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Measuring Space in Time

LATITUDE, LONGITUDE, AND THE SHAPE OF THE EARTH:

Determining latitude is a simple matter (latitude schematic)

the Equator is a natural and logical base for reference – it bisects the earth uniquely


so easy to determine arc distance in several ways, the most direct probably celestial
      (e.g., measuring height of sun with cross staff)


and because the length of a degree of latitude essentially constant, distance is easily 


calculated in miles, kilometers or any other metric

in fact, degree of latitude not quite constant – because earth not quite spherical



first suggested on theoretical grounds by Sir Francis Bacon



then observed in French triangulation survey in late 17th and early 18th centuries



with authorization of King Louis XV, 2 teams sent to measure degree of latitude,



one to Lapland and one to Peru




team returned from Lapland in short order




Peru team returned in 1744, nearly 10 years later, after numerous difficulties





including gravitational (or Bouguer) anomalies




the results:  one degree of latitude is 68.71 miles (110.567 km) at equator





and 69.53 miles (111.900 km) at the pole





and not only oblate but dimpled with gravity anomalies like a golf ball

Longitude, however, is more difficult (longitude schematic)

only one equator, but an infinite number of meridians that bisect sphere


so no natural frame of reference (Greenwich, a standard only by agreement)


and length of a degree of longitude constantly changing because meridians converge



(length of degree of longitude = cos (latitude) x length of degree of latitude)

DEAD RECKONING:

Without means to measure longitude, no way to determine exact location of ships at sea


and since mapping of coastlines based on ship’s position, no way to make accurate 


maps

The longitude problem was recognized by the earliest explorers


Columbus noted variation is magnetic declination . . . 



and speculated that declination may be the key to longitude



but, as Halley’s map would show 2 centuries later, no useful relationship


sometime later, Giovanni Domenico Cassini devised a method based Jupiter’s moons



but accurate measurement all but impossible on a pitching rolling ship


at the time Magellan killed in the Philippines, his crew’s determination of longitude was 


53 degrees in error

So Columbus, like other Renaissance explorers, was forced to rely on dead reckoning


direction based on compass bearing


distance based on velocity determination, counting knots in logline


and recording measurements in the ship’s log

Not surprisingly, dead reckoning was highly inaccurate


by the opening of the 18th century, the problem had become crippling


so in 1714, the British government offered a prize of 20,000 pounds for determination 


of longitude within 30 minutes of longitude

HARRISON’S CLOCK:

The idea of measuring distance in time first articulated in 1530 . . .

but neither pendulum nor spring clocks did not work on ships

The man who was to build a clock that would work on ships was born in 1693


John Harrison learned carpentry from his father and taught himself basic surveying


but had a childhood fascination with clocks and by 1714, he had learned how to repair 


clocks as a sideline


21 years old when the prize was announced in 1714, Harrison went to work on the 


problem


with two mechanical refinements, Harrison sought and found financial support from 


London’s leading clock maker

Harrison spent 7 years building is first clock

at nearly one meter tall, it was not elegant


but the Board of Longitude decided that it warranted a sea trial


clock performed superlatively on round trip to Lisbon


rather due to the Board’s reluctance to award the prize based on such a familiar and 


routine journey



or Harrison’s own modesty and drive for perfection (or some combination of both), 



Harrison as given only encouragement and a small subsidy for another clock

When Harrison’s second clock was completed, war between Spain and England 

obviated a sea trial


so Harrison retired to work on a third clock, which took 17 years to complete


then he did not even offer Number 3 for a sea trial but went to work on his 4th clock

The fourth clock was elegant at only 12 cm in diameter with a jeweled movement


sea trial in 1761


at 68 and after 50 years working on his clocks, Harrison was not fit for the journey, so 


he sent his son William, who had helped work on the clock


after a 5 month round-trip to Jamaica, across a stormy Atlantic, the clock was off by 


only 28.5 minutes – less than the 30 minute error stipulated for the prize


but Harrison was given only 2,500 pounds and asked to submit the clock for detailed 


inspection


3 years later, after a second and even more impressive trial at sea, Harrison was given 


7,500 pounds – still 10,000 short of the prize

Harrison was undermined by Nevil Maskelyne, who would become the Royal 

Astronomer at Greenwich


like many other scientists of the day, Maskelyne not only viewed an astronomical 


solution – based on the moon – to be more natural and satisfying but was wholly 


opposed to solving the problem with a clock


Maskelyne tested Harrison’s fourth clock and after egregious abuse, concluded that it 


did not work satisfactorily

In the final analysis, King George III intervened on Harrison’s behalf conducting his own 

test, and then awarding Harrison the remainder of the prize

Three years later, at the age of 83, John Harrison died

MEASURING SPACE AT THE SPEED OF LIGHT — GPS:

Designed and implemented by the Department of Defense

GPS uses constellation of 24 satellites in high altitude orbit – 11,000 miles


cost estimated at 10 billion taxpayer dollars

Technology behind weapons debuted in the Gulf War

Tomahawk Cruise missile guidance based on GPS and DEM


won't work on featureless terrain, so flown over Iran in the war

Because of defense function, GPS system designed to be very robust

typical measurement error, width of city street but can be < 1cm

but Department of Defense also tweaked signal — selective availability (SA)

Principles of operation:

triangulation (diagram)

technically need 4 satellites


3 will give 2 positions, one of which is not viable



(not near earth surface, or velocity not tractable)

time of transmitted signal used to measure distance


distance is simply transmission time multiplied by speed of light


transmission times obviously very short (.06 seconds plus)

accuracy of coordinates depends on receiver architecture

Differential correction (diagram)

selective availability gives errors in excess of 100 meters depending on the receiver


but for a known position, error can be calculated exactly


this error then can be used to correct readings from unknown locations in proximity

