Newton's laws depended on time and so Newton began by defining time as:- 

... absolute, true, mathematical time, [which] of itself, and from its own nature, flows equably without relation to anything external. 

This was a major new idea regarding time, see [6], [9], [16] and [17]. No longer was time determined by the universe, but rather Newton postulated an absolute clock, external to the universe, which measured time independently of the universe itself. With his ideas Newton put time into a new place in mathematics. The calculus was his theory of fluxions, relating motion to this universal flux of time. No longer could time be said to be an illusion as some ancient philosophers had suggested, for now the whole of science was being built on laws based totally on the notion of time. 

Not everyone was convinced by Newton's arguments, however, and Leibniz argued against Newton's notion of absolute time using religious reasoning. He believed that God was rational and therefore required a reason for every action. So how could God choose an instant to create the universe? If there was no way to distinguish one time from another, as Newton had claimed, God was faced with an impossible choice to decide rationally on the moment of creation. Although many today may not see this argument by Leibniz as a scientific one, it can be turned into a philosophical argument and, in a modern form, would argue that time was created at the instant of creation. Leibniz used another argument too. If two things are identical in every respect then, claimed Leibniz, they are one. Newton's absolute space and time are identical everywhere at all times by their very definition so Leibniz claimed any two positions are one as are any two times. 

There was another interesting consequence of Newton's description of the universe based on his precise mathematical laws, and this was fully understood by Laplace. If one knew the exact position and motion of every particle in the universe then one could calculate the future position, and also the past position, of every particle. An example would be the prediction of eclipses of the sun and moon which is possible from knowing the positions and motions of the bodies in the solar system and then using Newton's laws. Such knowledge also allow us to calculate when such eclipses occurred in the past. Laplace correctly argued that given the laws of mechanics, the complete picture of the past and future world is encapsulated in the present world. There followed a period when science aimed to calculate with ever increasing accuracy. 

Newton's laws were quickly accepted because they led to correct predictions about the world. They did contain several puzzles, however, one of which was that they simply described the way that the world is, and do nothing to say why it is so. Their most puzzling aspect as far as time is concerned is that they work equally well if time runs forward or if time runs backwards. There is a complete time symmetry in the laws, yet human experience leads to the belief that time always flows forward. It was only in the middle of the 19th century that the second law of thermodynamics was proposed by Clausiusand this was the first law to lack symmetry in the direction of time, see [7]. 

Clausius read a paper to the Berlin Academy on 18 February 1850 which contained this second law of thermodynamics. He defined entropy which originally measured the amount energy in the form of work that can be extracted from a hot gas but later came to represent a more general measure of the randomness of a system. The second law of thermodynamics states that the entropy of a closed system will always increase, that is its randomness will always increase. This is illustrated by the fact that if we take a box with a membrane across the middle, one side filled with a hot gas, the other with a cold gas, then removing the membrane will result in the hot and cold gases mixing and the temperature will approach the average temperature of the two gases. One would not expect to see the reverse happen. If the box was filled with gas, one would not expect high energy molecules to move to one side of the box and low energy molecules to the other. The system is not time symmetric. 

Despite the difficulties which still existed in understanding the notion of time, by the last part of the 19th century one would have to say that Newton's universal time had proved extremely effective in providing a basis for laws which had been observed to hold to a high degree of accuracy. Although we are far from understanding the notion of time today, the 20th century saw a revolution in the study of time. We may not understand time, but we know that Newton's absolute time cannot provide the answer. In the article A history of time: 20th century time we examine this revolution
Evolution of Timekeeping

Elements of a Clock
Having described a variety of ways devised over the past few millennia to mark the passage of time, it is instructive to define in broad terms what constitutes a clock. All clocks must have two basic components: 

· A regular, constant or repetitive process or action to mark off equal increments of time. Early examples of such processes included movement of the sun across the sky, candles marked in increments, oil lamps with marked reservoirs, sand glasses ("hourglasses"), and in the Orient, small stone or metal mazes filled with incense that would burn at a certain pace. 

· A means of keeping track of the increments of time and displaying the result. Our means of keeping track of time passage include the position of clock hands and a digital time display. 

The history of timekeeping is the story of the search for ever more consistent actions or processes to regulate the rate of a clock. 

	Egyptian shadow clock with Obelisk

	

	Not until somewhat recently (that is, in terms of human history) did people find a need for knowing the time of day. As best we know, 5000 to 6000 years ago great civilizations in the Middle East and North Africa initiated clock making as opposed to calendar making. With their attendant bureaucracies and formal religions, these cultures found a need to organize their time more efficiently. 
Sun Clocks 
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After the Sumerian culture was lost without passing on its knowledge, the Egyptians were the next to formally divide their day into parts something like our hours. Obelisks (slender, tapering, four-sided monuments) were built as early as 3500 B.C. Their moving shadows formed a kind of sundial, enabling citizens to partition the day into two parts by indicating noon. They also showed the year's longest and shortest days when the shadow at noon was the shortest or longest of the year. Later, markers added around the base of the monument would indicate further time subdivisions. 
Another Egyptian shadow clock or sundial, possibly the first portable timepiece, came into use around 1500 B.C. to measure the passage of "hours." This device divided a sunlit day into 10 parts plus two "twilight hours" in the morning and evening. When the long stem with 5 variably spaced marks was oriented east and west in the morning, an elevated crossbar on the east end cast a moving shadow over the marks. At noon, the device was turned in the opposite direction to measure the afternoon "hours." The merkhet, the oldest known astronomical tool, was an [image: image2.jpg]



Egyptian development of around 600 B.C. Two merkhets were used to establish a north-south line by lining them up with the Pole Star. They could then be used to mark off nighttime hours by determining when certain other stars crossed the meridian. In the quest for more year-round accuracy, sundials evolved from flat horizontal or vertical plates to forms that were more elaborate. One version was the hemispherical dial, a bowl-shaped depression cut into a block of stone, carrying a central vertical gnomon (pointer) and scribed with sets of hour lines for different seasons. The hemicycle, said to have been invented about 300 B.C., removed the useless half of the hemisphere to give an appearance of a half-bowl cut into the edge of a squared block. By 30 B.C., Vitruvius could describe 13 different sundial styles in use in Greece, Asia Minor, and Italy. 
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Water Clocks
Water clocks were among the earliest timekeepers that did not depend on the observation of celestial bodies. One of the oldest was found in the tomb of Amenhotep I, buried around 1500 B.C. Later named clepsydras ("water thief") by the Greeks, who began using them about 325 B.C., these were stone vessels with sloping sides that allowed water to drip at a nearly constant rate from a small hole near the bottom. Other clepsydras were cylindrical or bowl-shaped containers designed to slowly fill with water coming in at a constant rate. Markings on the inside surfaces measured the passage of "hours" as the water level reached them. These clocks were used to determine hours at night, but may have been used in daylight as well. Another version consisted of a metal bowl with a hole in the bottom; when placed in a container of water the bowl would fill and sink in a certain time. These were still in use in North Africa this century. 
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Water Clock 

More elaborate and impressive mechanized water clocks were developed between 100 B.C. and 500 A.D. by Greek and Roman horologists and astronomers. The added complexity was aimed at making the flow more constant by regulating the pressure, and at providing fancier displays of the passage of time. Some water clocks rang bells and gongs; others opened doors and windows to show little figures of people, or moved pointers, dials, and astrological models of the universe. 

A Greek astronomer, Andronikos, supervised the construction of the Tower of the Winds in Athens in the 1st century B.C. This octagonal structure showed scholars and marketplace shoppers both sundials and mechanical hour indicators. It featured a 24-hour mechanized clepsydra and indicators for the eight winds from which the tower got its name, and it displayed the seasons of the year and astrological dates and periods. The Romans also developed mechanized clepsydras, though their complexity accomplished little improvement over simpler methods for determining the passage of time. 

In the Far East, mechanized astronomical/astrological clock making developed from 200 to 1300 A.D. Third-century Chinese clepsydras drove various mechanisms that illustrated astronomical phenomena. One of the most elaborate clock towers was built by Su Sung and his associates in 1088 A.D. Su Sung's mechanism incorporated a water-driven escapement invented about 725 A.D. The Su Sung clock tower, over 30 feet tall, possessed a bronze power-driven armillary sphere for observations, an automatically rotating celestial globe, and five front panels with doors that permitted the viewing of changing manikins which rang bells or gongs, and held tablets indicating the hour or other special times of the day. 
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Since the rate of flow of water is very difficult to control accurately, a clock based on that flow could never achieve excellent accuracy. People were naturally led to other approaches.  
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Pendulum used to keep time
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	In Europe during most of the Middle Ages (roughly 500 to 1500 A.D.), technological advancement was at a virtual standstill. Sundial styles evolved, but didn't move far from ancient Egyptian principles.  

During these times, simple sundials placed above doorways were used to identify midday and four "tides" of the sunlit day. By the 10th Century, several types of pocket sundials were used. One English model identified tides and even compensated for seasonal changes of the sun's altitude.  

Then, in the early-to-mid-14th century, large mechanical clocks began to appear in the towers of several large Italian cities. There is no evidence or record of the working models preceding these public clocks that were weight-driven and regulated by a verge-and-foliot escapement. Verge-and-foliot mechanisms reigned for more than 300 years with variations in the shape of the foliot. All had the same basic problem: the period of oscillation of this escapement depended heavily on the amount of driving force and the amount of friction in the drive. Like water flow, the rate was difficult to regulate.  

Another advance was the invention of spring-powered clocks between 1500 and 1510 by Peter Henlein, a German locksmith from Nuremberg. Replacing the heavy drive weights permitted smaller (and portable) clocks and watches. Henlein nicknamed his clocks "Nuremberg Eggs". Although they slowed down as the mainspring unwound, they were popular among wealthy individuals due to their size and the fact that they could be put on a shelf or table instead of hanging from the wall. They were the first portable timepieces. However, they only had an hour hand, minute hands did not appear until 1670, and there was no glass protection. Glass over the face of the watch did not come about until the 17th century. Still, Henlein's advances in design were precursors to truly accurate timekeeping.  

Accurate Mechanical Clocks 

In 1656, Christian Huygens, a Dutch scientist, made the first pendulum clock, regulated by a mechanism with a "natural" period of oscillation. Although Galileo Galilei, sometimes credited with inventing the pendulum, studied its motion as early as 1582, Galileo's design for a clock was not built before his death. Huygens' pendulum clock had an error of less than 1 minute a day, the first time such accuracy had been achieved. His later refinements reduced his clock's errors to less than 10 seconds a day.  

Around 1675, Huygens developed the balance wheel and spring assembly, still found in some of today's wrist watches. This improvement allowed 17th century watches to keep time to 10 minutes a day. And in London in 1671 William Clement began building clocks with the new "anchor" or "recoil" escapement, a substantial improvement over the verge because it interferes less with the motion of the pendulum.  
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Early mechanical clock 

In 1721, George Graham improved the pendulum clock's accuracy to 1 second a day by compensating for changes in the pendulum's length due to temperature variations. John Harrison, a carpenter and self-taught clock-maker, refined Graham's temperature compensation techniques and added new methods of reducing friction. By 1761, he had built a marine chronometer with a spring and balance wheel escapement that won the British government's 1714 prize (of over $2,000,000 in today's currency) offered for a means of determining longitude to within one-half degree after a voyage to the West Indies. It kept time on board a rolling ship to about one-fifth of a second a day, nearly as well as a pendulum clock could do on land, and 10 times better than required.  

Over the next century refinements led in 1889 to Siegmund Riefler's clock with a nearly free pendulum, which attained an accuracy of a hundredth of a second a day and became the standard in many astronomical observatories. A true free-pendulum principle was introduced by R. J. Rudd about 1898, stimulating development of several free-pendulum clocks. One of the most famous, the W. H. Shortt clock, was demonstrated in 1921. The Shortt clock almost immediately replaced Riefler's clock as a supreme timekeeper in many observatories. This clock consists of two pendulums, one a slave and the other a master. The slave pendulum gives the master pendulum the gentle pushes needed to maintain its motion, and also drives the clock's hands. This allows the master pendulum to remain free from mechanical tasks that would disturb its regularity. 

Quartz Clocks 

The Shortt clock was replaced as the standard by quartz crystal clocks in the 1930s and 1940s, improving timekeeping performance far beyond that of pendulum and balance-wheel escapements.  

Quartz clock operation is based on the piezoelectric property of quartz crystals. If you apply an electric field to the crystal, it changes its shape, and if you squeeze it or bend it, it generates an electric field. When put in a suitable electronic circuit, this interaction between mechanical stress and electric field causes the crystal to vibrate and generate a constant frequency electric signal that can be used to operate an electronic clock display.  
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a quartz crystal
chemical name: SiO2, Silicon dioxide 

Quartz crystal clocks were better because they had no gears or escapements to disturb their regular frequency. Even so, they still relied on a mechanical vibration whose frequency depended critically on the crystal's size and shape. Thus, no two crystals can be precisely alike, with exactly the same frequency. Such quartz clocks continue to dominate the market in numbers because their performance is excellent and they are inexpensive when produced in mass quantities. But the timekeeping performance of quartz clocks has been substantially surpassed by atomic clocks.  

	Atomic Clocks 
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Scientists had long realized that atoms (and molecules) have resonances; each chemical element and compound absorbs and emits electromagnetic radiation at its own characteristic frequencies. These resonances are inherently stable over time and space. An atom of hydrogen or cesium here today is exactly like one a million years ago or in another galaxy. Here was a potential "pendulum" with a reproducible rate that could form the basis for more accurate clocks. 

The development of radar and extremely high frequency radio communications in the 1930s and 1940s made possible the generation of the kind of electromagnetic waves (microwaves) needed to interact with the atoms. Research aimed at developing an atomic clock focused first on microwave resonances in the ammonia molecule. In 1949, NIST built the first atomic clock, which was based on ammonia. However, its performance wasn't much better than existing standards, and attention shifted almost immediately to more-promising, atomic-beam devices based on cesium. 

	Termed NIST F-1, the new cesium atomic clock at NIST, the National Institute of Science and Technology, in Boulder, Colorado is the nation's primary frequency standard that is used to define Coordinated Universal Time (known as UTC), the official world time. Because NIST F-1 shares the distinction of being the most accurate clock in the world (with a similar device in Paris), it is making UTC more accurate than ever before. NIST F-1 recently passed the evaluation tests that demonstrated it is approximately three times more accurate than the atomic clock it replaces, NIST-7, also located at the Boulder facility. NIST-7 had been the primary atomic time standard for the United States since 1993 and was among the best time standards in the world. 
NIST F-1 is referred to as a fountain clock because it uses a fountain-like movement of atoms to obtain its improved reckoning of time. First, a gas of cesium atoms is introduced into the clock's vacuum chamber. Six infrared laser beams then are directed at right angles to each other at the center of the chamber. The lasers gently push the cesium atoms together into a ball. In the process of creating this ball, the lasers slow down the movement of the atoms and cool them to near absolute zero. 
Two vertical lasers are used to gently toss the ball upward (the "fountain" action), and then all of the lasers are turned off. This little push is just enough to loft the ball about a meter high through a microwave-filled cavity. Under the influence of gravity, the ball then falls back down through the cavity.  
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The fountain action of the cesium clock

	  

 

ce·si·um (s[image: image10]

 INCLUDEPICTURE "http://cache.dictionary.com/dictionary/graphics/AHD/prime.gif" \* MERGEFORMATINET [image: image11]z[image: image12]-[image: image13]m). n. r> Symbol Cs
A soft, silvery-white ductile metal, liquid at room temperature, the most electropositive and alkaline of the elements, used in photoelectric cells and to catalyze hydrogenation of some organic compounds. Atomic number 55; atomic weight 132.905; melting point 28.5°C; boiling point 690°C; specific gravity 1.87; valence 1.
 

 

Cesium was discovered by spectroscopy in 1860 by Robert Bunsen and Gustav Kirchhoff. 
One gram of cesium is an ample supply for a typical atomic clock to run for one year.

A gram of cesium could be found in about a cubic foot of ordinary granite. Natural cesium is pure cesium-133 (55 protons and 78 neutrons in the nucleus, 55+78=133): it is non-radioactive.
   
 

 

 



	As the atoms interact with the microwave signal—depending on the frequency of that signal—their atomic states may or may not be altered. The entire round trip for the ball of atoms takes about a second. At the finish point, another laser is directed at the cesium atoms. Only those whose atomic states are altered by the microwave cavity are induced to emit light (known as fluorescence). The photons (tiny packets of light) emitted in fluorescence are measured by a detector. 
This procedure is repeated many times while the microwave energy in the cavity is tuned to different frequencies. Eventually, a microwave frequency is achieved that alters the states of most of the cesium atoms and maximizes their fluorescence. This frequency is the natural resonance frequency for the cesium atom—the characteristic that defines the second and, in turn, makes ultra precise timekeeping possible. 
The 'Natural frequency' recognized currently as the measurement of time used by all scientists, defines the period of one second as exactly 9,192,631,770 oscillations or 9,192,631,770 cycles of the Cesium Atom's Resonant Frequency. The cesium-clock at NIST is so accurate that it will neither gain nor lose a second in 20 million years! 
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The cesium atomic clock at the NIST 
This new standard is more accurate by a wide margin than any other clock in the United States and assures the nation's industry, science and business sectors continued access to the extremely accurate timekeeping necessary for modern technology-based operations. 
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Much of modern life has come to depend on precise time. The day is long past when we could get by with a timepiece accurate to the nearest quarter hour. Transportation, communication, manufacturing, electric power and many other technologies have become dependent on super-accurate clocks. Scientific research and the demands of modern technology continue to drive our search for ever more accurate clocks. The next generation of cesium time standards is presently under development at NIST's Boulder laboratory and other laboratories around the world. 

In the 1840s, a Greenwich standard time for all of England, Scotland, and Wales was established, replacing several "local time" systems. The Royal Greenwich Observatory was the focal point for this development because it had played such a key role in marine navigation based upon accurate timekeeping. Greenwich Mean Time (GMT) subsequently evolved as the official time reference for the world and served that purpose until 1972. 

The United States established the U.S. Naval Observatory (USNO) in 1830 to cooperate with the Royal Greenwich Observatory and other world observatories in determining time based on astronomical observations. The early timekeeping of these observatories was still driven by navigation. Timekeeping had to reflect changes in the earth's rotation rate; otherwise navigators would make errors. Thus, the USNO was charged with providing time linked to "earth" time, and other services, including almanacs, necessary for sea and air navigation. 

With the advent of highly accurate atomic clocks, scientists and technologists recognized the inadequacy of timekeeping based on the motion of the earth which fluctuates in rate by a few thousandths of a second a day. The redefinition of the second in 1967 had provided an excellent reference for more accurate measurement of time intervals, but attempts to couple GMT (based on the earth's motion) and this new definition proved to be highly unsatisfactory. A compromise time scale was eventually devised, and on January 1, 1972, the new Coordinated Universal Time (UTC) became effective internationally. 

UTC runs at the rate of the atomic clocks, but when the difference between this atomic time and one based on the earth approaches one second, a one-second adjustment (a "leap second") is made in UTC. The National Institute of Standards and Technology's clock systems and other atomic clocks located in more than 25 countries now contribute data to the international UTC scale coordinated in Paris by the International Bureau of Weights and Measures (BIPM). An evolution in timekeeping responsibility from the observatories of the world to the measurement standards laboratories has naturally accompanied this change from "earth" time to "atomic" time. But there is still a needed coupling, the leap second, between the two. 
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The World's Time Zones
Time zones did not become necessary in the United States until trains made it possible to travel hundreds of miles in a day. Until the 1860s most cities relied upon their own local "sun" time, but this time changed by approximately one minute for every 12 1/2 miles traveled east or west. The problem of keeping track of over 300 local times was overcome by establishing railroad time zones. Standard time zones were first invented by Scottish-Canadian, railroad engineer, Sir Sandford Fleming in 1878, and universally accepted in 1884. However, until 1883 most railway companies relied on some 100 different, but consistent, time zones. 

That year, the United States was divided into four time zones roughly centered on the 75th, 90th, 105th, and 120th meridians. At noon, on November 18, 1883, telegraph lines transmitted GMT time to major cities where authorities adjusted their clocks to their zone's proper time. 

On November 1, 1884, the International Meridian Conference in Washington, DC, applied the same procedure to zones all around the world. The 24 standard meridians, every 15° east and west of 0° at Greenwich, England, were designated the centers of the zones. The international dateline was drawn to generally follow the 180° meridian in the Pacific Ocean. Because some countries, islands and states do not want to be divided into several zones, the zones' boundaries tend to wander considerably from straight north-south lines. 
For more information, please follow these links:
http://www.physics.nist.gov/GenInt/Time/time.html  

http://www.beaglesoft.com/maintimehistory.htm
http://inventors.about.com/library/weekly/aa071401a.htm
http://www.elytradesign.com/ari/html/cesiumatomicclock.htm
http://www-groups.dcs.st-and.ac.uk/~history/HistTopics/Time_1.html
