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Introduction

Just about everyone who has ever studied science has done an experiment. Theories
have their place, but they are like fashions in that they change with time, and are
only of relevance until such time as someone devises an experiment to test their
veracity. Then, the results of a well-designed experiment last forever; just think of
Archimedes in his bath, or Galileo on the leaning Tower of Pisa or Isaac Newton
and his prism in a darkened room containing only a shaft of sunlight.
Experimentation is the essential motor that drives the advance of science. This
dominance of the experimental result as the final arbiter in a consideration of the
possible theoretical models of behaviour is as true in particle physics as it is in
biochemistry and medicine. Indeed, those branches of science that are most relevant
to our society involve only experiments. Our health and civilization are based on the
results of experiments, and we train future scientists by getting them to undertake
established experiments, and then to design their own, novel experiments. But how
do you design an experiment, and what should your considerations be on deciding
whether an experiment has yielded the sought after, or indeed any useful result?

This might all seem self-evident; however, it is true to say that an appreciation of
the importance of the quantification of measurement is not as widespread as it
should be. Too many reports of experiments leave too much unexplained or
unappreciated, and the errors and levels of precision quoted often suggest that
they have been estimated purely as an afterthought. The truth is that there is always
an uncertainty in each and every experiment.

Imagine a set of data consisting of measurements of something plotted against
time. The data is very ‘noisy’ with a wide-scatter of points, with the line of data
points zigzagging up and down wildly, but there is perhaps a suggestion, or a hint of
a general downward trend with time. If this plot represented the number of people
out of work, you could be the Prime Minister seeking justification for your
government’s economic policies; on the other hand, if the data represented the
polarization state of the cosmic microwave background radiation, you could be a
cosmologist seeking evidence for gravitational waves, yet the problem is the same in
both instances. That is, trying to find the needle of useful data you believe to be
hidden in the haystack of obscuring, background noise.

All experiments involve trying to measure the thing of interest against a back-
ground of unwanted noise, which can have a multitude of sources. Sometimes the
amount of noise is small compared to what it is that you wish to measure, and the
desired result is clearly seen and the measurement readily made. However, perhaps
most frequently, the level of noise is greater than the signal of interest, and various
techniques must be adopted to permit the detection system to discriminate between
the signal and the noise. This is the basis of experimental design, which allows one to
determine the limiting sensitivity of the proposed experiment, and so to answer the
questions, is this apparatus worth building to do the experiment that interests me, or
is there a different design that leads to a more sensitive apparatus?
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Lord Rutherford famously said, ‘If your experiment needs statistics, you ought to
have done a better experiment.’ There is some truth in this critique of experimental
design, but an analysis using statistics of your measurements can also be considered
as a useful post-mortem examination; the statistical analysis may reveal why the
experiment did not work. Often in science, the important thing is not so much the
measurement of new facts and figures, or the design of a new experiment, but to
discover new ways of thinking about those facts and measurements.

In this volume, we will examine an unexpected by-product of the metric survey of
the 1790s. Much is made today, by detractors of the Metric System, of Pierre
Méchain’s ‘error’. This was his response to discovering that his measurements were
not as precise as those made by his surveying colleague. Poor Méchain was accused
of fudging or manipulating his data (an unpardonable sin as far as scientists were,
and are concerned) so as to make it appear that his results were more precise than
they actually were. The actual reason for this variation in precision is the subject of
this book, and we will see how a detailed analysis of the origins of experimental
uncertainly led to the development of the science of statistics, and to the modern
method of data analysis. It is not my intention to present a detailed description of the
statistical and probabilistic methods used by present day scientists to analyze their
measured data, as there are many standard texts and the Internet contains many of
these texts as freely accessible pdf files. What I do wish to present in these pages is
how we think about experiments, and the difference between a quantitative and a
qualitative approach to looking at measurements.
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Chapter 1

The tyranny of numbers

1.1 Why we measure things
Science may be defined in many ways, with as many definitions as there are
interested or dis-interested social groups. But those of us with experience of having
trained and worked as scientists think of science as the quantitative study of the
complex, coupled relationships that may, or may not exist between observed events.
Anything that can be measured, anything that can be weighed, anything that can be
numbered, anything that can be expressed mathematically—the readings on dials,
the ‘clicks’ and signals coming from a counter or detector can all be considered as
part of the enterprise of science. And you can be sure that if you do not measure
something, then it will not be included in any scientific analysis, and will likely
be lost or forgotten. Today, our scientific knowledge allows us to rationalize the
phenomena we see around us, and to make predictions about phenomena as yet
unobserved. What was once considered to be magical, is today considered to be
rational. Indeed, one could say that magic exists only until it is rationalized by
science, when it becomes a banal fact. This is the power of reproducible science; it
allows you to be confident about your conclusions.

Conversely, there is no room in the scientific world-view for the inexact, the un-
contingent, the immeasurable, the imponderable or the undefined. A process that
can be repeated time after time, a system that can be reproduced and analyzed, these
are the concepts that go to make up science, and not the individual, the unique, the
elusive thing or phenomenon that can never occur a second time. Yet even as some
measurements are so complex, or expensive that they cannot be repeated endlessly
we must still have confidence in these rare events. Hence our confidence must also
rest upon the theory behind the measurement, and on the methodology and practice
of the experiment.

But one should also take care not to go to the other extreme and say that if we can
measure something, then it must be important; that its significance or utility comes
solely from the fact that it is susceptible to measurement. Whether you are part of a
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huge team of research physicists observing the Higgs Boson at the Large Hadron
Collider at CERN, a technician in a hospital scanning for tumours in thousands of
mammographs, or an investor staring at a graph on a computer screen trying to
decide whether you should sell your shares today or hang on for another day or so,
hoping to make more money, you are all making measurements or observations and
are taking decisions, often extremely important decisions, on the basis of those
measurements. Each measurement is important to some individual, and the reasons
for this personal interest are many and varied.

Measurements are made everywhere, for all of us. This is perhaps best seen in
manufacturing and commerce, but the intricate and invisible networks of services,
suppliers and communications upon which our society is dependent also rely on
metrology for their efficient and reliable operation. International time coordination;
for example, involves the most precise of all routine measurements (we can define the
second to better than one part in 1015), permitting synchronization of computer
networks for: communications, banking, satellite navigation systems that allow
accurate location via the Global Positioning System, and among many applications
enable aircraft to land in poor visibility and the motorist to find his way home (so
precision in time measurement and in the measurement of distance are paramount to
our contemporary society). Likewise, our health depends upon accurate diagnosis
and the ability to deliver effective treatment based on the precise measurement of
quantities of drugs, of ionizing radiation, or of viral nucleic acid in our blood; and
the subsequent detailed measurements of the effect of these drugs and radiation on
the infectious agents and rogue cell in our bodies.

Many physical and chemical measurements affect the quality of the world in
which we live. Incorrect and/or imprecise measurements with regard to the changing
environment, or of the levels of pollutants entering the biosphere can lead to the
wrong decisions being taken, or to no decision at all being taken by politicians and
industrialists, which can have serious consequences, costing a great deal of money
and even lives. It is important therefore to have reliable and accurate measurements.
It is estimated that in Europe today about six percent of our total gross national
products are spent on measurements of one kind or another. Metrology has become,
whether we realize it or not, an essential part of our lives. Everything from coffee to
concrete, and from recreational drugs to prescribed drugs is bought according to
weight, and flows of water, electricity, heat and natural gas are metered. Bathroom
scales measure our weight and affect our humour and mood, and police speed traps
can affect our finances. The pilot observes his altitude, course and fuel consumption;
the authorities monitor the bacterial content of our food and water, and the surgeon
primes his laser to cut into our bodies to the nearest fraction of a millimetre. Indeed,
it is probably not too much of an exaggeration to say that today it would be difficult
to think of anything without referring in some way to weights and measures.

Our world is measured and calibrated, and we are subject to the tyranny and
authority of these numbers. This is the way things are, and our education system
should train us for living in this quantitative world. To function in society, you need
to possess an idea or a sense of how to estimate distance, time, mass and value. If this
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is not the case, then you will become a victim of; for example, those politicians who
are prepared to manipulate statistics to further their own ends at election times.

1.2 A little history
The origin of the system of weights and measures most widely used today can be
traced to two events; the creation and implementation of the decimal Metric System
in France during the years immediately following the French Revolution, and the
development of mass production using interchangeable parts in the industrial
revolution. These two events were not, however, directly linked. The Metric
System was not created in order to facilitate the mass production of engineered
products, and the early development of mass production did not rely upon the new
metric or decimal units of measurement. Indeed, the first nations to exploit industrial
mass production were the UK and the USA, who used inches and pounds as units in
their industries. The Metric System arose from an attempt to unify and bring order
to the confusion generated by the multitude of units then in use in France for trade
and commerce, and to embrace the grand philosophical concept of constructing a set
of units that were in some way derived from nature, and unrelated to material
objects or artefacts. The development of mass production, on the other hand, was
related to the need to produce as many mechanical devices, or guns, or as much
screw-thread as possible in the shortest time.

The Metric System came from the bloodiest period of the French Revolution.
Civil war was raging in France while the savants were putting the finishing touches
to the new Metric System, which became mandatory throughout France in April
1795. Unfortunately for the savants who created the Metric System, their splendid
philosophical idea was not readily accepted by the ordinary people of France. And
it was not until 1840 that the Metric System was finally adopted by France as the
sole legal system of measurement. By that time, however, manufacturing industries
in the UK and in the USA had already become completely locked into the familiar
national standards of the inch and the pound. However, with time the Metric
System has become the world’s system of weight and measures. The origins of this
modern language of science have been presented elsewhere (Williams J H 2014
Defining and Measuring Nature: The make of all things (San Rafael, CA:
Morgan & Claypool)). Here we will use the origin of the Metric System as the
starting point to investigate how scientists quantify measurements; that is, how do
we determine what is or is not worth measuring, and how well or how badly has
something been measured?

1.3 Surveying
In the 17th Century, savants in England and then in France had shown how a new
system of weights and measures could be based on a single universal measurement; a
measurement of length. This universal length measurement could be defined in terms
of the dimensions of the Earth, rather than the length of a monarch’s arm or foot,
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and could then be used to define the other quantities needed by technology; that is,
mass, as derived from the weight of a defined volume of pure water.

At the time of the French Revolution, a science commission was set up by the
French Académie des sciences to determine the practicalities of creating such a new
universal system of weights and measures, and this commission recommended a
measurement of the new standard of length, the metre, based on a detailed survey
along the meridian extending from Dunkirk to Barcelona, which had already been
surveyed and measured by the Abbé Nicolas-Louis de Lacaille and César-Francois
Cassini in 1739. The commission calculated that if they could measure a significant
piece of the meridian, the rest could be estimated. Both ends of the line to be
surveyed needed to be at sea level, and as near to the middle of the Pole-to-Equator
Quadrant as possible to minimize errors. The meridian chosen is about a tenth of the
distance (about one thousand kilometres) from the Pole to the Equator and it runs
through Dunkirk, Paris and Barcelona, so most of the distance to be surveyed lay
conveniently inside France.

The Académie des sciences may have decided that the metre would be exactly a
ten millionth of the distance between the North Pole and the Equator, but their
choice also defined this distance as being precisely 10 000 000 metres. Unfortunately,
an error was made in the commission’s initial estimation, because the wrong value
was used in correcting for our planet’s oblateness. We now know that this Quadrant
of the Earth is 10 000 957 metres. One should never forget, that these savants were
not only setting out to create what they saw as a philosophically coherent system of
units based on the dimensions of the Earth, but they were also imposing models and
views about the character of the Earth. In 1791, a handful of mathematicians,
guided by the writings of Sir Isaac Newton, imposed a definite shape and size to our
planet; the Earth shrank and became precisely known.

In the afternoon of 19 June 1791, Jean-Dominique de Cassini (head of the Royal
Observatory) had secured an audience with King Louis XVI for some of the
members of the metric commission of the Académie des sciences. At six in the
evening, Cassini, Adrien-Marie Legendre, Pierre François-André Méchain and
Jean-Charles de Borda (the inventor of the repeating circle which was hoped would
increase the level of precision possible in surveying and thus allow the determination
of the metre) presented themselves at the Palace du Tuileries. A small group of
eminent astronomers and mathematicians had come to convince the now constitu-
tional King Louis XVI that the metre was something worth achieving.

History has not been kind to Louis XVI. He has a reputation for having been
naïve and something of a simpleton, but he had hidden talents. The king was a
skilled instrument (watch) maker and something of a cartographer. The king also
took a close interest in the cost and necessity of the proposed survey. Turning to the
head of the Royal Observatory he asked, ‘How’s that, Monsieur Cassini? Will you
again measure the meridian your father and grandfather measured before you? Do
you think you can do better than they?’ Monsieur Cassini (the third generation of
a dynasty of directors of the Royal Observatory) was not unused to conversing
with the monarch. ‘Sire, I would not flatter myself to think that I could surpass them
had I not a distinct advantage. My father and grandfather’s instruments could
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but measure to within fifteen seconds (of a minute of a degree); the instrument
of Monsieur Borda here can measure to within one second;’ see figure 1.1.
(The details of these conversations were published in the comptes rendue of the
Académie des sciences.)

King Louis XVI gave his formal approval for the new survey of the Dunkirk−
Barcelona meridian. Then in the early hours of the next day, the king and his family
attempted to escape from France (the ‘Flight to Varennes’), but they were arrested,
returned to Paris and then imprisoned. What must the king have been thinking when

Figure 1.1. A Borda repeating circle; the world’s first high-precision measuring device (Exhibit in the
Mathematisch-Physikalischer Salon (Zwinger), Dresden, Germany; the image is in the public domain). The
first repeating circle was built by Étienne Lenoir in Paris c. 1790; the design was subsequently perfected by
Jean-Charles de Borda. Details of the finesse of this instrument may be seen on the Borda circle at the Royal
Maritime Museum, Greenwich, at http://collections.rmg.co.uk/collections/objects/42288.html
A surveyor using this instrument would be interested in determining the angle between a cardinal direction and
an object: a hill, a church tower, etc. The telescope is trained and centred on the object of interest and the angle
between the long axes of the telescope gives the angle that defines the location of the object.
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he was contemplating his escape and the suppression of the revolution, while trying
to comprehend the mathematics on which he was being lectured by his visitors?
However, under arrest or not, Louis XVI was still the king, and from his prison cell
he issued the proclamation that directed the two eminent astronomers Jean-Baptiste
Delambre (1749−1822) and Pierre Francois André Méchain (1744−1804), to
undertake the surveying necessary to determine the length of the metre by precisely
measuring the distance from Dunkirk to Barcelona. The king also issued orders to
Baron Gaspard Clair François Marie-Riche de Prony to produce new trigonometry
tables, with a greater degree of precision, which would be needed to calculate the
new universal measure from the surveying work of Delambre and Méchain.

The survey from Dunkirk to Barcelona was a major undertaking. Antoine
Lavoisier called it ‘the most important mission that any man has ever been charged
with’; the measurements were designed to have been completed within a few months,
yet it took the two surveyors from May 1792 to September 1798 to complete the
work. The technical difficulties were compounded by more practical problems, such
as civil and international wars. France was in uproar with some cities restoring
governments favourable to the monarchy.

The surveying method used by Delambre and Méchain was triangulation, see
figure 1.2, where they had to accurately measure the angles in each of the many
hundreds of triangles into which they had subdivided the territory to be surveyed.
The surveyors emphasized the decimal aspect of the new Metric System by
discarding the traditional (Babylonian system where angles are sub-divided into
sixtieth parts) degrees and minutes of angular measurement, and instead divided the

Figure 1.2. Triangulation: the known positions of two points, A and B, can be used to determine the relative
position of a nearby point, C. The calculation involves the distance between the two known points, and the
angles between the known points and the un-known point (as measured by the Borda circle). First, angle c is
determined (we know angles a and b in triangle ABC), then AC and BC may be calculated by the Law of Sines.
The altitude of the triangle or the offset of C from the horizontal line AB is found from AC.sin(a) or BC.sin(b);
the offset in the opposite direction could be determined by using the cosines of a and b.
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quadrant into one hundred grads that were then sub-divided into one thousand
arc-minutes, that were in turn sub-subdivided decimally into arc-seconds.

At the completion of the measurements of each of the angles, in each of the
triangles that made up the distance between Dunkirk and Barcelona, the surveyors
had to measure as precisely as possible the length of one of the sides of one of these
triangles. Then using trigonometry, they could calculate all of the distances, in all of
the triangles. Consequently, two of the most important measurements were made by
repeatedly laying a set of two-toise (a toise was a distance of about two yards—a
fathom in English) platinum rulers mounted end to end on large wooden stabilizing
blocks along two straight, flat roads.

In preparation for this final calculation of the metre, in September 1795 Méchain
found a suitably flat stretch of road near Perpignan, the length of which he measured
precisely with his platinum toise measuring sticks. This flat stretch of road was found
from measurements made over several weeks by precisely placing the measuring
sticks one in front of the other, to be a little over 6000 toise. This distance was one of
the sides of one of the triangles being surveyed, and it would serve as a test for the
quality of the angle measurements.

This final test of the quality of the surveying, and hence of the precision with
which the metre had been determined, came in 1798 when Delambre took almost
two months to measure the length of one of the sides of one of the surveyed triangles
in the countryside near Paris. Again, the precise measurement of length was made
with a pair of two-toise platinum measuring sticks. After this measurement of
distance was completed in September 1798, the two surveyors met to compare their
two length measurements. From the measured distance in the countryside near
Paris, 6075.90 toise, they calculated a theoretical value for the length of the side of
the triangle near Perpignan, which they calculated to be 6006.198 toise. Méchain
then revealed that he had actually measured this distance to be 6006.27 toise. As the
surveyors commented, ‘the difference is negligible.’

But even after almost seven years of field measurements made under the most
arduous of conditions, the astronomers’ carefully calculated metre turned out to be
no more precise than the preliminary estimate of the Académie des sciences, which
the French authorities, to the annoyance of many savants (including the two
surveyors), had promoted in the interim as a provisional unit. Sadly, because of
the political situation in France and the physical and financial hardship of the
surveying process, the two surveyors and their teams took a lot longer to complete
their task than had originally been expected. As time went on, the politicians in Paris
realized that to satisfy the demands of the people for a new system of weights
and measures they could not wait for the precise measurements of Delambre and
Méchain, so they adopted a provisional metre based upon the survey of the same
meridian carried out by César-Francois Cassini, and made and distributed wooden
and steel ‘provisional metre-sticks’.

Today, we think nothing of making measurements of distance over extended
sections of the globe. We have a network of satellites in orbit around the Earth, and
this investment has made global positioning something that you have in your car
when you are going out for dinner. But what of the measurements of those two
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late-18th Century surveyors, Delambre and Méchain, who set out into a war zone
with the very latest of surveying equipment and measured the distance from Dunkirk
to Barcelona with the greatest of precision? The angle measuring repeating circles,
which had been designed by Jean-Charles de Borda and used by the two surveyors to
measure the meridian (see figure 1.1) were an enormous improvement over previous
surveying instruments. In themselves, the circles were very stable by virtue of being
massive and large (made of dense metals); however, the problem was that they had
usually to be mounted well above ground level to make a measurement. And
consequently, the instability of the wooden platforms that the precision repeating
circles were mounted upon were the main source of the error in the measurement;
particularly, when the weather was stormy and windy.

To gain an idea of the precision of the metric survey, consider some data
measured by Delambre near Dunkirk. Here, he needed to establish the latitude of his
observations, and to do this he made detailed measurements of the transits of
various well-known stars. Delambre made dozens of observations, which gave him a
latitude of 51° 2′16.66″; a value which changed by a fraction of an arc-second when
he removed what he perceived to be the least-reliable measurement. Let us therefore
assume a precision of 0.1 arc-second; to relate this estimate of measurement
uncertainty to a distance, consider the circumference of the perfectly spherical
Earth as being 40 000 kilometres. By dividing this circumference by 360, we
determine the distance equivalent to measurement of a single degree, then by
dividing by sixty and then again by sixty we determine the distance equivalent to a
single arc-second; which gives an uncertainty in their measurements of about 3 m in
the measurement of distance.

That is, these late-18th Century surveyors were capable of determining the
location of an object on the surface of the Earth to a precision of about fourteen
feet; provided they had sufficient time. But this remains an amazing feat when one
considers that a commercial GPS system is only accurate to about three-times this
level of precision; and the GPS represents an enormous investment, in terms of
money and time in space-age technology.

The final results of the survey not only confirmed the value of the provisional
metre established in 1793, but also produced something that was not anticipated;
genuine new science, which we will explore in the coming chapters. Delambre and
Méchain had not set out to do basic research, but merely to improve the precision of
something that had previously been measured. But what they discovered was that
the Earth was even less spherical than Sir Isaac Newton had calculated. According
to surveying data determined by French savants in the mid-18th Century in Peru and
France, the eccentricity of the Earth was roughly 1/300; that is, the Earth’s radius to
the Poles was 1/300 or 0.3% shorter than a radius to the Equator. Delambre and
Méchain had found that this eccentricity (from Dunkirk to Barcelona) was about
1/150, or twice as great as had previously been thought.

The difference between the theory of Newton and the measurements of the
surveyors had revealed that the Earth’s surface was a patchwork of coupled
segments—it was not uniform. As Méchain commented to a colleague, ‘Our
observations show that the Earth’s curve is nearly circular from Dunkirk to Paris,
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more elliptical from Paris to Evaux, even more elliptical from Evaux to
Carcassonne, then returns to the prior ellipticity from Carcassonne to Barcelona,
So why did He who moulded our globe with his hands not take more care … ?’; a
splendid question, which modern geology can now answer.

As in the scientific advances of the late-19th Century, when scientists attempted to
measure something familiar merely with greater precision, they invariably discov-
ered new science; so with the metric survey. In the late-19th Century, increased
precision in measurement led to the creation of quantum mechanics and relativity, in
the late-18th Century, increased precision of measurement allowed the creation of
19th Century science.

1.4 Other surveys
The European Enlightenment had come up with the idea of constructing a new
decimal metrology based on a single measurement of length. Such ideas, however,
have a long history, and it is to Ancient China that we must turn for the first
consistent use of decimal weights and measures; particularly, in the decrees of the
first emperor, Chin Shih Huang Ti in 221 BCE.

Given the size of China, it is perhaps not surprising that an early effort was also
made in fixing terrestrial length measurements in terms of astronomical measure-
ments or observations. It was an early idea of Chinese savants, going back before the
time of Confucius (551−479 BCE), that the shadow-length of a standard height (an
8 foot gnomon), at the summer solstice increased by 1 inch for every thousand li
(a length measurement equivalent to 1500 chi or Chinese feet) north of the Earth’s
‘centre’, and decreased by the same proportion as one went south. This rule of
thumb remained current until the Han Dynasty (205 BCE−220), when detailed
surveying of the expanding Chinese Empire showed it to be incorrect. But it was not
until the Tang Dynasty (618−907) that a systematic effort was made to determine a
range of latitudes. This extensive Tang survey had the objective of correlating the
lengths of terrestrial and celestial measures by finding the number of li that
corresponded to 1° of polar altitude; that is, terrestrial latitude; thereby fixing the
length of the li in terms of the Earth’s circumference. This Chinese meridian survey
takes its place in history between the lines of Eratosthenes (c 200 BCE), and those of
the astronomers of the Caliph, al-Ma’mūm (c 827), but more than a thousand years
before the metric survey.

The majority of these Chinese surveying measurements were undertaken between
723 and 726 by the Astronomer-Royal, Nankung Yüeh, and his assistant, I-Hsing, a
Buddhist monk. The survey was carried out at eleven sites along a meridian running
from the Great Wall in the north to Indo-China in the south; a distance of 7973 li or
about 2500 km. The main result of this field work was that the difference in shadow-
length was found to be close to 4 in for each 1000 li north and south, and that the
terrestrial distance corresponding to 1° of polar altitudewas calculated to be 351 li and
80 bu (the buwas ameasure of between 5−6 chi). The imperial surveyors had achieved
their goal of defining a terrestrial unit of length, intended for use throughout the
empire, in terms of the dimensions of ‘Heaven and Earth’; that is, 1/351 of a degree.
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This survey is today practically unknown, yet it represents an outstanding
achievement given the spaciousness and amplitude of its plan and organization,
and one of the earliest uses of advanced mathematics which was needed to compute
the final result. These results were known in 18th Century Europe, as they were
commented upon by Leonard Euler and later by Pierre Simon de Laplace. While
the metric survey obtained a routine precision of about 1 part in 106 in distance, the
much earlier Chinese survey could boast only of a precision of 1 part in 103. The
Tang value of the li gives a modern equivalence of 323 m, but the earlier standard
Han li is very different at 416 m.

Further reading
For further information about all aspects of the history of the Metric System
mentioned in this chapter, please see Williams J H 2014 Defining and Measuring
Nature: The make of all things (San Rafael, CA: Morgan & Claypool).

In addition, there are many useful entries in the online encyclopaedia, Wikipedia,
about the topics touched upon in this chapter. And the best place to find further
details about science in historical China is Needham J 1962 Science and Civilization
in China (Cambridge: Cambridge University Press); the survey mentioned in this
chapter is taken from volume 4 (part 1), pages 42−55

Quantifying Measurement

1-10



IOP Concise Physics

Quantifying Measurement

Jeffrey H Williams

Chapter 2

The error in all things

2.1 Introduction
In 1792, two internationally renowned French mathematicians and astronomers set
out from Paris; one headed north, the other south to measure the distance between
Dunkirk and Barcelona with as much precision as was afforded by their technology.
These two géomètres were seeking to lay the groundwork for a new universal system
of measurement, by creating a new standard unit of length to be derived from nature
herself. Forget the distance from the tip of the king’s nose to the tip of his thumb, the
aune and the ell, the confusing patchwork of local measures in ancien régime France,
which only served to institutionalize fraud. The new standard of measurement, as
befitted the spirit of the age of universal rights and ideals, would be based on
something universal: the size of the Earth. The result of these endeavours would be a
system of weights and measures appropriate for all people; irrespective of where they
lived, or under what type of government.

Making long-distance measurements of great precision and accuracy is never
easy. Engineers and geodesists today would use the Global Positioning System or
laser range-finding theodolites to do this sort of work. Best practice in the late-18th
Century involved fitting together a number of different kinds of observations, each
demanding work in the field, or on top of a mountain with large, heavy instruments
of brass and glass (see figure 1.1). Astronomical observations fixed the terrestrial
coordinates of the endpoints of the line to be measured, but these points then had to
be squared with a set of observations made along the line itself: first, the angles of
triangles sighted from hilltop to hilltop along the entire distance of interest; second,
the actual paced-off length of one side of one of those triangles, a length which could
then be projected through the whole chain of triangles using trigonometry. It was an
immensely complex business, demanding patience, fortitude, good physical health,
fine eye-sight and a ready hand for kilometres of long arithmetic calculations.

Sadly, the French Revolution and the wars triggered by that event did not
facilitate such an enterprise. As Méchain and Delambre set about their task, the
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countries around France declared war on France, which was a particular problem
for Méchain’s surveying team working in Spain. Indeed, the saga of the surveying
process is one of the great epics of science. The surveying team would arrive in a
small town and present their ormolu commission papers to surly peasant mobs led
by sly ambitious local politicians, only to discover that the government who had
issued these papers has since dissolved, and the politicians who had signed the papers
with a great flourish had already been executed as counter-revolutionaries.

Not only did the surveyors have to deal with local peasants who had not the
slightest interest in what they were doing or who were of the opinion that these
educated gentlemen from Paris were themselves counter-revolutionary agents, but
the measurements were not easy to make. Often it was necessary to construct a
platform around the spire of a local church or on top of a hill so as to be able to see
the next hill, or castle, or mountain in the chain of surveying points. Then, making
the line of sight measurements of the angles between one point and another point
became difficult because of the weather; storms, snow, mist and rain all contributed
to the difficulty of the enterprise. In addition, the French currency became worthless
through hyper-inflation and so the surveyors had to beg and steal food, they fell ill
and Méchain almost died in a fall from an observation platform. All of these
hardships contributed to the quality of the measurements they were making.

I am sure that any of my readers who have spent a longish period of time trying to
make a measurement of something that is not easy to measure, will agree with me
that there were good days in the laboratory, and then there were bad days in the
laboratory. That is, on some days of measurements, you knew everything was
working well, and that you were gathering ‘good’ data, but on another day
something will not have been working so well and the data will not have seemed
so consistent, and you will know that these newer data are less reliable. But how (and
why) do you distinguish between the, perhaps, subjective good data and the less-
good data? How do you sort and characterize your data? And if you have been
making measurements over seven years, you will have a lot of data to sort. This was
the other great problem for the surveyors; how to qualify and then quantify their
measurements? No experimenters had previously gathered such a quantity of
internationally important data, and European and American savants were waiting
for these results. Delambre and Méchain were the first to undertake such an
extended exercise; these two astronomer mathematicians were the first true scientists,
the first to make high-precision measurements of anything.

Both surveyors survived the seven-years of field work, dodging war zones and the
guillotine. They brought back data that enabled an international committee of
mathematicians and geographers (assembled from those countries with which
Frances was not at war—there were not many) to arrive at a value for the quarter
meridian, and from it to derive the length of what would be called the mètre. A
length that was for almost two centuries defined by a flat bar of platinum-iridium
alloy, and was the basis of the metric system of weights and measures. Today,
however, this length is defined by the speed of light (299 792 458 metres per second)
and the definition of the second. Yet when the data brought back to Paris by the two
surveyors was analyzed, the shape of the Earth was discovered to be a lot less regular
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than had been imagined. No elegant geometrical curve could accommodate the
survey’s data. Several centuries of scientific debate and theorizing about the form of
the globe (was it a sphere, an oblate ellipsoid or something egg-shaped … and if so,
why?) was ending in a tautology: the shape of the Earth was the shape of the Earth.
A unique, irregular, lop-sided thing. The seven-years of field work transformed the
world by giving to science a new morphology for the globe; that irregular spheroid
today called the geoid.

2.2 Méchain’s ‘error’ in greater detail and least-squares
Every so often, much is made of a supposed error in the data measured by Méchain;
an error that was, supposedly, kept a secret. However, the truth is that this secret is
what the French call le secret de polichinelle; that is, not a secret at all, but something
everyone knows. No one was seeking to hide anything.

Was there a hidden error that corrupted the pure, philosophical metre? Is
that metre-stick wrong because of some French double-dealing? Of course, not.
Admittedly, your metre is wrong, in that the distance from the North Pole to the
Equator via Paris and Barcelona is more than 10 000 000 metres. And yes, there was
somedouble-dealing in the observations used to calculate themetre’s length;Méchain,
seeking to fix the southern endpoint of his line, ran into some discrepancies in the
results he calculated from his observations, and rather than report them directly, he
fussed and fudged for years while trying to clean up the data. Anxiety over the whole
affair, pushedMéchain to the edge ofmadness, and hounded him to his death in 1804.

But Méchain’s fussing and fudging had only a minuscule effect on the length of
the metre itself, a distortion completely lost in the mathematics that were required
once it became clear that the Earth has an irregular form. So, what then is one ten-
millionth of a quarter meridian? This, of course, depends on where you are and on
what you want to measure.

How then, could Méchain’s ‘error’, which came to light after his death, possibly
have any influence or be of any importance? In The Measure of All Things, Ken
Alder comments that the world was changed by the ‘error itself’. As an experienced
astronomer who is credited with the discovery of many stars and comets, Méchain
could not bring himself to accept that he had made an error, but in fact,
unbeknownst to him, in the complex set of interconnected measurements he had
accumulated over seven years, among the many thousands of individual observa-
tions, which constituted his data he had caught a first glimpse of the phenomenon of
error and of uncertainty. There was no mistake that he could find and simply
correct. As he spent years fretting over his data, and losing his physical and mental
health in the process, he was merely chasing a spectre. And the ghost he kept almost
seeing as he stared at the columns of numbers was nothing less than the limits of his
ability, or the ability of any measurement scientist to get the ‘right answer’ to the
problem they are investigating.

After Méchain’s death, when his colleagues re-worked his thousands of calcu-
lations and observations, they did not find an error but the concept of measurement
uncertainty, and, in the early years of the 19th Century, they created a theory to deal
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