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1.  Introduction. Outline of the Copernican revolution 
 

Before the main question of this paper can be tackled, it is necessary to give a 
brief description and analysis of the Copernican revolution.  In 1957, Kuhn published 
a book entitled: ‘The Copernican Revolution’.  Kuhn then went on to publish in 1962 
The Structure of Scientific Revolutions, in which he presented a general account of 
scientific revolutions.  It is reasonable to suppose that this account is a generalisation 
of what Kuhn had discovered from his study of the Copernican revolution, though 
obviously in the 1962 book Kuhn considers several more cases of scientific 
revolutions.  The short account of the Copernican revolution, which now follows, uses 
Kuhn’s general framework, which I will now explain. 
 According to Kuhn, scientists usually carry out their research within a 
generally agreed framework of theories and practical procedures which Kuhn calls a 
‘paradigm’.  Scientific research, carried out within a generally agreed paradigm, is 
called by Kuhn: ‘normal science’.  Normal science, as the name suggests, is 
considered by Kuhn to be the normal state of scientific activity.  Occasionally, 
however, a few scientists may decide to reject some of the generally accepted 
assumptions of the dominant paradigm, and to try to develop their branch of science 
using different assumptions.  If such a movement gains momentum in the scientific 
community, there opens a period of non-normal revolutionary science, which is 
characterised by conflicts between those who continue to accept the old paradigm (the 
conservatives), and those who reject parts of the old paradigm (the revolutionaries).  
If the revolutionaries are successful, there emerges a new paradigm, which comes to 
be accepted as being superior to the old paradigm by nearly all members of the 
relevant scientific community.  Once the new paradigm is accepted, a new period of 
normal science begins, but this is now based on the new paradigm rather than the old 
one.  Let us now see how this general scheme is applied in the case of the Copernican 
revolution.  

The old paradigm in this case could be described as the Aristotelian-Ptolemaic 
paradigm.  This formed the basis for ‘normal science’ in astronomy and mechanics 
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from late antiquity until the beginning of the Copernican revolution.  According to 
this paradigm, the Earth was stationary at the centre of the universe, and round it 
moved, at increasing distances from the Earth, the Moon, Mercury, Venus, the Sun, 
Mars, Jupiter and Saturn. At the boundary of the universe was the sphere of the fixed 
stars which rotated round the Earth once every approximately 24 hours.  The Moon, 
the Sun, and the planets were also supposed to rotate round the Earth from East to 
West once in approximately 24 hours.  However, the planets also moved against the 
background of the fixed stars.  These movements were generally from West to East, 
but sometimes this normal motion was interrupted by a strange irregularity, known as 
a retrogression.  In a retrogression, the planet would move westward for a while, and 
then resume its eastward movement, so performing a loop. 

The Aristotelian part of the paradigm consisted a system of mechanics 
designed to explain the observed movements.  Aristotle divided the universe into the 
sublunar region beneath the Moon, and the heavens.  In the sublunar region, matter 
was composed of the four elements of fire, air, water and earth.  Each of these 
elements had a natural motion.  Earth and water moved down, towards the centre of 
the universe, though earth had a stronger downward motion than water.  This 
explained why the Earth consisted of a sphere whose centre coincided with the centre 
of the universe.  Fire and air moved naturally upwards, though the upward motion of 
fire was stronger than that of air.  The heavens were composed of a fifth element 
called ‘aither’.  This element was regarded as being more perfect than the other four, 
and its natural motion was circular, that is to say motion in the path of what was 
regarded as the perfect geometrical figure – the circle. 

The observed motions of the heavenly bodies were not, however, exactly 
circular, and so the main problem of Greek astronomy became that of explaining their 
movements in terms of combinations of circular movements.  Using a variety of 
technical devices such as epicycles, equants, and eccentrics, Ptolemy was able to 
calculate the paths of the Moon, Sun and planets with quite a high degree of accuracy.  
However, his technical devices did not accord perfectly with the mechanics of 
Aristotle. So there remained a tension within the paradigm which was much discussed 
over the years.  We have a similar situation in the dominant paradigm of theoretical 
physics today.  This consists of relativity theory and quantum mechanics, but these 
two parts do not fit very well together. 

I will take the beginning of the Copernican revolution to be signalled by the 
publication in 1543 of Copernicus’ book: De Revolutionibus Orbium Caelestium.  In 
this book, Copernicus challenged some of the basic assumptions of the Aristotelian-
Ptolemaic paradigm.  He argued that the Earth was not stationary, but rotated on its 
axis and moved round the Sun on an annual orbit.  The Sun and the fixed stars were 
stationary.  The Moon continued to move round the Earth, but the other Planets 
moved round the Sun rather than the Earth.  Copernicus tried to derived the paths of 
the planets using this heliocentric structure rather than Ptolemy’s geocentric one.   

It is important to stress that, on a Kuhnian analysis, Copernicus’ book contains 
elements which became part of the new paradigm, but, as a whole it did not constitute 
the new paradigm which superseded the old Aristotelian-Ptolemaic paradigm.  
Copernicus’ book marked the beginning but not the end of the Copernican revolution.  
It started a period of revolutionary science in which advances were made by Kepler, 
Galileo, Descartes and other important figures.  On the basis of these developments, 
Newton was able to put together a new system in his Principia Mathematica, 
published in 1687.  Newton’s theory, consisting of his three laws of motion, and his 
law of gravity, came to be accepted by nearly everyone in the scientific community by 
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early in the eighteenth century, and became a new paradigm for astronomy and 
mechanics.  It was the basis of a normal science, which prevailed in astronomy and 
mechanics for nearly two hundred years, until the beginning of the Einsteinian 
revolution in 1905.  One can remark that, in the Newtonian paradigm, the astronomy 
and mechanics fitted together much better than they had in the Aristotelian-Ptolemaic 
paradigm.  

The Copernican revolution has two phases.  The first phase consists largely in 
the work of Copernicus, Tycho Brahe and Kepler.  Copernicus made very few new 
observations, and his contribution was largely that of interpreting existing 
observations in the light of a new theory.  Tycho Brahe, however, studied the heavens 
over a twenty year period in his observatory on the island of Hveen near Copenhagen.  
His observatory was equipped with the best instruments obtainable, and his 
observations were the most accurate of the pre-telescopic period.  He recorded the 
movements of the Sun, Moon and planets, and created a veritable treasury of 
observations, which were to form the basis of the next great theoretical advance. 

This advance was carried out by Kepler, whom Tycho Brahe took on as his 
assistant in 1600.  Tycho Brahe died in 1601, and Kepler was left with his 
observations.  Kepler had adopted Copernicanism early in his career, and also 
believed fervently in the Pythagorean doctrine that there were simple mathematical 
laws underlying the appearances of nature.  In 1601, he began his search for the 
simple mathematical laws underlying Tycho Brahe’s observations, and, after many 
years of toil came up with his 3 laws of planetary motion.  These represented a very 
considerable improvement on Copernicus’ theory.  Although Copernicus radically 
altered the structure of Ptolemy’s theory, he continued to use the traditional apparatus 
of cycles and epicycles.  Indeed Copernicus was more of a purist than Ptolemy in this 
respect, since he rejected some of the devices used by Ptolemy such as equants.  By 
contrast, Kepler introduced a radically new mathematical structure in which epicycles 
were abandoned altogether, and circles were replaced by ellipses.  Not only was this 
simpler, but it gave more accurate results regarding the paths of the planets. 

This first phase of the Copernican revolution is very technical and 
mathematical in character.  Apart from the new heliocentric idea, which was generally 
regarded as absurd, it contained little which could interest anyone outside the very 
small group of technically competent mathematical astronomers.  Copernicus himself 
made clear that his book was designed only for this group.  The motto of the book 
was:  For mathematicians only, and Copernicus wrote in his Preface and Dedication 
to Pope Paul III, 1543, pp. 506 & 509: 
 
“ … for a long time I was in great difficulty as to whether I should bring to light my 
commentaries written to demonstrate the Earth’s movement, or whether it would not 
be better to follow the example of the Pythagoreans and certain others who used to 
hand down the mysteries of their philosophy not in writing but by word of mouth and 
only to their relatives and friends … [509] if perchance there are certain ‘idle talkers’ 
who take it upon themselves to pronounce judgement, although wholly ignorant of 
mathematics, and if by shamelessly distorting the sense of some passage in Holy Writ 
to suit their purpose, they dare to reprehend and to attack my work; they worry me so 
little that I shall even scorn their judgments as foolhardy. … Mathematics is written 
for mathematicians; and among them, if I am not mistaken, my labours will be seen to 
contribute something to the ecclesiastical commonwealth …”  
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 The two principal theoreticians of this phase of the revolution, i.e. Copernicus 
and Kepler, were both realists in that they considered the new heliocentric theory to 
correspond to the real structure of the universe.  However, the mathematical character 
of their work made it possible to give it an instrumentalist interpretation.  Indeed such 
an interpretation is put forward in the preface to Copernicus’ De Revolutionibus.  As 
this preface is not signed, readers might have supposed it to have been  written by 
Copernicus himself, but this was not the case.  The author was  Andreas Hossmann, 
who had hellenized his name to Osiander, and who supervised the printing of 
Copernicus’ book.  It is not even clear whether Copernicus ever read Osiander’s 
preface.1  Osiander in the preface gives a very clear exposition of the instrumentalist 
view.  This is what he says (1543, p. 505): 
 
“For it is the job of the astronomer to use painstaking and skilled observation in 
gathering together the history of the celestial movements, and then – since he cannot 
by any line of reasoning reach the true causes of these movements – to think up or 
construct whatever causes or hypotheses he pleases such that, by the assumption of 
these causes, those same movements can be calculated from the principles of 
geometry for the past and for the future too. … it is not necessary that these 
hypotheses should be true, or even likely2; but it is enough if they provide a calculus 
which fits the observations … For it is sufficiently clear that this art [i.e. astronomy – 
D.G.] is absolutely and profoundly ignorant of the causes of the apparent irregular 
movements.  And if it constructs and thinks up causes … it does not think them up in 
order to persuade anyone of their truth but only in order that they may provide a 
correct basis for calculation.”  
 
 Kepler revealed in 1601 that the preface had been written by Osiander.  Kepler 
further claimed that the preface not only did not express Copernicus’ own views, 
since Copernicus was a realist; but it also did not express Osiander’s own genuine 
opinions.  To support this claim, Kepler quoted a letter written by Osiander to 
Copernicus on 20 April 1541.  After stating the instrumentalist position, Osiander 
writes (quoted from Duhem, 1908, p. 68): 
 
“I would urge you to touch on this question in your preface; you would thereby pacify 
the Peripatetics and theologians whose opposition you fear.” 
 
This does indeed suggest that Osiander adopted his instrumentalism, not so much 
because of its philosophical merits, but in order to avoid conflict with the 
Aristotelians and theologians. 
 Duhem, however, in his classic 1908, criticizes this account of Osiander.  
Duhem argues that Osiander was only adopting an interpretation of astronomy which 
was one of the standard views of the subject in ancient Greek science, and during the 
medieval period.  Moreover, according to Duhem, this instrumentalist interpretation 
of mathematical astronomy was held by many experts in the field at the time.  Duhem 
says (1908, p. 77-8): 
 

																																																								
1	For a good discussion of this question, see Koestler, 1959, pp. 169-175. 
2	I have slightly altered Charles Wallis’ translation by substituting here ‘likely’ for ‘probably’, as I 
think this is a better rendering of the Latin verisimiles. 
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“ … the Wittenberg astronomers in the middle of the sixteenth century … all 
supported the doctrine Osiander formulated in his celebrated preface.” 
 
And again (1908, pp. 79-80): 
 
“Schreckenfuchs’s teaching at the University of Nuremberg, like Reinhold’s at 
Wittenberg, formed a group of disciples who did not ascribe any reality to 
astronomical hypotheses and required simply that they furnish correct astronomical 
tables.  Christian Wursteisen (Vurstisius), who taught at Basle, was one of these 
disciples.” 
 
Whether instrumentalism was sincerely held, or merely a disguise adopted to avoid 
controversy, it was certainly useful for the mathematical astronomers of this time.  
They could, and did, use the superior mathematical methods of Copernicus and 
Kepler to calculate astronomical tables, without getting involved in controversies with 
the Aristotelians and theologians.  In the second phase of the Copernican revolution, 
however, this compromise became increasingly hard to maintain. 
 We can date the beginning of the second phase of the Copernican revolution to 
1610 when Galileo published his pamphlet Sidereus Nuncius in which he described 
the discoveries he had made by investigating the heavens with his newly constructed 
telescope.  The pamphlet was an instant best-seller, for, unlike the highly 
mathematical works of Copernicus and Kepler, it could be read and understood by 
any educated person.  Moreover amateur astronomers, if they had the money, could 
purchase their own telescopes and check Galileo’s findings for themselves.  Galileo’s 
discoveries such as mountains on the Moon, or the moons of Jupiter, supported a 
realist position in astronomy and could not be dismissed as mathematical calculating 
devices with no correspondence to the world.   
 There is some overlap between the two phases of the Copernican revolution.  
Kepler published his first two laws of planetary motion in his Astronomia Nova in 
1609 – the year before Galileo’s Sidereus Nuncius.  However, Kepler only published 
his third law of planetary motion in his Harmonices Mundi of 1619.  Despite this 
overlap, the two phases of the revolution have a very different character.  Dreyer 
explains the change very well as follows (1953, p. 413): 
 
“The system of Copernicus had been perfected by Kepler, and all that remained to be 
done was to persuade astronomers and physicists that the motion of the earth was 
physically possible, and to explain the reason why the earth and planets moved in 
accordance with Kepler’s laws.” 
 
If the heliocentric view was correct, then clearly Aristotelian mechanics must be 
wrong, and a new mechanics was needed which would explain why the earth and the 
heavenly bodies moved as they did.  So, while the first phase of the Copernican 
revolution was mainly concerned with developing a new astronomy, the second phase 
focussed on the creation of a new mechanics.  In terms of the old Aristotelian-
Ptolemaic paradigm, the first phase criticized Ptolemy’s astronomy, and the second 
Aristotle’s mechanics. 
 The development of the new mechanics was, however, stimulated not just by 
astronomical problems, but also by practical technological problems of the time.  This 
side of the question is explored by Boris Hessen in his famous article of 1931.  The 
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main focus of this paper is Newton’s Principia Mathematica of 1687.  Hessen begins 
by listing the main technological problems of the period, and then says (1931, p. 171): 
 
“We shall attempt to show that the ‘earthy core’ of the ‘Principia’ consists of just 
those technical problems which we have analysed above and which fundamentally 
determined the themes of physical research of the period.” 
 
What makes Hessen’s paper impressive is the detail with which he carries out his 
plan.  He starts with a technical problem of the period, shows how it was tackled by a 
number of scientists before Newton, and then shows how some section of Newton’s 
‘Principia’ contains results designed to solve the problem.  This is often surprising 
since the results presented in the ‘Principia’ are usually abstract mathematical and 
theoretical developments in which it is difficult, at first sight, to recognise any 
connection to practical technology.  I will now give a couple of examples to illustrate 
Hessen’s procedure. 
 
Hessen argues that the introduction and development of cannon and other firearms in 
this period posed the technical problem of determining the trajectory of a shot fired 
from such a weapon.  Here is his brief account of how this problem was tackled by 
successive scientists (Hessen, 1931, p. 163): 
 
“The first theoretical works on ballistics and artillery date from the 16th century.  In 
1537 Tartaglia endeavoured to determine the trajectory of the flight of a shot and 
established that the angle of 45 degrees allows the greatest distance to flight.  He also 
drew up tables for directing aim. … Galileo gave the world the theory of the parabolic 
trajectory of a ball; Torricelli, Newton, Bernoulli and Euler engaged in the 
investigation of the flight of a ball through the air, studied the resistance of the air and 
the causes of declination.” 
 
Later in his paper, Hessen goes on to describe the sections of the ‘Principia’ in which 
Newton presents results relevant to this problem (1931, pp. 174-5): 
 
 “The first three sections of the second book are devoted to the problem of the 
movement of bodies in a resistant medium in relation to various cases of the 
dependence of resistance upon speed (lineal resistance, resistance proportional to the 
second degree of speed and resistance proportional to part of the first, part of the 
second degree). 
 As we have above shown when analysing the physical problems of ballistics, 
the development of which was connected with the development of heavy artillery, the 
tasks set and accomplished by Newton are of fundamental significance to extrinsic 
ballistics.”  
 
 Another quite different set of technological problems arose from the attempts 
to improve water transport by the construction of canals and locks.  As Hessen says 
(1931, p. 159): 
 
“The construction of canals and locks demands a knowledge of the basic laws of 
hydrostatics, the laws governing the efflux of liquids, since it is necessary to know 
how to estimate the pressure of water and the speed of its efflux.  In 1598 Stevin was 
occupied with the problem of the pressure of water … ; in 1642 Castelli published a 
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special treatise on the movement of water in canals of various sections.  In 1646 
Torricelli was working on the theory of efflux of fluids.” 
 
Once again, we can find a section of the ‘Principia’ which is concerned with these 
problems.  As Hessen says (1931, p. 175): 
 
 “The seventh section of the second book is devoted to the problem of 
movements of liquids … . 
 In it problems of hydrodynamics are considered, among them the problem of 
the efflux of liquids and the flow of water through tubes.  As was above shown, all 
these problems are of cardinal importance in the construction and equipment of canals 
and locks … .” 
 
 In this case the ‘earthy core’ of the ‘Principia’ does occasionally show through 
the theoretical mathematics, because in Lemmas V and VI of this section, Newton 
does specifically mention water flowing through the canal. 
 These are only two examples of the numerous examples of technological 
problems of the time which are considered by Hessen and related by him to passages 
in Newton’s Principia.  Altogether Hessen makes a strong case for the influence of 
technological problems on the development of the new mechanics, but there are 
nonetheless some problems with his account. 
 The first problem is that Hessen does not consider the development of 
mechanics in the seventeenth century as part of the Copernican revolution.  Indeed he 
does not use the terms ‘Copernican revolution’ or ‘scientific revolution’ at all.  Yet 
much of the stimulus for the development of mechanics in the seventeenth century 
came from the desire to ‘complete the new paradigm’.  As we have pointed out, if the 
Copernican theory as developed by Kepler is given a realist interpretation, then 
Aristotelian mechanics can no longer be valid, and therefore to complete the new 
paradigm a new mechanics needs to be developed which explains how the Earth can 
move without our noticing it, and to explain Kepler’s laws.   
 This theoretical stimulus of ‘completing the new paradigm’ can be seen in 
Galileo’s work on free fall.  If the Earth is rotating towards the East, it is not clear 
why a body which is released from a high tower, does not land some distance to the 
West of the tower.  Galileo’s analysis of the path of a projectile may have been partly 
motivated by the problems of ballistics, as Hessen suggests, but it was also partly 
motivated by the mechanical problems posed by the Copernican system. 
 If then we consider the factors (causal factors) which may have influenced the 
development of mechanics in the seventeenth century, we should divide these into 
theoretical factors, particularly the desire to ‘complete the new paradigm’, and 
technological factors, such as those mentioned by Hessen.  It might be objected to this 
division that the stimulus for the work of Copernicus and Kepler also came from 
technological problems.  This is true, as I will argue later, but it ignores the fact that, 
once the Copernican system had been created, for whatever reason, it, so to speak, 
took on a life of its own, and posed internal theoretical problems for the scientists 
working in this area.  These theoretical problems, particularly the problem of 
completing the new paradigm, should be considered along with the further 
technological problems discussed by Hessen. 
 The second problem in Hessen’s account is that improvements in technology 
do not always require, or bring about, advances in theory such as the development of 
a mathematical system of mechanics.  On the contrary many improvements in 
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technology are brought about by empirical/trial and error methods.  Let us take the 
example of the construction of canals and locks.  Here surely many improvements in 
technique were the result of an empirical/trial and error approach.  In fact, although 
Newton discusses water flow in canals in a mathematical manner, it is doubtful 
whether his results really had much influence on practical canal construction.  The 
situation is more like this.  Because a new mathematical mechanics was being 
developed mainly for the theoretical reason of explaining the movement of the Earth 
and Kepler’s laws within the Copernican system, then it was natural to see if it could 
be used to help with other technological problems such as those of canal building.  
However, the problems of canal building on their own would probably not have 
stimulated the development of a mathematical theory of mechanics.  Thus I would 
regard many of the technological factors discussed by Hessen, such as canal 
construction, ballistics, etc. as ancillary factors.  I would define an ancillary factor as 
one, which would not, on its own, have stimulated the development of a mathematical 
system of mechanics, but which was capable of stimulating an application of a 
mathematical system of mechanics, developed principally for other reasons.  

Another important point is that, while the desire to solve technological 
problems may have acted as a powerful stimulus for the development of the new 
mechanics, the solution to these problems could not have been found without 
considerable theoretical developments, influenced by philosophical considerations.  A 
good recent account of this side of the question is to be found in Kvasz (2012).  One 
of the most interesting features of Kvasz’s paper is his defence of the importance of 
Descartes in the development of 17th century physics.  No one doubts that Descartes 
made a crucially important contribution to mathematics by inventing analytical 
geometry.  However, his contribution to physics seems more doubtful.  Descartes 
developed a purely qualitative non-mathematical physics, and thus might seem to be a 
step backwards from Galileo.  Moreover, Descartes’ laws of impact were largely 
erroneous.  Would it not therefore be better, in tracing the development of mechanics 
in the 17th century, to go from Galileo to Newton, and omit Descartes as irrelevant?  
Kvasz argues that such an approach is mistaken, because Descartes contributed some 
very important conceptual innovations, which were needed for the further 
development of mechanics beyond Galileo.  Thus, in Kvasz’s view, Descartes should 
be seen as a bridge between Galileo and Newton.  As he puts it (2012, pp. 544-545): 
 
“If we realize that Galilean physics lacked the concept of state, the notion of a 
universal law, and the notion of interaction, we cannot ignore the role of Cartesian 
physics, which introduced these elements into the physical description of nature.  We 
can neither omit Descartes from the history of physics, nor can we describe him as a 
strange marginal figure (the author of a metaphysical physics).  We have to take 
seriously Descartes’ physics despite its many factual and conceptual errors, and 
integrate it into the history of physics as a bridge linking Galileo with Newton.” 
 
 The approaches of Hessen and Kvasz are complementary.  Hessen stresses the 
influence of technological problems on the development of mechanics; while Kvasz 
stresses the need for conceptual innovations, influenced by philosophical ideas, in the 
development of theoretical mechanics.  Both processes were at work in the creation of 
Newtonian mechanics. 
 That concludes my brief outline of the Copernican revolution.  We can see 
that the course of events fits Kuhn’s theoretical scheme very well.  Before the 
revolution the study of astronomy and mechanics was dominated by the Aristotelian-
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Ptolemaic paradigm, which had been the basis of a normal science for a long time.  
This paradigm was challenged by Copernicus’ heliocentric approach, and the 
publication of Copernicus’ book in 1543 initiated a revolutionary period, 
characterised by considerable conflict between supporters of the old paradigm, and 
those who favoured the new approach.  In the first phase of the revolution, which 
lasted from Copernicus to Kepler, many astronomers were able to compromise by 
adopting an instrumentalist interpretation of mathematical astronomy.  This 
compromise was, however, undermined by Galileo’s telescopic discoveries, which 
opened the second phase of the revolution.  The main focus of this phase was the 
development of a new mechanics, and, building on the work of his predecessors, 
Newton was able to achieve this goal.  The publication of his ‘Principia’ in 1687, and 
its acceptance by the scientific community in the next few decades, brings the 
Copernican revolution to an end, and establishes a new paradigm.  This Newtonian 
paradigm became the basis of a normal science in astronomy and mechanics which 
lasted nearly 200 years until the Einsteinian revolution began in 1905. 
 So far all this accords very well with Kuhn’s ideas, but there does remain one 
problem.  Why do scientific revolutions begin?  After all, on Kuhn’s account, 
scientists for most of the time carry out normal science within the framework of the 
dominant paradigm.  They are trained at explaining any apparent divergences from 
the paradigm in a way which does not involve rejection of that paradigm.  Moreover, 
they have at their disposal many ingenious techniques for carrying out such 
explanations.  One need only think here of Ptolemy’s epicycles, equants etc.  Why 
then do research scientists occasionally issue challenges to the dominant paradigm?  
This, of course, is the question we need to answer if we are going to be able to explain 
why the Copernican revolution occurred in one place (Europe) rather than another 
(China).  In the next section I will look at Kuhn’s own thoughts on the question of 
why scientific revolutions begin. 
 
 
2.  Why did the Copernican revolution begin? Kuhn’s ‘build-up of anomalies’ 
view 
 

Kuhn’s proposed solution to the question of why scientific revolutions begin 
uses his concept of anomaly.  Regarding the concept of anomaly, Kuhn writes 
(1962/70, pp. 52-53): 
 
“Discovery commences with the awareness of anomaly, i.e., with the recognition that 
nature has somehow violated the paradigm-induced expectations that govern normal 
science.” 
 
Presumably what Kuhn has in mind is something like this.  From the assumptions of 
the paradigm, together with what seem to be plausible auxiliary conditions, a result is 
deduced which is contradicted by observation.  This contradiction constitutes an 
anomaly. 

Using this concept, Kuhn writes about the beginning of scientific revolutions 
as follows (1962/70, p.6): 
 
“ … normal science repeatedly goes astray.  And when it does – when, that is, the 
profession can no longer evade anomalies that subvert the existing tradition of 
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scientific practice – then begin the extraordinary … episodes … known in this essay 
as scientific revolutions.”  
 
I will characterize this idea of Kuhn’s as the ‘build-up of anomalies’ view.  If an 
increasing number of anomalies occur in the dominant paradigm, this will lead to the 
paradigm being questioned, and a departure from normal science.  This view, which 
has a slightly Popperian flavour, seems very plausible and in accordance with 
common sense.  Unfortunately, however, it does not agree well with historical facts.  
To see this let us return to the example of the Copernican Revolution. 

I have argued that the Copernican Revolution can be regarded as beginning 
with the publication of Copernicus’ De Revolutionibus Orbium Caelestium in 1543.  
What was the state of the dominant paradigm in astronomy at that time.  Kuhn 
answers as follows (1962/70, p. 67): 
 
“On this point historical evidence is, I think, entirely unequivocal.  The state of 
Ptolemaic astronomy was a scandal before Copernicus’ announcement.”  
 

I cannot agree with Kuhn here.  On the contrary, at that time there do seem to 
have been rather few anomalies in the dominant Ptolemaic paradigm, and these 
anomalies had been known for a long time.  With its apparatus of cycles, epicycles, 
equants etc., Ptolemaic astronomy could explain nearly all the observed phenomena, 
and also predict the movements of the planets fairly accurately.  Of course the 
accuracy was much less than would be achieved later, but at the time, Ptolemaic 
astronomy was undoubtedly the most accurate of all the existing sciences.   

The best evidence for the small number of anomalies in Ptolemaic astronomy 
in 1543 is provided by the text of Copernicus’ De Revolutionibus.  Copernicus, in 
fact, mentions only one anomaly in Ptolemaic astronomy.  This is in Book IV which 
deals with the motions of the Moon.  The anomaly in question is the difference 
between the apparent size of the Moon at perigee and apogee.3  Copernicus begins 
Book IV by describing Ptolemy’s theory of the Moon’s motion, and then mentions 
this consequence of Ptolemy’s theory which is plainly contradicted by the facts (1543, 
p. 678): 
 
“the moon should seem almost four times greater in its quadratures when nearest the 
earth than when opposite the sun, if it were a full moon shining;  but since a half 
moon is shining, nevertheless it should shine with twice the area of light as a full 
moon there – although the contrary is self-evident.” 
 
Copernicus goes on to try to resolve this anomaly by “Another Theory of the 
Movement of the Moon” which is presented in Book IV, Section 3.  Copernicus’ 
solution depends upon using a different system of cycles and epicycles from 
Ptolemy’s.  However, the whole question is not relevant to the general issue of 
geocentrism versus heliocentrism, since, in Copernicus’ new approach, the Moon 
continues to go round the Earth just as in Ptolemy.  So a follower of Ptolemy could 
adopt Copernicus’ new “Theory of the Movement of the Moon”, as presented in Book 
IV, Section 3. 

Perhaps for this reason, in the Preface and Book 1, where Copernicus sets out 
his main arguments against Ptolemaic astronomy, he does not mention the anomaly of 

																																																								
3I am grateful to Geoffrey Lloyd for drawing my attention to this anomaly.		
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the apparent size of the Moon at perigee and apogee, or indeed any other anomaly in 
Ptolemy’s system.  If there had been a large number of anomalies in that system, he 
would surely have mentioned them.  Yet he does not do so.  This is good evidence 
that Copernicus was not motivated by a build-up of anomalies in the Aristotelian-
Ptolemaic paradigm.   

In the Preface Copernicus complains that Ptolemaic astronomy is not 
sufficiently accurate, but here he is surely on weak grounds since the accuracy was 
very good for the time.  He also complains about the complexity and confusion of the 
mathematical methods used by Ptolemaic astronomers.  He particularly objected to 
the use of equants, writing (p. 507): 
 
“ … those who have thought up eccentric circles … have in the meanwhile admitted a 
great deal which seems to contradict the first principles of regularity of movement.” 
 
Copernicus himself did avoid the use of equants in his work, but the mathematical 
complexity of his system was in fact just as great as that of Ptolemy. 

In Book 1 itself, Copernicus mentions a number of astronomical facts, which 
are more simply explained in his system.  One such fact is that Mercury and Venus, 
unlike the other planets, always stay close to the Sun (1543, p. 523).  Another fact is 
that the outer planets (Mars, Jupiter, and Saturn) are always brightest and hence 
nearest to the Earth when in opposition to the Sun, and most distant when in 
conjunction with the Sun. (1543, pp. 524-5).  Copernicus can also easily explain the 
phenomenon of planetary retrogression, and also a number of facts about 
retrogressions, which he mentions in the following passage (1543, pp. 528-9): 
 
“For now the careful observer can note why progression and retrogradation appear 
greater in Jupiter than in Saturn and smaller than in Mars; and in turn greater in Venus 
than for Mercury.  And why these reciprocal events appear more often in Saturn than 
in Jupiter, and even less often in Mars and Venus than in Mercury. … All these things 
proceed from the same cause, which resides in the movement of the Earth.”  
 
Copernicus is quite right here.  The facts that he mentions can indeed be explained 
simply on his heliocentric hypothesis.  However, what I would like to stress, is that he 
does not say of any these facts that it cannot be explained on the Ptolemaic system, 
i.e. that it is an anomaly for that system.  Nor would he have been correct to do so.  
Ptolemaic astronomers were able to explain all these facts, though in a more 
complicated fashion, by manipulating cycles and epicycles.   

But, if the Copernican Revolution did not begin because of a build-up of 
anomalies in the old paradigm, why did it begin?  In the next section, I will present an 
alternative view.4 
 
 

																																																								
4	This alternative view has been developed in more detail in Gillies (2014), where I give another 
example to support my claim that Kuhn’s ‘build-up of anomalies’ view does not satisfactorily explain 
the beginning of scientific revolutions.  This second example is the beginning of the Einsteinian 
revolution in 1905.  As regards my positive theory of why scientific revolutions begin, I give in Gillies 
(2014) another example of a ‘tech first’ beginning, namely the chemical revolution, and another 
example of a ‘tech last’ beginning, namely the 19th century revolution in medicine which gave rise the 
germ theory of disease, and antiseptic surgery.  These further examples provide more evidence for my 
position, but in the present paper I confine myself to the Copernican revolution. 
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3.  An alternative, technological perspective 
 

I do not think that the beginning of a scientific revolution, such as the 
Copernican Revolution, can be explained entirely in terms of the situation internal to 
that science.  We need to bring into the picture some things, which are external, 
namely technology and practical problems.  For convenience I will use ‘tech’ as an 
abbreviation for technology and practical problems.  There are, I claim, two different 
ways in which tech can give rise to a scientific revolution.  Advances in technology 
can precede a scientific revolution.  Usually the relevant effect of the new technology 
is to enable better instruments for scientific use to be constructed.  This enables new 
observations and experiments to be carried out, resulting in a number of significant 
discoveries, which involve new objects and new processes.  These discoveries are 
what give rise to the scientific revolution.  I call this pattern: ‘tech first’, because the 
advances come before the scientific revolution, and act as its efficient cause.  By 
contrast there is also a ‘tech last’ pattern, which takes the following form.  At a 
certain stage of development, there may be some urgent practical problems, which 
cannot be easily solved within the existing scientific paradigm.  Some scientists may 
be stimulated by this situation to try to solve these problems by changing the 
paradigm.  This explains the beginning of the scientific revolution.  If the new 
paradigm does indeed produce solutions to the urgent practical problems, then the 
scientific revolution will be successful.  I call this pattern ‘tech last’, because the 
advances in tech occur after the scientific revolution has begun, and, as a consequence 
of the scientific revolution.  Tech is here the final cause rather than the efficient cause 
of the revolution. 

Interestingly Kuhn himself came to have doubts about his ‘build-up of 
anomalies’ theory5.  As Hoyningen-Huene points out in his 1993, pp. 232-3: 
 
“The thesis that all revolutions in theory are indicated by crises, triggered in turn by 
the appearance of significant anomalies in the relevant field, has, subsequent to being 
met with criticism, been somewhat weakened. Kuhn remains, as before, convinced 
that crises are usually the prelude to revolution, but he acknowledges that revolutions 
might also, albeit rarely, get started in other ways.”  
 

In the Postscript, written in 1969, to the second edition of The Structure of 
Revolutions, Kuhn writes (1962/70, p. 181): 
 
“A number of critics6 have doubted whether crisis, the common awareness that 
something has gone wrong, precedes revolutions so invariably as I have implied in 
my original text.  Nothing important to my argument depends, however, on crises’ 
being an absolute prerequisite to revolutions; they need only be the usual prelude, 
supplying, that is, a self-correcting mechanism which ensures that the rigidity of 
normal science will not forever go unchallenged.  Revolutions may also be induced in 
other ways, though I think they seldom are.  … crises need not be generated by the 
work of the community that experiences them and that sometimes undergoes 
revolution as a result.  New instruments like the electron microscope or new laws like 

																																																								
5	I am very grateful to Thomas Sturm for pointing this out to me, and also supplying the references to 
Hoyningen-Huene and Kuhn.	
6	Unfortunately Kuhn does not say who these critics were.	
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Maxwell’s may develop in one specialty and their assimilation create crisis in 
another.”  
 
Here Kuhn mentions the role of instruments, and, he also refers to technology in 
another passage.  He says (1962/70, p. x): 
 
“I have said nothing about the role of technological advance or of external social, 
economic, and intellectual conditions in the development of the sciences.  One need, 
however, look no further than Copernicus and the calendar to discover that external 
conditions may help to transform a mere anomaly into a source of acute crisis.” 
 
To some extent then this paper takes up these hints of Kuhn’s concerning the role of 
technology and tries to develop them. 

In the next section, I will describe the ‘tech first’ and  ‘tech last’ patterns in 
more detail, by showing how they apply to the Copernican Revolution. 
 
 
4.  Tech last, and Tech first in the Copernican revolution 
 

In our outline of the Coperncian Revolution we divided it into two phases.  
The first of these phases begins with the publication of Copernicus’ De 
Revolutionibus in 1543.  I would classify this as a tech last beginning.  By 1500, 
Europeans had discovered America and also a sea route to the East Indies.  During 
Copernicus’ lifetime regular long-distance seaborne trade was established between 
Europe and these regions.  Now such trade provided a powerful stimulus to seek an 
improvement in navigation, and, since navigation was largely carried out by 
observing the heavens, this in turn produced a stimulus to create a better astronomy 
and more accurate astronomical tables.  The first phase of the Copernican revolution 
was successful in this.  In 1551, Copernicus’ work was used by Reinhold to compile a 
new set of astronomical tables, known as the Prutenic tables, after Reinhold’s patron 
the Duke of Prussia.  Once Kepler had improved the Copernican theory by his new 
laws of planetary motion, he applied this new theory to compile a new set of 
astronomical tables.  These were known as the Rudolphine tables after Kepler’s 
patron, the Emperor Rudolph, and were published in 1627.  Kuhn describes the 
Rudophine Tables (1957, p. 219) as “clearly superior to all the astronomical tables in 
use before.”   

Despite these successes, the first phase of the revolution did not really bring 
the revolution to completion, because the work of both Copernicus and Kepler could 
be, and was, interpreted instrumentally as merely giving mathematical techniques for 
better computation of the position of heavenly bodies without implying anything 
about the real nature of the universe.  To complete the revolution, a second phase was 
needed and this opened with the telescopic observations of Galileo. 

Galileo seems to have heard a report of a telescope made in the Low Countries 
in June 1609, when he was teaching at the University of Padua in the Venetian 
republic.  He succeeded in making a telescope for himself in July and August of 1609.  
Then in March 1610 he published the first report of his astronomical observations 
using his telescope in a pamphlet called Sidereus Nuncius (The Starry Messenger).  

The discoveries, which Galileo made in such a short space of time with his 
new instrument, were truly remarkable.  First of all he found that there were 
mountains on the moon, and even gave a quite accurate estimate of the height of the 
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tallest of them (about 4 miles).  Secondly he was able to observe thousands of 
previously unknown stars.  For example, he says (Galileo, 1610, p. 47): 
 
“Hence to the three stars in the Belt of Orion and the six in the Sword which were 
previously known, I have added eighty adjacent stars …” 
 
Thirdly, and perhaps most strikingly of all, he discovered that Jupiter had 4 moons. 

This example is a perfect illustration of what I call the ‘tech first’ pattern.  
Technological developments lead to new instruments, and, with the help of these, a 
number of striking new discoveries are made.  I claim that this ‘tech first’ pattern is, 
in some cases, what stimulates the beginning of a scientific revolution, or of a new 
phase in an on-going revolution.  It might be said then that in such cases, I am 
replacing a build up of anomalies theory with a build up of new discoveries theory.  
This is quite correct, and it is therefore important to explain how anomalies differ 
from new discoveries in relation to the dominant paradigm in the branch of science in 
question. 

Characteristically an anomaly arises because the paradigm predicts some 
result, regarding an already known object, which is contradicted by observation, so 
that some adjustment becomes necessary.  In the case of new discoveries, however, 
the objects may be quite new, and may never have been considered within the old 
paradigm.  Moreover these new objects may behave in new and unfamiliar ways.  
How such new objects can be handled within the dominant paradigm thus becomes a 
much more problematic matter.  This is well illustrated by the example of Galileo’s 
telescopic discoveries. 

The mountains on the Moon definitely contradicted one claim of the 
Aristotelian-Ptolemaic paradigm, namely that the heavenly bodies were perfect 
spheres.  However, it is by no means clear how important this is for the rest of the 
paradigm.  Perhaps the general Ptolemaic system could be maintained while 
abandoning the doctrine of the perfection of heavenly bodies.  Then again consider 
the thousands of newly discovered stars.  Could they be fitted into the old celestial 
sphere rotating round the Earth once a day?  It doesn’t seem impossible, but it is not 
so plausible either.  Conversely, the fact that stars were not magnified in diameter by 
the telescope tended to support the view that they were very far away, an assumption 
which the Copernicans needed to explain the absence of stellar parallax.7  Similar 
considerations apply to the moons of Jupiter, whose existence is much more naturally 
explained in the Copernican paradigm than the Ptolemaic.  Moreover new discoveries 
of such a dramatic nature are bound to shift the mental attitudes of at least some 
researchers.  The old paradigm, after all, was developed in complete ignorance of the 
new objects and phenomena.  This is bound to suggest to some researchers (the 
revolutionaries) that a new paradigm is needed to deal with the new entities.  Of 
course not all researchers will reason in this way.  Other researchers (the 
conservatives) will try to explain the new discoveries in terms of the old paradigm.  In 
this way a build up of new discoveries creates the conditions for the beginning of a 
scientific revolution, or, in this case, the beginning of a new phase of a scientific 
revolution. 
 
 
 

																																																								
7	I owe this point to Andrew Gregory.	
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5.  The Needham problem 
 
 Our detailed analysis of the Copernican revolution is now complete, and we 
can now turn to the main question of the paper: why did the Copernican revolution 
take place in Europe rather than China? 

In the 16th and 17th centuries, China was just as wealthy and, in most respects, 
just as technologically advanced, if not more so, than Europe. So the answer to our 
question is far from obvious. The problem here is sometimes known as the Needham 
problem, because it was first formulated by Needham in his 1956 paper, and then in 
Volume III (1959) of his Science and Civilization in China.  Needham’s formulation 
of the problem is, however, rather different from the one given here8, and we will next 
look at Needham’s version of the question a little more closely.  

In his 1956 paper, Needham does not refer to the Copernican revolution, and 
indeed the only mention of Copernicus in the paper is in connection with Copernicus’ 
work on monetary reform (Needham, 1956, p. 341).  Instead, Needham speaks of 
(1956, p. 329): “The birth of the experimental-mathematical method, which appeared 
in almost perfect form in Galileo…”.  

The analysis of the Copernican revolution, given in section 1, makes it fall 
into two phases.  The first begins in 1543 with the publication of Copernicus’ De 
Revolutionibus, and the second in 1610 with Galileo’s telescopic observations.  This 
second phase was needed to carry the revolution through to a successful conclusion.  
So Galileo does figure in an important way in my account, but, here again, there is a 
difference from Needham, who does not mention Galileo’s telescopic observations in 
his 1956 paper.  Needham rather stresses Galileo’s role in the mathematization of 
science, speaking indeed of (1956, p. 326):  “Galileo (1564 to 1643 – who must be 
considered the central figure in the mathematization of natural science)”.  Indeed 
Needham describes the key intellectual development which occurred in Europe in the 
16th and 17th centuries, but not in China as follows (1956, p. 320): 
 
“What was it happened in Renaissance Europe when mathematics and science joined 
in a combination qualitatively new and destined to transform the world?  And why did 
not this arise in any other part of the world?” 
 
 Now mathematics did indeed join with science in Europe in the 16th and 17th 
centuries, but was this combination “qualitatively new”? Surely it had already existed 
in the ancient Greek world in the writings of Ptolemy on astronomy and Archimedes 
on mechanics.  Indeed Galileo was a great admirer of Archimedes and modelled his 
applications of mathematics to science on the works of Archimedes.  In the ancient 
Greek world something very like Copernicus’ theory had been proposed by 
Aristarchus, but here comes the difference.  Aristarchus’ theory did not come to be 
accepted by the scientific community of ancient Greece, whereas, in 16th and 17th 
century Europe, the heliocentric view was accepted and came to be at the basis of a 
new paradigm for astronomy and mechanics.  This is why I regard the Copernican 
revolution, as described earlier, as the key event whose occurrence needs to be 
explained. 

																																																								
8	Despite these differences, I will use the term: ‘the Needham problem’ in a general sense to cover not 
just Needham’s original formulation of the problem, but also related formulations, such as the one 
given in this paper. 
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 Let me next say something about the influence of Hessen on Needham.  In 
2009 Freudenthal and McLaughlin re-issued Hessen’s 1931 paper in a new English 
translation in Vol 278 of the Boston Studies in the Philosophy of Science.  In their 
introduction to this volume, they point out that Hessen’s paper had a very 
considerable influence, particularly on history and philosophy of science in the 
English speaking world.  They give an interesting account of some researchers who 
were enthusiastic about Hessen’s ideas and sought to develop them, and of others who 
disliked Hessen’s ideas and tried to criticize them.  Needham belongs to the former 
group.  Hessen’s paper had been presented in English at the second international 
congress of the history of science and technology, held in London in 1931.  Hessen 
was part of a delegation to the congress from the U.S.S.R. headed by N.Bukharin.  In 
1971 the papers presented by this delegation were re-issued in English in a volume 
entitled: Science at the Cross Roads.  Needham wrote a Foreword to this volume in 
which he describes how Hessen had influenced him. 
 Needham says (1971, p. viii): “the outstanding Russian contribution was that 
of Boris Hessen”, and goes on to speak of (p. viii) “his epoch-making text” and to 
refer to Hessen himself as (p. ix) “the Hamlet of the piece”.  Now Hessen, like 
Needham, does not speak of either the scientific revolution or of the Copernican 
revolution, but rather concentrates on the development of mechanics roughly between 
Galileo and Newton.  So Needham’s formulation of events in 16th and 17th century 
Europe may have been influenced by Hessen. 
 In his Foreword, however, Needham concentrates on the influence of Hessen 
on the Needham problem.  He writes (1971, p. ix): 
 
“The trumpet-blast of Hessen may … lead in the end to a deeper understanding of the 
mainsprings and hindrances of science in East and West.” 
 
The feature of Hessen’s thinking which Needham picks out as relevant to the question 
of East and West is Hessen’s externalism.  Externalists, according to Needham (1971, 
p. viii): “feel they can descry profound influences of social structure and social 
change upon science and scientific thought”, whereas internalists: “prefer to think 
only in terms of an internal logic of development powered by intellectual giants of 
mysterious origin.”  Needham then goes on to argue that the internalists are unlikely 
to be able to provide a solution to his problem (1971, pp. viii-ix). 
 
“ … the failure of China and India to give rise to distinctively modern science while 
having been ahead of Europe for fourteen previous centuries is going to take some 
explaining. … it seems to me that the internalist doctrine is likely to encounter grave 
difficulties, because … the intellectual, philosophical, theological and cultural 
systems of ideas of the Asian civilisations are not going to be able to take the causal 
weight required.  Some of these idea-systems, in fact, such as Taoism and Neo-
Confucianism, would seem to have been much more congruent with modern science 
than any of the European ones were, notably Christian theology.” 
 
Our outline of the Copernican revolution certainly supports Needham on this point.  
The dominant idea-systems of 16th and 17th century Europe were Aristotelian 
philosophy and Christian religion; and the innovative scientists of the revolution had 
nothing but opposition from Aristotelians and the Church.  Thus, it would seem that 
the Copernican revolution occurred in spite of, rather than because of, the dominant 
idea-systems in Europe at that time. 
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 In his 1956 paper, Needham criticizes another possible internalist approach to 
his problem.  It could be argued that the Copernican revolution was possible in 
Europe, but not in China, because Europe had the legacy of ancient Greek 
mathematics, which was missing in China.  Against this, Needham writes as follows 
(1956, p. 321): 
 
“Chinese mathematics was quite comparable with the pre-Renaissance achievements 
of the other medieval peoples of the Old World.  Greek mathematics was doubtless on 
a higher level, if only on account of its more abstract and systematic character, seen in 
Euclid; but, as we have noted, it was weak or tardy just where the mathematics of 
India and China (more faithfully based, perhaps, on those of the Babylonians) were 
strong, namely, in algebra.” 
 
Needham goes on to note (1956, pp. 323-4):  “ … throughout Chinese history the 
main importance of mathematics was in relation to the calendar.”  One of Copernicus’ 
main problems was reform of the calendar.  Presumably the argument here is that, as 
the Chinese mathematicians had the mathematical techniques needed for computing 
the calendar, they could have used these to produce a version of the heliocentric 
theory. 
 That concludes my account of Needham’s own formulation of his problem.  In 
the next section, I will examine the problem as formulated in the way suggested 
earlier in the paper.  
 
 
6.  Europe and China in the 16th and 17th centuries 
 
 In this paper, the Needham problem has been formulated as the question: Why 
did the Copernican revolution take place in Europe rather than China?  However, this 
formulation immediately raises a problem.  In Europe the old paradigm which 
constituted the starting point of the Copernican revolution was the Aristotelian-
Ptolemaic paradigm.  Now obviously if a development similar to the Copernican 
revolution had occurred in China, the starting point would not have been the 
Aristotelian-Ptolemaic paradigm, but the ideas then current in China about astronomy 
and mechanics.  However, from this different starting point, it might have been 
possible to make the transition from a geocentric to a heliocentric astronomy and to 
develop a new mathematical mechanics.  Thus the end point of a hypothetical Chinese 
version of the Copernican revolution could have been something quite similar to the 
Newtonian paradigm. 
 Against this, however, it might be argued that, without a quite mathematically 
and scientifically sophisticated starting point such as the Aristotelian-Ptolemaic 
paradigm, it would have been impossible to reach anything like the Newtonian 
paradigm.  More generally, this is the question of the importance of the ancient Greek 
heritage in science, mathematics and philosophy.  The Western Europeans had 
recovered this heritage by 1500.  It could be argued that this heritage was a key factor 
in producing the Copernican revolution, and that, without it, such a scientific 
revolution would not have been possible. As we have seen in the preceding section, 
Needham denied this claim.  We will return to this question later, but first it will be 
useful to look at some factors of a more practical and technological nature.  

Our earlier analysis divided that the Copernican revolution into two phases.  
The first phase, which began with the publication of Copernicus’ De Revolutionibus, 
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was tech last.  A tech last revolution begins with a pressing practical problem, which 
is not easy to solve within the existing paradigm.  This situation suggests to some 
researchers that it might be worth trying to change this paradigm, and that, within a 
new paradigm, the practical problem might be easier to solve.  If the revolution is 
successful, the acceptance of the new paradigm enables new technologies to be 
developed which solve the practical problem.  In the case of the Copernican 
revolution, the practical problem arose because of the establishment of long-distance, 
indeed global, seaborne trade.  This produced a stimulus towards the development of 
better navigation, which in turn produced a stimulus to produce a better astronomy 
and more accurate astronomical tables. 

It is interesting to compare this stimulus with that of some of the other 
technological problems mentioned by Hessen, such as those of ballistics, canal 
construction, and developing pumps for mines.  Now these technological problems 
could be tackled mathematically and were so tackled by Newton.  However, it would 
also have been possible to improve the related technologies on an empirical, trial and 
error basis.  This is why I classified such problems as ancillary factors in the 
development of mathematical mechanics.  If mathematical mechanics were being 
developed for other reasons, then it would become natural to apply it to these 
problems, but these problems would not, on their own, have brought about the 
development of mathematical mechanics. 

The contrast with the problem of producing better astronomical tables is very 
striking.  This problem could not be solved without seeking an improvement in 
mathematical techniques.  Many no doubt sought to produce the required 
improvement without abandoning the Ptolemaic paradigm, but they, like Copernicus, 
would have had to seek better computational methods.  Moreover, it was obvious that 
a switch to the heliocentric framework had a good chance of simplifying calculations, 
since it eliminated at a stroke the five major epicycles which the Ptolemaic system 
associated with the five planets (excluding the Moon and the Sun).  From the 
heliocentric point of view, these epicycles were only a projection of the motion of the 
Earth.  Thus the heliocentric hypothesis had an attractive feature which was obvious 
to a mathematician interested in computations of the paths of the planets, but which 
would not have at all obvious to a non-mathematician.  Perhaps that is why 
Copernicus wanted to address his work to mathematicians only.  This is one reason 
why the stimulus provided by navigation and the need to improve astronomical tables 
was not an ancillary factor, but a crucial one.   

The second phase of the Copernican revolution was tech first.  Technological 
developments, which will be described below, led to the creation of the telescope, 
and, using the telescope, Galileo made a whole series of discoveries of new objects, 
whose existence had not previously been suspected.  The existence and behaviour of 
these objects could be explained much more easily within the new heliocentric 
paradigm than within the old geocentric one.   

Thus two key factors in starting the Copernican revolution and carrying it 
though to a successful conclusion were (a) the existence of long-distance (global) 
seaborne trade, and (b) the invention of the telescope.  In the absence of these factors 
we would not expect a shift from the geocentric to the heliocentric view to occur. 

In the light of this, let us turn to China and the Needham problem.  We have to 
consider whether the two factors which we have analysed as being important for the 
beginning and eventual success of the Copernican revolution were present in China in 
the 16th and 17th centuries.  The first of these factors was the existence of long-
distance (global) seaborne trade.  Now here developments in China are of 
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considerable interest (see Gernet, 1972, pp. 398-405).  Gernet is of the opinion that at 
the beginning of the 15th century, the Chinese were technically superior to the 
Europeans as regards the capacity to make long voyages on the high seas (Gernet, 
1972, pp. 398-9).  Gernet is probably right about this, because two crucial 
improvements in European maritime technology, namely the compass and the 
sternpost rudder came from China. (See Bernal, 1954, pp. 317-319). At all events, 
seven big Chinese maritime expeditions took place in the years 1405 to 1433.  These 
expeditions comprised several dozen very large junks, carrying over twenty thousand 
men, and were headed by the admiral Cheng Ho.  They visited Java, Sumatra, India, 
Persia, Arabia and the East Coast of Africa.  These expeditions might have been the 
preliminary to establishing large-scale seaborne trade between China and these 
regions; but this did not occur.  The expeditions marked the highpoint of Chinese 
maritime involvement, and, after 1433, the emperor and his ruling circle decreed a 
policy of withdrawing from seaborne activities. 

The contrast with Europe is remarkable.  In 1434, the year after Cheng Ho’s 
last expedition, the Portuguese rounded Cape Bojador in Western Africa.  Their ships 
were unsuited to further expeditions to the South, but, after 1440, the Portuguese 
developed the lateen-rigged caravel, which enable them to continue their voyages 
further down the coast of Africa.  In 1487, Bartholomew Diaz rounded the southern 
tip of Africa (the Cape of Good Hope), and then in 1497 Vasco da Gama sailed round 
Africa to India, establishing a sea route to the spice islands of the East Indies.  
Meantime in 1492, Columbus had discovered the West Indies.  Moreover, these 
voyages of exploration and discovery were followed by the establishment of regular 
seaborne long-distance trade.  According to Davis’ analysis of Spanish trade in the 
16th century, there were (1973, p. 63): “forty thousand tons of shipping going to 
America each year in the 1540s, rising to a peak of four times that level at the end of 
the century.”  In addition, of course, there was a considerable European eastern trade 
with Africa, India, and the East Indies.  All this long-distance seaborne trade provided 
a powerful stimulus for the improvement of navigation, and hence of astronomy.  This 
stimulus was missing in the land-based China of the same period. 

Let us now turn to the second key factor in the Copernican revolution – the 
invention of the telescope.  Here again, the results are interesting.  Let us begin by 
examining how the telescope came to be invented in Europe. A telescope could only 
have been created because there was a developed glass manufacturing industry in 
Europe. So we must start by looking at the development of this glass industry. 

In the ancient world the glass industry was first developed under the Roman 
Empire, and, then after the interlude of the dark ages, it was further developed in the 
Feudal era.  Neither the Roman nor the Feudal periods contain very exciting 
developments in theoretical science, but they do contain considerable advances in 
technology.  To some extent, technology can develop independently of theoretical 
science, though there often comes a time when further technological advances do 
require, as a prerequisite, significant theoretical developments.   

Turning now to the development of the glass industry, two important 
technological innovations occurred in the first century AD.  The first was the 
introduction of the new technique of glass blowing.  The second was the production 
of colourless or ‘aqua’ glass.  These innovations enabled glass to be produced on a 
large scale, and glass became a common material in the Roman world.  It was used 
for tableware, both drinking vessels and vessels to contain liquids.  A great deal of 
Roman glass survives to this day. 
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With the fall of the Roman Empire in the West and the coming of the Dark 
Ages, much glass making disappeared.  For example, glass had been produced on 
quite a considerable scale in Roman Britain, but the material almost disappeared 
during the Dark Ages in Britain.  However, enough technical knowledge of how to 
make glass survived during the Dark Ages in places such as Torcello near Venice to 
make another advance possible once the Feudal system had become established 
throughout Europe. 

With the revival of trade and industry in Western Europe in the 11th century, 
glass manufacture was developed and improved.  It was possible by the 12th century 
to produce the stained-glass windows of the great cathedrals.  In the 14th century, the 
use of glass windows in houses became common (cf. Bishop, 1971, p. 213). 

The Arabs made lenses in the 11th century.  Someone in Western Europe 
(perhaps an Italian around 1286) had the idea of attaching two lenses to a frame to 
produce a pair of spectacles.  Techniques had advanced to the point where cheap clear 
glass could be produced, and so the stage was set for the development from 1300 of a 
spectacle-making industry.  This naturally required the trade of lens grinder. 

One of the main European centres for both glass production and spectacle-
making was Venice, where production was concentrated on the island of Murano.  
The very superior Venetian crystal is said to have been invented at Murano in 1443 
(cf. Bautier, 1971, p. 249).  Already by 1301, there were guild regulations in Venice 
governing the sale of eyeglasses.  Pictures of people reading with eyeglasses appear in 
Italy by 1352, and north of the Alps in Germany by 1403.  Eyeglasses must have had 
a big impact on life, and, in particular, increased the productivity of many workers.  
Previous to the invention of spectacles, anyone with defective vision would have been 
excluded from reading and writing, and also from carrying on many artisanal 
activities.  The use of spectacles could open up these activities to more people and 
also allow many with initially sound vision to continue these activities for much 
longer, since vision usually begins to decline after about fifty. 

Given these developments, it is really rather remarkable that the telescope did 
not appear until the 1600s.  Since lenses for spectacles were being regularly produced, 
it needed only a little experimentation with combinations of two lenses to arrive at the 
telescope. 

Galileo was in the Venetian republic at the time of his telescopic discoveries.  
Throughout his life, Galileo kept in touch with manufacturing industry and artisans.  
At the beginning of his Two New Sciences of 1638, he describes the work of artisans 
in the Venetian arsenal, and he must have been familiar with the Venetian glass 
industry as well.  He was therefore in a good position, when he heard reports of the 
telescope from the Low Countries, to have one produced and appreciate its value. 

 Let us now contrast this with the situation in China.  Glass was produced in 
China, but its use was limited to making beads, and decorative plaques and disks.  
Moreover, archaeological evidence shows that such glass objects were rare.  The 
Chinese, in contrast to the Romans, never used glass for tableware, and, as a result, 
there was no development of a major glass industry in China.  The reason for this 
situation was that the Chinese concentrated on the production of ceramics and metal 
work, and in these areas they were much more advanced than the Europeans. 

Without a basic glass industry, however, there was no development of lenses 
and eyeglasses in China.  Eyeglasses are first mentioned in China in the 15th century, 
and it is stated that these were imported.  There was thus no industrial basis for the 
invention and development of the telescope in China. 
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The connection between glass production and the Needham problem has 
already been emphasized by Macfarlane and Martin in their (2002).9  This interesting 
book gives some history of glass production throughout the world with a very vivid 
discussion (in chapter 8) of spectacles in Europe, China and Japan.  The authors make 
quite bold claims about the importance of glass for art, philosophy, science, and even 
for the rise of individualism in Europe between the thirteenth and sixteenth centuries.  
Here I will discuss only the possible link between glass and the development of 
science. 

Macfarlane and Martin consider the scientific revolution, but they define it in 
quite a different way from the Copernican revolution as analysed in this paper.  They 
write (2002, Ch. 9): 
 
“The ‘Scientific Revolution’ needs, in fact, to be split into two ‘revolutions’.  The 
earlier one occurred roughly between 1250 and 1400 and it consisted of several 
features.  These included the absorption of Greek learning by way of Arabic scholars, 
the development of universities, the improvement of logical tools, a growing concern 
for precision and accuracy, the increasing sophistication of mathematics, chemistry, 
physics and in particular optics, a stronger emphasis on the authority of observed 
visual evidence rather than the authority of the ancients as written in texts. … the 
more famous scientific revolution … is usually dated from the 1590s though to the 
end of the seventeenth century.” 
 
What Macfarlane and Martin call the earlier scientific revolution is not a revolution in 
Kuhn’s sense, i.e. a change from an old paradigm to a new one.  The period from 
1250 to 1400 seems to me better described as one of institutional development and the 
recovery of some parts of the ancient Greek heritage.  There were some scientific 
advances, but they were rather small, and do not amount to a scientific revolution.  
What Macfarlane and Martin describe as the more famous scientific revolution seems 
to correspond to the Copernican revolution except that they date its beginning to the 
1590s rather than to 1543.  It is not clear to me why the 1590s are chosen here as the 
beginning. 
 Macfarlane and Martin, however, suggest that their two ‘scientific revolutions’ 
be merged into a single ‘knowledge revolution’.  As they say (2002, Ch. 9): 
 
“… it is profitable to suspend the distinction between the first and second scientific 
revolutions;  both are encompassed within what we might call a knowledge 
revolution.” 
 
They then set out to explain why this knowledge revolution occurred.  As can be seen, 
this way of formulating the problem is very different both from Needham’s and from 
the one given in this paper. 
 Macfarlane and Martin’s solution to their problem is that the most important 
factor in bringing about the knowledge revolution was glass.  As they say (2002, Ch. 
9): 
 
“Yet it does not seem too much to argue that if one had to pick one factor above all 
others, more important than the growth of cities, the revival of ancient learning, 

																																																								
9	I would like to thank Geoffrey Lloyd for bringing this important work to my attention. 
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clocks or printing, then it would have to be glass.  Without its development, it is 
difficult to see how the new world vision could have been established.” 
 
and again (2002, Ch. 9):  
 
“Glass, we would argue, was a necessary cause in the development of new thought 
systems in the west and their absence in the east.” 
 
This then is Macfarlane and Martin’s answer to the Needham problem as they have 
formulated it. 
 As is clear, I agree with Macfarlane and Martin that the presence of an 
advanced glass industry in Europe and its absence in China was one of the factors 
which led to the Copernican revolution occurring in Europe rather than China.  Yet I 
would not place quite so much weight on this factor as they do.  The glass industry, as 
I have argued, was important because it led to the invention of the telescope, and 
Galileo’s telescopic discoveries were important in strengthening the Copernican 
theory and giving this theory a realistic interpretation.  However, other aspects of the 
Copernican revolution were not so dependent on glass.  Let us try to analyse how 
much of the Copernican revolution might have been possible in the absence of glass. 
 First of all developments in optics would obviously not have been possible 
without glass and lenses.  In fact, however, I have not so far mentioned developments 
in optics in my account of the Copernican revolution.  This, of course, is an important 
omission, but it shows that compared to developments in astronomy and mechanics, 
optics played a relatively minor role.  As for astronomy, the invention of the 
Copernican theory itself cannot have depended on the existence of glass, because 
essentially the same theory had been invented by Aristarchus in ancient Greece before 
the development of the glass industry and lenses.  Moreover, the work of both Tycho 
Brahe and Kepler was carried out without using instruments which contained glass.  
So it would seem that the first phase of the Copernican revolution could have 
occurred without glass. 
 What about the second phase?  Here it is worth noting that the development of 
mechanics did not depend on any instruments involving glass.  Galileo’s experiments 
with inclined planes and pendula did not need glass.  Moreover, the major stimulus 
for mechanics was the general theoretical problem of completing the new paradigm 
by devising a theoretical mechanics which would explain how the Earth could move 
without our feeling its motion, and to explain Kepler’s laws.  This problem did not 
depend on the existence of glass.  Although counterfactual history is always 
problematic, it does seem possible that most of the major results of the Copernican 
revolution in astronomy and mechanics could have been obtained in the absence of 
glass. 
 Still, this is not to deny that in real history, Galileo’s telescopic results had an 
enormous impact in favour of the Copernican theory, and of interpreting that theory 
realistically.  Thus, I conclude that glass was a substantial factor in the Copernican 
revolution.  This is in contrast to long-distance trade which I regard as more important 
than glass for the Copernican revolution, and, as constituting a crucial rather than 
substantial factor.  Without the stimulus provided by navigation for producing better 
astronomical tables and hence a better astronomy, it is difficult to see how the first 
phase of the Copernican revolution could have occurred. 
 Let us now turn back from the technological factors to the theoretical factor 
discussed earlier, namely the possession by the Europeans of the ancient Greek legacy 
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of science, mathematics and philosophy.  If we examine the work of Copernicus, 
Kepler, and Galileo, we can see that all three made use of ancient Greek mathematics, 
particularly Euclidean geometry.  They also adopted many parts of the philosophy of 
the Pythagoreans.  The Pythagorean belief that nature is mathematical in character 
inspired them in their search for simple mathematical laws underlying the observed 
appearances.  The Pythagorean belief in the motion of the Earth and in the importance 
of mathematics encouraged them to take a stance against the dominant Aristotelian 
philosophy.  So without this ancient Greek heritage, which was obviously lacking in 
China, would something like the Copernican revolution have been possible? 
 As we have seen, Needham argues that the Chinese mathematics, which had 
been developed for calculations relating to the calendar, would have been sufficient 
for the Chinese to develop a version of the heliocentric theory and a corresponding 
system of mathematical mechanics. In favour of this view it could be pointed out that, 
as the Copernican revolution developed in Europe, it became necessary to invent new 
mathematical techniques such as Descartes’ analytic geometry, and then the calculus 
of Newton and Leibniz.  Similarly, perhaps, if a hypothetical Chinese Copernican 
revolution had developed, the Chinese mathematicians might have developed new 
mathematical techniques of much the same kind.  Far from this being impossible in 
the absence of ancient Greek geometry, it could have been easier.  As is well known, 
Newton was a great admirer of the geometry of the ancients, and disliked that of the 
moderns – particularly Descartes.  As a result, he used as much ancient Greek 
geometry as he could in his ‘Principia’.  However, this is now normally thought to 
have been a mistake, and certainly today Newtonian mechanics is expounded in the 
algebraic form of Descartes and Leibniz, while Newton’s approach using traditional 
Euclidean geometry is no longer taught.  Admiration for Newton’s geometrical 
approach was one factor, which held up mathematics in Britain for over a hundred 
years, while the continental mathematicians who adopted the algebraic approach of 
Descartes and Leibniz forged ahead.  So mathematicians in China, India or Japan, if 
they had had the stimulus, might, because they were not encumbered with the legacy 
of the ancient Greek mathematicians, have developed the superior algebraic approach 
more quickly.  All this, however, is counterfactual history and, as such, rather 
speculative.  In actual history, we know that the ancient Greek heritage was very 
important, particularly in the early stages of the Copernican revolution.  In the light of 
all this, therefore, I would classify the theoretical factor of the ancient Greek heritage 
as substantial, without necessarily being crucial.  

This then is my suggested analysis of the factors leading to the occurrence of 
the Copernican revolution in Europe but not in China.  3 factors have emerged as 
being the most important.  2 of these are technological, and 1 is theoretical.  The most 
important factor of all is technological, namely the technical stimulus produced by the 
development of long-distance seaborne trade.  This factor is classified as crucial.  The 
other two factors are classified as substantial rather than crucial.  The second 
technological factor is the existence of an advanced glass industry which led to the 
development of lenses and the discovery of the telescope.  The theoretical factor is the 
heritage of ancient Greek mathematics, science and philosophy.  All 3 factors were 
present in Europe but not in China, and so together they provide an explanation of 
why the Copernican revolution occurred in Europe rather than China.   

It is interesting to compare this analysis with some of Needham’s own 
observations on his problem.  Needham writes (1956, p. 342): 
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“The Chinese should have been interested in mechanics for ships, in hydrostatics for 
their vast canal system (like the Dutch), in ballistics for guns (after all, they had 
possessed gunpowder three or four centuries before Europe), and in pumps for 
mines.” 
 
This passage shows clearly the influence of Hessen on Needham.  Needham lists 
many of the technological problems, which, according to Hessen, stimulated the 
development of Newton’s mathematical science.  These included shipping, canals, 
ballistics for guns, and pumps in mines.  These technological problems existed in 
China as well, but yet they did not give rise to mathematical science.  What are we to 
say about this? 
 My answer has already been given.  It is not to abandon the theory of 
technological problems stimulating science, but to argue that some technological 
problems are more stimulating than others.  Very often technology can be developed 
on a more empirical, trial and error basis without requiring any major theoretical 
innovations.  Sometimes, however, theoretical developments really are needed in 
order to make technological progress.  This was particularly so with the navigational 
problems posed by long-distance seaborne trade, and it was these problems which 
played a key role in starting the Copernican revolution.  Once the revolution was well 
underway and new mathematical techniques were being developed for astronomy, it 
became natural to apply such techniques to other technological problems such as 
canal construction, ballistics and pumps for mines.  It is unlikely, however, that the 
three technological problems just mentioned, even with the addition of some others 
like them, would have been sufficient to bring about a scientific revolution.  They are 
what we earlier described as ancillary factors, but neither crucial nor substantial. 

Needham sums up his paper as follows (1956, p. 343): 
 
“Interest in Nature was not enough, controlled experimentation was not enough, 
empirical induction was not enough, eclipse-prediction and calendar-calculation were 
not enough – all of these the Chinese had.  Apparently a mercantile culture alone was 
able to do what agrarian bureaucratic civilization could not – bring to fusion point the 
formerly separated disciplines of mathematics and nature-knowledge.” 
 

This passage is by no means inconsistent with the view presented here.  I have 
claimed that the crucial factor in the origin of the Copernican revolution was the 
establishment of long distance (global) seaborne trade.  Why did the Europeans 
establish this kind of trade, but not the Chinese?  As we have seen, the Chinese did 
have all the technical skills needed to make long-distance ocean voyages.  So the 
technological factor is not critical here, and we should look instead at social factors.  
Now the profits of long distance seaborne trade went mainly to the merchant class.  
So, perhaps, as Needham seems to suggest, the merchant class was unable to pursue 
its interests in that direction because of its subordination to the ruling scholar 
bureaucrats, whose economic interests were mainly landed.  By contrast, the merchant 
classes may have been stronger in Europe relative to the landed classes.  However, 
these conjectures take us away from questions about the development of science and 
into general questions concerning social and economic history.  I will not therefore 
pursue them further here.  
 
 
 



	 25	

References 
 
 
Bautier, R-H.  (1971) The Economic Development of Medieval Europe. Thames and 
Hudson. 
 
Bernal, J.D.  (1954) Science in History. Volume I.  The Emergence of Science. Pelican 
Edition, 1969. 
 
Bishop, M.  (1971) The Penguin Book of the Middle Ages.  
 
Copernicus, N.  (1543) De Revolutionibus Orbium Caelestium.  English translation by 
C.G.Wallis in Great Books of the Western World, Vol. 16, Encyclopaedia Britannica, 
1952, pp. 501-838. 
 
Davis, R.  (1973) The Rise of the Atlantic Economies. Weidenfeld and Nicolson. 
 
Dreyer, J.L.E.  (1953) A History of Astronomy from Thales to Kepler.  Dover Edition, 
revised with a foreword by W.H.Stahl. 
 
Duhem, P.  (1908) To Save the Phenomena. An Essay on the Idea of Physical Theory 
from Plato to Galileo. English translation by Edmund Doland and Chaninah 
Maschler, with an introductory essay by Stanley L. Jaki. University of Chicago Press, 
1969. 
 
Freudenthal, G. and McLaughlin, P. (Eds.) (2009) The Social and Economic Roots of 
the Scientific Revolution. Texts by Boris Hessen and Henryk Grossman. Boston 
Studies in the Philosophy of Science, Vol. 278, Springer. 
 
Galileo  (1610) Sidereus Nuncius.  English translation as The Starry Messenger in 
Stillman Drake (editor and translator) Discoveries and Opinions of Galileo. Anchor 
Books, 1957, pp. 21-58. 
 
Gernet, J.  (1972) A History of Chinese Civilization.  English Translation by 
J.R.Foster. Cambridge University Press, 1990. 
 
Gillies, D.  (2014) Why do Scientific Revolutions begin? In Emiliano Ippoliti (Ed.) 
Heuristic Reasoning. Sapere, Springer, pp. 89-112.  
 
Hessen, B.  (1931) The Social and Economic Roots of Newton’s ‘Principia’. In 
Science at the Cross Roads. Frank Cass, 2nd Edition, 1971, pp. 147-212. 
 
Hoyningen-Huene, P.  (1993) Reconstructing scientific revolutions: Thomas S. 
Kuhn’s philosophy of science. University of Chicago Press. 
 
Koestler, A.  (1959) The Sleepwalkers. Pelican Books, 1968. 
 
Kuhn, T.S.  (1957) The Copernican Revolution. Vintage Books, 1959. 
 



	 26	

Kuhn, T.S.  (1962/70) The Structure of Scientific Revolutions. University of Chicago 
Press, second edition, enlarged, 1970. 
 
Kvasz, L.  (2012) Galileo, Descartes, and Newton – Founders of the Language of 
Physics, Acta Physica Slovaca, 62(6), pp. 519-624. 
 
Macfarlane, A. and Martin, G.  (2002) The Glass Bathyscaphe. Profile Books. Kindle 
Edition. 2003.  
 
Needham, J.  (1956) Mathematics and Science in China and the West, Science & 
Society, 20(4), pp. 320-343. 
 
Needham, J.  (1959) Science and Civilisation in China, Vol. III.  Cambridge 
University Press. 
 
Needham, J.  (1971) New Foreword to Science at the Cross Roads. Frank Cass, 2nd 
Edition, 1971. 
 


