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Preface

India’s ‘tryst with destiny’, a phrase used so powerfully by Pandit
Nehru, was, and is, actually a tryst with science. For Nehru, this
equivalence would only have been welcome. His belief that
industries were the temples of modern India and his support for the
larger State project of science are indicators of this. Political freedom
from the British would lead to intellectual freedom of the citizens
of India through the use of science. And since science was universal
and not associated with any country as such this liberation was
indeed a model of universal freedom. One is thus not answerable
to any individual or even any tradition but only to one’s ‘universal’
reason. Although Nehru did not articulate his vision in exactly this
manner, the emphasis on science immediately after independence
suggests how our leaders bought into this picture of science. This is
also radically reflected in the Indian constitution: one of the duties
of the Indian citizen is to ‘develop scientific temper’. None of the
other countries in the world have this constitutional duty to possess
a scientific temper. Not even the most advanced scientific societies
expect this from their citizens! And this for good reason — to expect
that citizens should inculcate scientific temper is to reduce science to
a variety of common sense and also to ignore the fact that humans, in
general, cannot be ‘scientifically rational’ in the decisions they make.
This rationality is only one particular kind of rationality.

The birth of modern India is immersed in such confusion and
hope: confusion about how to inherit the various kinds of traditions
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and hope that science would be the path towards a new era. In
principle, it was also going to be an impossible task. Primarily this
was because of the confusion engendered by the use of the word
‘science’. The idea of science that influenced these minds was not
one that comprised disciplines such as physics and chemistry but was
more a worldview which had the characteristics of rationality, logic
and reason underlying it. It is possible to believe that the seduction
of science in this moment of the birth of an independent India was
not to be found in industries and technology. There was a purity and
innocence about this belief about science, a state which can be found
in 2 dominant section of the scientist population in India today. It
has also become a part of a cultural response (rather non-response)
to matters of science in the country. If, in other countries, scientific
establishments have come under the scrutiny of the public, here they
continue to remain isolated pockets with little social accountability.

Much has changed in India in the years after independence. And
much has also changed in the way we understand science. In this
intervening period, science and technology studies which include
disciplines such as history, philosophy and sociology of science
and technology, have helped us understand the nature of science
and technology in much more sophisticated ways than possible
earlier. In the Indian context, these issues are further enhanced by
scholarly works on science and technology in ancient and medieval
India. Along with this is the strong body of work on rational Indian
philosophical traditions, including the seminal contribution to logic
by Indian logicians, all of which question naive images of science
that first influenced the development of the Nehruvian vision.

Thus, the appropriate question to begin with is this: What —
exactly — is — science? What exactly do we mean by science? For most
of us, we first hear of science in the context of subjects we study. In
school, science is taught as one subject before we study individual
subjects such as physics, chemistry and biology. Interestingly, this is
exactly the opposite of what happened historically.

This book attempts to define science. Science, in the public
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imagination, is deeply associated with the notions of logic, rationality,
truth, knowledge and intelligence. This book re-looks at these
assumptions not by denying them but by showing how complex science
really is. This complexity negates any simple definition of science.
The first chapter attempts to illustrate the different ways in which we
use the word ‘science’. For the general public, ‘science’ and scientists
often become synonymous. Indeed, a large number of people believe
that science is really what scientists do. So in order to understand
science it is necessary to see what scientists do and how they do it. The
second chapter describes what scientists do, both in their regular day-
to-day work as well as in their scientific activities. Perhaps the most
entrenched opinion about science is that it is logical. This catalyzes
the widely held belief that scientists are always logical even when they
are not doing science. The third chapter analyses the relation between
science and logic. To understand this relation, we need to first know
what logic means. This chapter introduces the reader to some basic
themes in logic, including Indian logic, and illustrates how the latter
may also be useful in understanding the nature of science.

More than any other discipline, science has an extremely vibrant
engagement with the theme of reality. Science opens up new realities
through its instruments. We believe in the reality of atoms, electrons
and quarks; of genes and DNAs; of polymers and proteins, and so
on. The fourth chapter illustrates the complex character of reality
which is described by science. Reality also grounds our beliefs in
truth and knowledge. We have different kinds of knowledge such
as moral knowledge, religious knowledge and knowledge needed
for daily living. Scientific knowledge is a special type of knowledge.
The fifth chapter deals with the notion of scientific knowledge. This
chapter also discusses the special role of mathematics in the sciences.

Science has had a troubled relationship with the human subject.
Science is seen to embody the virtues of universality, of emphasising
reason as against emotion, having no cultural or historical bias, and
so on. The sixth chapter explores some of these themes, including the
claims to the multicultural origins of science. This chapter ends with
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a long discussion on ethics and science. The last chapter summarizes
some reasons for the successes of science as well as its limitations.

Without any doubt, this book represents an idiosyncratic
interpretation of science. The topics were chosen in order (1) to
critically understand the standard views about science particularly
its relationship to logic, reality, knowledge and the human subject,
and (2) to illustrate the complexity of the activity of science which
does not let us reduce science to clear and simple categories. In so
doing, I am aware that I may not have answered the question ‘What
is Science?” in the way a scientist or historian of science or even a
sociologist of science might have done. But I do believe that the book
will open up multiple ways through which we can think about the
nature of science.

Since this is an introductory book, I have avoided an academic
style of writing in general. There may be a few sections here and there
which might be difficult on a first reading. The reader can skip these
sections and come back to it later. I hope that this book will inspire
students and others interested in the nature of science to inquire
more carefully and deeply into the naive assumptions about science.
I also hope that this book will interest scientists and give them
sufficient tools to understand the foundational nature of the activity
of science. This book is also targeted at the large number of students
and professionals in social science, humanities and arts in the hope
that they will be able to engage with the institution of natural science
with more awareness and confidence.

X X Xk

Some of the material in this book has earlier been published in
various places. In Chapter 3, the section “Where is logic to be found
in science?” is extracted from Sarukkai, 2005, Indian Philosophy and
Philosophy of Science. Another section ‘So how logical is science? The
role of beauty in science’ is extracted from Sarukkai, 2004, Philosophy
of Symmetry. The section ‘Science and Indian Logic’ is an edited and
condensed extract of the Introduction chapter of Sarukkai (2005).
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in the Jadavpur Journal of Comparative Literature 44, 2007. 1 thank
the editor of that volume, Ipshita Chanda, both for the permission to
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In Chapter 5, the section ‘Language and knowledge: The special
place of mathematics in the sciences’ is an edited version of the paper
titled “Revisiting the ‘unreasonable effectiveness’ of mathematics”
published in Current Science 88, 2005. In Chapter 6, the section
‘Science and the ethics of curiosity’ is a slightly edited version of the
paper of the same title published in Current Science 97, 2009. 1 thank
the Indian Academy of Sciences for permission to use these papers
in this book. In Chapter 6, the section “The multicultural origins of
modern science’ is a slightly expanded version of the book review

of Arun Bala’s book published in Philosophy East and West, 2011. 1
thank the journal and their Editor, Roger Ames, for permission to
use this material in this book.

There are many individuals to whom I am indebted over the course
of putting this book together. First and foremost, is my father, S. K.
Rangarajan, the truest scientist and philosopher that I have known. I
hope that in this book he would have recognized his spirit of humane
enquiry that stays with me in my own work and life. My mother,
Santha, who has given me much more than she can imagine. Dhanu
for all her support, both intellectually and otherwise. My mother-in-
law, Sita, for her cheerful presence.



Xiv WHAT IS SCIENCE?

K. V. Akshara has not only read this manuscript and responded
with many suggestions but he has also been an interlocutor with me
on these subjects over the last many years. To him and to Ninasam, my
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science and I have learnt much from responding to his committed
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or through our conversations on these topics over the last many years
and I am glad to record my sense of gratitude to all of them: Probal
Dasgupta, Jayachandran Palazhy, S. Arunachalam, Samir Banerjee,
Stinivas Bhashyam, Raghunandana, Shiv Viswanathan, Raghuram
Raju, Gopal Guru, Geshe Samten, S. K. Seshadri, Arindam
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Arun Murthi, Meera Baindur, Anu Joy, Hamsa Kalyani and Jobin
Mathew. Special thanks are due to my brothers Mukund, Sekhar and
Ramesh for healthily disagreeing with my views on technology and
to Sriram for continuing to keep the faith with me. My interactions
with the students at IISER, Mohali were useful and I would like to
thank N. Sathyamurthy and Arvind for enabling these interactions
as well as for their committed support to the humanities in a science
institute.

I am grateful to Manipal University for creating an inspiring
academic ambiance which made the process of writing the book
much easier. In particular, I am thankful to Ranjan Pai for his support
to high quality research and teaching in the areas of philosophy and
humanities at Manipal University.

Finally, many thanks to Benny Kurian at the National Book
Trust for not only initiating this project but also for his patience.

SUNDAR SARUKKAI

Defining Science

Article 51A(h) of the Constitution of India
FUNDAMENTAL DUTY of the Citizens of India: 7o develop
the scientific temper, humanism and the spirit of inquiry and
reform.’

In a public lecture at the Indian Institute of Science, Bangalore, in
January 2010, David Gross, the celebrated theoretical physicist and
winner of the Nobel Prize for Physics in 2004, narrated an interesting
incident in the life of John Nash. At the press conference held shortly
after the announcement of the ‘Nobel Prize’ for Economics (the
official name of the prize is the Sveriges Riksbank Prize in Economic
Sciences), a journalist asked Prof Nash the following question:
Since the prize was given for economic science, did Nash agree that
economics was a science? Nash apparently replied that any subject
which needed to have the appendage ‘science’ to it could #o# really be
a science. Gross then went on to say how the disciplines of physics,
chemistry, mathematics and biology did not have the addition of
‘science’ to them whereas ‘social science’ did. Like most other
scientists he seemed to be quite dismissive of the claims of science in
social science.

Two hundred years ago, a similar question of what defines
science was hotly debated in Europe. In the early 1800s science was
not the dominant profession in Europe, particularly Britain. Subjects
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such as theology and classics had a greater status in society. Science
did not enjoy the cultural prestige that it came to have later on.
There was no well established notion of ‘being a professional’ and the
‘scientist’ of those times moved between science, theology, political
economy and even literature. While there was some acceptance of
the view that science meant systematic knowledge yet the scope for
confusion remained since subjects like logic, theology and grammar
were seen not only as sciences but often were used synonymously
with philosophy. Before the use of the word ‘science’ to refer to
subjects like physics and chemistry, the common terminology for
them was ‘natural philosophy’. And if science was seen primarily as a
study of nature then there were different professions which did jt—
astronomers, chemists, botanists and geologists. This proliferation
of subjects led Babbage to complain in 1851 that “our language
itself contains no single term to describe these various occupations”.

A similar point was made by Whewell in 1833, Although Whewell

coined the term ‘scientist’ in 1833, it was not widely accepted by

the ‘scientific’ community till the end of the century. People like

Faraday and T. H. Huxley thought that their work (in science) was

part of a broader framework which included philosophy, theology

and morality (Yeo 2003).

The establishment of science as a separate discipline needed a
conscious effort at ‘popularizing’ science. Part of this process was
catalyzed by a rivalry between France and Britain, and the increasing
role of science within these States. But we should note that the
popularization of science is not to be understood as we do now
since there was no clear distinction between ‘expert scientist’ and
‘lay audience’ at that time. The proliferation of Victorian periodicals,
which played an important part in bringing science to the society
and legitimizing it, were those in which both the ‘experts’ and the
‘lay’ wrote and debated.

So what Gross said in 2010 is nothing new. In fact, this problem
is more acute now than it was two or three centuries ago. The reason
is that there is a much greater proliferation of subjects under the
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common category of science. If we look at the list of subjects which
fall under science today it is no longer physics, chemistry, biology or
geology. First of all, each one of these subjects has many specialised
disciplines under them. Within physics there are many sub-disciplines,
some of which include astronomy, condensed matter physics, particle
physics, nuclear physics, laser physics, classical physics and quantum
physics. Under chemistry there are disciplines like electrochemistry,
organic chemistry, inorganic chemistry, stereochemistry, polymer
chemistry and synthetic chemistry. Biology has another long list of
sub-disciplines including cell biology, molecular biology, genetics
and more traditional subjects such as botany and zoology. A general
list of science subjects taught in universities today includes marine
science, environmental science, management science, health science,
medical science and library science. Some academic institutions offer
a course on ‘wine science’!

Both Gross and Nash are wrong in their interpretation of the
implication of adding ‘science’ to the name of certain disciplines.
As we see in the specialized disciplines within physics, chemistry
and other science subjects, most of them have the attached tag of
‘physics’, ‘chemistry’ and ‘biology’. For example, ‘condensed matter
physics’, ‘particle physics’ or ‘nuclear physics all have the term
‘physics’ attached to them. One cannot extrapolate Nash's comment
to say that any subject that adds the term ‘physics’ to it is not really
physics! The reason for adding the term ‘science’, just like the
addition of terms like ‘physics’, ‘chemistry’ and ‘biology’, is historical
and indicates a kind of family kinship.

Nevertheless, looking at the huge list of subjects which are now
listed under science, we are naturally compelled to ask why they are
all called science. What is it within each of these disciplines that
makes them subjects of science? Why are they not subjects of ‘art’
or ‘literature’? This is exactly the point that Babbage was making
when he pointed out the apparent lack of common elements in the
occupations which studied nature.

But in a way Nash is right when he is dismissive of subjects
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which have the word ‘science’ as an appendage. Much eatlier, in the
West, they used philosophy in a similar manner when subjects of
science were called ‘natural philosophy’. In the early days of scientific
disciplines, there was value in relating them to an established and
respected discipline like philosophy. Similarly, it is the case that some
disciplines found an advantage in being seen as a science because
of the cultural and social prestige attached to it. Science was also
strongly supported by the State and more money was available to
those fields within the sciences. Since contemporary culture places
value on those who do science, people who work in some disciplines
presented themselves as scientists. Thus, subjects like management
studies became management science; ecology became ecological
science and so on. Even a subject that studies the art of wine making
and tasting is presented as “Wine Science’. In India, we have a unique
subject, one which is also extremely popular, called Home Science.
Confronted with this phenomenon it is indeed reasonable to ask the
question “What is science?’

There are no easy answers to this question. Unless we know what
we mean by science we cannot say whether a particular subject is a
science or not. On the other hand, we do not really know what a
science is but only know the different subjects that are usually called
science. In the remaining part of this chapter, I will explore the
different possible meanings of ‘science’.

But first, on the etymology of science. Science is derived from
the Latin word scientia, meaning knowing. In the western context,
‘science’ comes into general use after 1300 AD and was primarily
understood as knowledge acquired by ‘study’; it also included
studies of art. It is only in the 18™ century that some notion of
method was attached to ‘science’ but in this period philosophy
was also seen as a methodological study which led to knowledge.
As mentioned earlier, what we call science was first referred to as
‘natural philosophy’. The use of the word ‘science’ has a complex
history and is associated with various factors. There are many
different meanings of ‘science’. I will list these various possibilities
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and consider the different ways in which science is understood in
each of these meanings.

Science as a Concept

When we see a mango tree we classify it as a tree. In doing so, we are
placing a particular tree under the general concept of a tree. When
we classify disciplines as belonging to science we are similarly doing
this job of classifying them under a concept called Science. This
is what we do when we classify physics under science — we place
a particular subject called physics under the larger category called
science. So also for all the other subjects which are classified under
science. Understanding science as a concept at least helps us explain
what we are doing when we call some subject a science. We do a
similar job of classifying when we identify certain elements such as
scientific methodology and scientific way of thinking as belonging
to the nature of science (and not the subject of science). In all these
cases, we recognize some characteristic of science that is present in
different subjects and different types of activities.

Philosophically, there are many issues surrounding this
propensity for classification. Consider the example of a ‘dog’. Many
different types of dogs are classified under the category dog. We place
an Alsatian in this category and also the Tibetan Terrier. Why do we
put all these different types (which runs into hundreds) under one
category called ‘dog’? It cannot be because all of them have four legs
since countless other animals also have four legs. One cannot say that
they all ‘look’ like dogs — this too is not correct since some dogs, like
the Alsatians, look more like wolves and some look more like cats!

Classification is one of the most fundamental activities of the
human mind. Stereotyping and generalizations about people and
communities often involve categorizing. Categorization is also very
economical. Suppose you were asked to list all the objects in a class
room. One could list them by naming each of the chairs or one could
say that there are ‘45’ ‘chairs’ in the room. In the case of the latter,
we create a concept called chair under which we put each one of
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the chairs. (Note that in this case we also have another concept, the
concept of a number under which belongs a particular number 45.)
So when we have a proliferation of things we can use categories to
have an economical description. In this sense, categories are not as
much about truth as about making it easy for us to talk about objects,
to make sense of similarity and so on. However, almost all cases of
categorization have a problem: that of specifying why something is
placed under a given category. Some philosophers have used the idea
of essence to respond to this issue. All trees — however different
they may look — are classified under trees because they have the
essence of ‘treehood’ in all of them. The idea of essence is debatable
and philosophers have held different views on essence. However,
in common usage, we do tend to make sense of categories through
some notion of essence.

The use of the word ‘Science’ is somewhat similar. It is a category
under which a variety of things can be put. This does not mean that
everything within it (i.e. everything called science) is exactly similar
to each other. Just as members of the category of dog differ in many
of the characteristics so too do members of the category of science.
Following some classical traditions in both Indian and Western
philosophy, we might argue that since a category has an essence or
essences we could say that anything which is a science has an essence
or essences related to the category Science. In fact, the word ‘scientific’
is something like an essence. You can be scientific in a number of
activities and disciplines. Being scientific is a mark of something
which can be put under the category science. The problem then is to
specify what scientific really means and it is not clear whether this is
less difficult than specifying what science means.

Although there are problems, science as a category is a reasonable
description of how the word science is used. When we put disciplines
such as physics, chemistry, biology into a category called science we
are recognizing that these are loosely related to each other. One way
to describe this is by using the idea of family resemblance, an idea
made famous by the philosopher Wittgenstein. Disciplines grouped
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under science, including “Wine Science’, ‘Management Science’
and ‘Home Science’ are related to physics, for example, in the way
members of a family are related to each other. In family resemblance,
there is no strict similarity. So what exactly characterises a family if
not similarity? Families are related to each other and it is the kind of
relations (biological and natural) that specify family membership.
Thus, when somebody claims that physics and wine science belong
to the same family called science, perhaps they are only suggesting
that there exists some kind of a relationship between the two. Most
often when disparate subjects are called science there will be some
attempt to relate them through common methodology or common
assumptions such as the rejection of supernatural forces to explain
the natural world.

So what we have done by looking at science as a category is
to replace the question of similarity between diverse subjects and
activities that are placed under science with the idea of relatedness as
in a family. But this does not solve the problem of what to do when
new members claim relationship with the family. These new members
might make this claim because being associated with the family of
‘science’ gives them greater benefits. This is like some people who
claim to be descendants of monarchy in various countries. Science as
a category or family cannot help us to decide these kinds of cases. In
important debates about astrology, alternate medicine and so on, this

is really what is at stake.

Science as a Title
While science as a category explains some aspects of the distribution
of subjects that are put under science, it still does not explain the
constant struggle in accepting or rejecting particular subjects and
activities as science. For example, most scientists do not accept
astrology as a science. Many of them do not think social science is
a science. The problem seems to be that some members aspire to
belong to a category but they are not allowed that privilege.

In the case of trees and dogs, this does not seem to be a problem
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(although one should not take this for granted). That is perhaps
because these categories are natural, what philosophers call as ‘natural
kinds’ — kinds of things which occur in nature. But there are also
artificial kinds, that is, groupings created by us. For example, family
is itself a social category. Nation is another social category. Under the
category ‘nation’ we have many nations just like under the category
‘dog’ we have many types of dogs. But note that somebody has to
agree whether a particular place is indeed a nation or not. Many
communities routinely claim the status of a nation — look at the
number of freedom movements in this world at any given time! But
just because somebody says their ‘place’ is a nation it does not make
it a nation. Somebody else has to give the sanction for it; if the local
government doesn’t then international organisations like the UN
could perhaps attempt to do this. But we all know how difficult and
dangerous this activity of sanctioning new nations can be.

The point is that ‘science’ is a lot like a ‘nation’. The analogy
between science and nation is quite strong. The first is that science is
intrinsically associated with an authority which will designate what is
science and what is not just like some institution will decide whether
a particular entity is a nation or not. In this sense, science is like a
title of nationhood which is bestowed by some authority. While very
often there will be good reasons for accepting or rejecting a claim to
nationhood, there may be borderline cases where it is difficult to decide.

Understanding science through this analogy of a nation also
allows us to understand the relationship between the members of
the group called science and science itself. Consider the idea of
citizenship. If we want to call somebody an Indian, that is, put a
person into the category ‘Indian’, then we expect that person to fulfil
certain conditions. If we look at all the members who belong to the
category ‘Indian’ we find very diverse members. So just because we
are all Indians it does not mean that there is some common property
that we all share that allows all of us to be put under one category. As
is well known, it is very difficult to identify common characteristics
among all Indians!
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So instead of looking for common properties, we might want
to claim that every person who lives in India is an Indian but this
claim is unhelpful on at least two counts: firstly, citizens of other
countries live in India (this includes tourists also) and secondly,
Indians live outside India too. One might then say that those who
have an Indian passport are Indians — but then this excludes millions
of Indians who do not have passports. If we try religious and cultural
definitions of being Indian then the project is near hopeless since it
is almost impossible to find commonalities between all individuals
who are Indians. Yet, we have a workable category called Indians.
The category of Indian is largely based on a legal framework, such
as those possessing Indian passports, ration cards and so on. The
point here is that being an Indian is a title, a ‘legal title’ bestowed
by the government of India on its citizens. The point about titles is
that the person who bestows the title has the final say in the matter
of classification. (Even in the case of cultural claims of Indian-ness,
remember that the problem is that some group or the other will
claim that some are not ‘Indian’, because of their social and cultural
practices, although they live in India.)

Could it be that ‘science’ is actually a title that is bestowed upon a
discipline or activity? Just like the folk saying that science is what the
scientist does, so also can we say that science is the title that scientists
bestow on others? That is, whatever activity is dubbed as science by
the scientists becomes science. We can see this very clearly in many
of the debates about which disciplines should be called a science. The
case of the social sciences is a reminder about how science functions
as a title. Many scientists from the natural sciences do not accept
social sciences as a science even though social scientists (as the name
itself suggests) call themselves as scientists. Ultimately, how do we
adjudicate between these two communities? For example, there are
many who believe that the essential mark of science lies in the use
of mathematics. This means that unless sociology or anthropology
uses mathematics then they will not legitimately be called a science.
If so, then the scientists are functioning like the government of India
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in that they decide to give the certificate of science to those who
they think satisfy their criteria for being a scientist. This explicit
control over the title of science is very much a part of the problem
of defining what science is. The institution of science in fact is like
the government and decides what is a science and what is not. (Just
like in the case of the nation, conflicts about national identity arise
only at the borders when one is attempting to move either into the
country or outside the country — when subjects want to enter into
the club of science or leave the club.)

Thus, it is not a surprise to see various academies and societies of
science in different countries routinely coming out with a statement
defining science. Here are some examples. The American Physical
Society defines science as follows (as adopted in 1999).

‘Science extends and enriches our lives, expands our imagination

and liberates us from the bonds of ignorance and superstition.

The American Physical Society affirms the precepts of modern

science that are responsible for its success.

Science is the systematic enterprise of gathering knowledge
about the universe and organizing and condensing that
knowledge into testable laws and theories.

'The success and credibility of science are anchored in the
willingness of scientists to:

Expose their ideas and results to independent testing and
replication by others. This requires the open exchange of data,
procedures and materials.

Abandon or modify previously accepted conclusions when
confronted with more complete or reliable experimental or
observational evidence.

Adherence to these principles provides a mechanism for self-
correction that is the foundation of the credibility of science.’

The Science Council in Britain, another influential body in
Britain, also attempts a formal definition of science. It is worthwhile
reading the reasons for this attempt:
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“The Science Council has ‘science’ in its name but had not
previously clarified what this actually meant. In addition to
developing a better understanding of what types of organisations
might become member bodies, it was felt that the recent inclusion
of the advancement of science as a charitable activity in the 2006
Charities Act suggested that in that context a definition would
be useful; and finally, the Science Council agreed that it wanted
to be clearer when it talked about sound science and science
based policy what it was actually describing.’

Here is a body of scientists, whose purpose is, in their own words,
to ‘provide a collective voice for science and scientists and to maintain
standards across all the scientific disciplines.” It is important to note
that even after all these centuries of doing science and having powerful
scientific institutions this Council feels that the meaning of ‘science’
has to be clarified even now. The avowed purpose is to unite scientists
together and also to act as a guardian against misappropriation of
science. In other words, organizations like this will bestow the title of
science since they decide ‘what types of organizations might become
member bodies.” Since financial support for science is necessary from
the government, such attempts are also a way to make sure that there
is enough allocation of resources to science related activities as well
as making sure that activities which do not fall into the category of
science do not appropriate the name of science in order to attract
resources or legitimize themselves.

If science is understood in this manner then we can begin to
understand the various kinds of conflict between science and non-
science. Given that the title of science has value in the present
times, it is only reasonable to expect spurious claims to science-
hood. Centuries ago, in the beginning of modern science, it was
religion or philosophy which had this value and physicists and
mathematicians often invoked the idea of God or of religion to
validate their work. The classic example of this is Issac Newton who
tried to get legitimacy to his physics by claiming that the success of
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his physics proved the existence of God! Now the roles are reversed
and religion, often, tries to legitimize itself by saying its claims are
scientific or that what religion talks about has some correlation with
modern science.

Science as a Method

One might ask whether there are other criteria which can help
us understand what science is. One such criterion is the idea of
method. The claim here is that science is characterised by a special
method, the scientific method. The essence of science is this
scientific method.

This is a view that has many supporters and in fact is a common
way of distinguishing science. Here are some examples of definitions
of science which draw upon the idea of method.

“...science is a systematic method of continuing investigation,
based on observation, scientific hypothesis testing, measurement,
experimentation, and theory building, which leads to
explanations of natural phenomena, processes, or objects, that
are open to further testing, revision, and falsification, and while
not ‘believed in’ through faith are accepted or rejected on the
basis of scientific evidence.” (The Ohio Academy of Science)

The definition of science is not only of interest to professional
science bodies. Even courts have often been called upon to define
science. For example, the US Supreme Court (1993), in Daubert v.
Merrell Dow Pharmaceuticals, Inc., defined science as follows.

‘Science is not an encyclopedic body of knowledge about the

universe. Instead, it represents a process for proposing and

refining theoretical explanations about the world that are subject
to further testing and refinement. But, in order to qualify as

‘scientific knowledge,” an inference or assertion must be derived

by the scientific method. Proposed testimony must be supported

by appropriate validation—i.e., ‘good grounds,” based on what
is known. In short, the requirement that an expert’s testimony
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pertain to ‘scientific knowledge’ establishes a standard of
evidentiary reliability.’

The Science Council in Britain defines science as follows:
‘Science is the pursuit of knowledge and understanding of the
natural and social world following a systematic methodology
based on evidence.’

Many historians and philosophers of science also understand
science as a method. Although the idea of a coherent and uniform
scientific method common to all disciplines of science has been
challenged there are nevertheless good reasons for believing that
science is characterised by a special method. This method is, in
the most general sense, defined by the union of experiment and
theory. Scientists do experiments and based on data they infer about
a variety of things in nature. This is a simple picture but yet very
influential. Later on, when we discuss in greater derail this idea of
scientific method, we will see how much more complex this picture
really is and that even the very notions of experiment and theory are
not simple at all.

But, for now, can we say that scientific method satisfies the search
for a definition of science? It is not possible to say so because on the
one hand, the integration of theory and experiment is common to
various other human activities (in fact, I would say that it is common
to most of everything we do) and on the other hand, the meaning
of theory and experiment themselves are different in the various
disciplines of science. For example, one important marker for theory
has been the use of mathematics. Now there are various branches
of science which do not depend on mathematics either in the way
physics does or only use mathematics in a minimal sense. Do we
then say that these disciplines are not scientific? Moreover, how do
we distinguish the idea of experiment in art and cooking, to give
two random examples, against experiments in physics, chemistry and
biology? Is it possible to come up with a consistent distinction?
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One way to do this is to give a more rigorous definition of
theory and experiment by considering what is special to scientific
theories. Here is one way to characterise the uniqueness of scientific
theories: they are unique because not only do they describe but they
also explain. Moreover, the character of scientific explanation is itself
unique (more on this later). Scientific theory also creates and uses
many new concepts which are not available in ordinary descriptions.
In fact, invention of scientific concepts is a special characteristic of
good science. Scientific theories do the job of unifying, that is, they
discover commonality in diverse phenomena. Most often, at least in
the fundamental theories of physics and partly chemistry, theories
are mathematical in nature. Related to this is the discovery of laws
of nature. All these are unique characteristics of theories in science.

What about scientific experiments? Is there something unique
to them or is a cooking experiment similar to that of a scientific
experiment? Scientific experiments today — like scientific theory —
are very specialized and needs sophisticated technology. Scientific
experiments not only test but they are far more dynamic — they
intervene in nature and show a great degree of manipulative skills.
They are able to manipulate nature much more than any other model
of experiment which may be present in various other activities such
as art, cooking and so on.

And finally, the relation between theory and experiment is
also unique to science. This relation is associated with the ideas of
verifiability and falsifiabilicy. This relation has also been understood
to be a logical relation — that is, the move from observation and
evidence to theory and the relation between the theoretical and
the experimental often has the structure of a deductive argument.
However, the very notion of a theory is different in different
scientific disciplines. The theories of physics are quite different from
biology, which in turn are quite different from computer science. So
also in the case of experiments. Laws in physics are not like laws in
biology. What chemistry does in an essential sense is to synthesize
and create whereas physics is best known for its ability to analyse and

DEFINING SCIENCE 15

describe what is already present in nature. Similarly, the distinction
in method and theory between science and engineering is also quite
striking.

However, although there might be some problems in identifying
science uniquely through a scientific method, it is nevertheless a
useful way to characterise science. Over the next few chapters, I will
discuss the various contours of scientific method.

Science as a Criterion for Demarcation
Merely by adding the term ‘science’ to a discipline does not make it
into a science. Something else has to be the case and in Popper’s view
it was the emphasis on the criterion of falsifiability. Karl Popper’s
model of science was this: scientists make hypothesis and then deduce
the consequences of these hypotheses. These hypotheses are such that
they are open to being falsifiable, that is, open to being shown to be
wrong. A good scientific assertion should allow for the possibility that
it could be wrong and there should be ways to show how it is wrong,.
Popper’s argument was that verifiability is not a proper criterion for
science. Very general statements can often be easily verified. Consider
the prediction that it will rain. This prediction is always true since
it will be raining somewhere or the other. Such statements are easily
verifiable but are not really scientific statements. To qualify as one,
there has to be more ‘empirical content’. For example, the statement
that ‘It is going to rain in Manipal’ is less general than ‘It is going
to rain’ but still not very specific. This statement will be always true
since it doesn’t say when it will rain in Manipal. But a statement like
‘It is going to rain in Manipal tomorrow at 11 am in front of the
post office’ is an empirically strong statement. The strength of this
statement is that it is open to being falsified, that is, open to being
shown to be wrong. For Popper, scientific claims are like this, open
to being proved wrong.

However, even with this view there are many difhiculties. For
one, scientists don’t do science this way. Many scientific experiments
are often attempts to verify various claims. Another problem is that
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the relation between falsification and theories is far more complex
than originally thought. Just because a consequence is falsified does
not falsify the theory but only some elements in it. To discover which
elements contribute to the problem is not an easy task. But in spite of
these caveats, Popper’s view has been very influential, at least among
practicing scientists.

While Popper’s claim about science could be seen as highlighting
what is special to scientific method it was really inspired by his
attempt to find criteria for demarcation between science and non-
science. Falsifiability was used as the criterion which would help us
judge whether something was a science or not. According to Popper,
theories in physics were modelled on this aspect whereas in astrology
or even psychology they were not based on falsifiability but on some
general ideas of verifiability.

The question of demarcating science from non-science has
inspired vehement debates about the nature of science because
without knowing what science is one cannot really distinguish science
from non-science. In this sense, the idea of science itself becomes a
hallmark for demarcation. In so doing, science gets equated with
truth, rationality, logic and so on which then become the criteria
for demarcating science from non-science. The importance of the
demarcation problem is seen in contemporary debates as to whether
disciplines/activities such as astrology, ayurveda, folk medicine and
traditional accounts of psychology, are scientific or not.

Science as Inquiry

Science, it could be said, is a particular kind of inquiry. But what is
inquiry? When does a particular process become an inquiry? Is inquiry
a method? A particular way of asking questions? Or something to do
with how and what we doubt?

First of all, inquiry has a subject matter — the subject we are
enquiring into. Typically, inquiry is a set of interrogative statements.
Inquiring is to ask what and why questions. Scientists tend to believe
that science has a special mode of inquiry. For example, The National
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Science Foundation in the US emphasizes the importance of inquiry

in doing science:
‘... Whenengagingininquiry, studentsdescribeobjectsand events,
ask questions, construct explanations, test those explanations
against current scientific knowledge, and communicate their
ideas to others. They identify their assumptions, use critical and
logical thinking, and consider alternative explanations. In this
way, students actively develop their understanding of science by
combining scientific knowledge with reasoning and thinking
skills.’

Inquiry is seen to be the most basic of the human faculties
involved in the process of any learning, and particularly science
learning. Science teachers and science organisations that promote
the teaching of science often echo the above views on inquiry. They
believe that this mode of inquiry is common to both the students of
science as well as practicing scientists.

Inquiry means ‘search for truth’. The search for truth can be
accomplished in many ways. Inquiry in science is one particular
way with some unique characteristics. As we see in the definitions
above, inquiry often begins with asking questions. Scientists often
emphasise the importance of learning to ask questions, to have a
questioning attitude. But what is a questioning artitude? It is true
that we can ask questions of a variety of things. We can be sceptical
of what we see around us, of what we are told by teachers and
textbooks. Questioning is not merely an attitude to doubt everything.
Questions can be for clarification; they can arise as part of an attempt
to conceptualize, describe and so on.

Scepticism is one form of questioning where one doubts
everything. Questioning is closely related to doubts. The importance
of doubting in scientific inquiry should be noted. In the western
tradition, it is most famously associated with the mathematician-
philosopher, Rene Descartes, who made doubting the cornerstone
of a scientific method. It is also a central principle in Indian
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philosophical traditions, particularly the Nyiya school who had a
very refined theory of doubrt.

An important element of inquiry is the way it responds to
authority. An inquiry should be impartial in the sense that it cannot
be dictated by any kind of authority as far as its judgements are
concerned. In principle, it is associated with the search for truth
and is designed so as to uncover matters of fact. Although the
attitude of inquiry is present in almost all other human endeavours
including literature and arts, science — like everything else it does
— institutionalises it well. Inquiry is made into a practice, a habit,
a method. Good science is indeed associated with the practice of
constantly asking questions and not being satisfied with answers
even if they are given by eminent scientists. On the other hand, the
kind of inquisitiveness that characterises this ideal image of science
is more often than not practiced by many who are not professional
scientists. So the appropriation of this mode of inquiry as something
special to science can be challenged on two counts: one, that this
way of looking at the world is indeed a common practice in other
non-science academic disciplines and in practices like art; and two,
scientists do not necessarily exhibit this spirit in their day-to-day
work of doing science.

Science as Search for Truth
Science has an inttinsic engagement with truth. It is based on the
belief that what it says about the world are the truths of the world.
Scientists may accept that their truths are fallible, that is, probably
wrong and potentially open to change. But given the knowledge at
that moment, their assertions are about truths of the world.
Science’s engagement with truth is interesting in the sense that
it is less concerned about the nature of these truths or even why such
truths hold. It is first of all concerned about discovering truths about
nature. These truths could be about new particles such as quarks,
new structures such as the structure of the atom, new relations such
as universal laws, new material such as chemicals synthesized in the
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laboratory or creation of new materials in the metallurgical lab, new
processes such as cloning and so on. Most often scientific truths are
equivalent to facts of nature, facts that have to do with the capacity
to intervene and manipulate the world.

Although philosophers find talk of truth troubling particularly
because they have had great difficulty in understanding truth (there
are many theories of truth in philosophy), scientists continue to
associate truth with the activity of science. This has also been used
as a way to demarcate science from other activities because, in this
view, science is primarily an activity designed to uncover truth about
the physical world. And in this science has succeeded like no other
activity — it has indeed discovered countless facts about the world
which were not accessible to ordinary perception or inference. Truth
in science is closely related to the idea of scientific knowledge. I will
discuss the larger issues surrounding truth and knowledge in the

context of science in a later chapter.

Science as a Way of Thinking and Doing

Science has also been described as a particular way of thinking and
doing, and is especially associated with ‘critical’ thinking. Critical
thinking is often equated with logic and primarily it is a way of going
from one thought to another in a reasoned manner. It also demands
reasons for acceptingany conclusion. Itis way of thinking thatis critical
of any authority and believes that an individual has the capacity to
reason for herself. A well-known physicist, Richard Feynman, whose
writings on science and about science have influenced generations of
students, in his speech about what is science at the National Science
Teachers Association meeting in 1966, related science to observation
and the capacity to think critically about these observations.

Science is also characterised by a particular way of doing.
Although I had earlier mentioned that theory and experiment are
often seen as two sides of science, the nature of experimentation was
not clearly specified there. One influential image of scientists is that
they are like children. Like children, they are supposed to have a
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capacity to ask naive questions, to show great inquisitiveness about
the natural world, to just tinker with things. Curiosity is seen as a
virtue and scientists are supposed to be as curious as children are —
that is, being curious without worrying about the consequences of
being curious! Later in the book I will discuss in greater detail this
idea of curiosity in science and the ethical consequences of it.

The spirit of experimentation is primarily that of tinkering with
the world and with the objects at hand. Tinkering illustrates an act of
curiosity to find out how a thing is made, how to put it back, what
would happen if one ‘played’ with objects and so on. This hands-
on tinkering is an important aspect of the scientific way of doing.
Thinking is also a lot like tinkering. Scientists tinker with their
thoughts in the sense that they take an idea and do things to it like
one plays with things. Given an idea, like an object, they will attempt
to see what kinds of presuppositions are hidden in that thought.
They will also ask what will happen if they change one element of
that idea just like they would attempt to see what would happen if
they remove one part from an object. These constitute a method of
doing science which is often referred to as ‘thought experiments’.

So this is another way to define science — not necessarily in
terms of concept, method etc., but primarily in terms of a special
way of thinking and doing. This way is also characterised by a spirit
of play and performance. This view of science is also a useful one
for demarcation since other activities might not be defined so much
by this attitude of tinkering. One important consequence of the
process of tinkering is technology which is very much related to the
attempt to tinker with nature in order to have better control over it
‘and to harness its potential. In fact, many important technological
discoveries are often made through tinkering and not — as is often
presumed — from the application of a well-articulated theory.

Science as a Narrative
What we are seeing already is the multi-faceted nature of science.
There are different ways of understanding what science is — they
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are not all completely exclusive but each of these characterisations
highlights some special characteristic of science.

There is another interesting way of understanding science. This
view is not so much to do with doing science or how it functions in
a society. It tries to understand science by what it says and the way it
says it. In this sense, science is a narrative. It is a grand story of nature
told by scientists. How a story is told is the narrative of that story.
Science is special in the way it tells its stories. For example, there is
a story about how an eclipse is caused because a snake swallows up
the sun or the moon. We now call this story a myth suggesting that
it is a story that is not based on facts. In contrast, we have another
story ~ the story told by science as to how eclipses occur. This story
is that when the moon comes in between the Earth and the Sun, the
sun gets eclipsed. We call this story a scientific description because
we believe that it is a true description of what happens in nature,

But primarily both myths and narratives of science are stories.
But the way in which the story is told differs in myths and in science.
The scientific narrative might be filled with attempts to explain,
using other observations as evidence, making an argument for the
phenomenon and so on. The mythical narrative might ‘just’ tell a
story. Myths may also try and convince like a scientific narrative does
but that is not their primary aim. Moreover, the images myths use will
often be metaphorical whereas scientific narratives will primarily be
literal — although we should note this is a claim that is questionable.
(For example, the standard way of using straight lines to represent
light rays is a metaphorical way of understanding light propagation
and this image is very important to visually communicate the process
of eclipse.) But nevertheless both are narratives — they are different
ways of telling a story.

Often, scientists get upset when they hear science being described
as stories. The reason for this response is that they mistakenly equate
stories with falsehood. But, as we all well know, stories have a
deep seated engagement with truth. Stories are a particular way of
describing truth — scientific stories describes certain kinds of truth
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in a particular manner and literature often describes other kinds of
truths in a different manner. I will discuss this intriguing relation
between truth and fiction in a later chapter. ,

Also, if we look at the complex stories told by science about the
nature of our universe some of them seem like fiction! This is not
to negate the importance of science; on the contrary, I think the
capacity of science to come up with complex narratives in itself is its
special strength. In fact, I would argue that science ‘methodologizes’
the capacity to tell stories — that is, a strength of the scientific method
is to train scientists to make up innumerable stories. Which among
all these stories is ‘right’ is a different matter altogether.

However, there are also special rules that characterise story
telling in science. Some of the salient regulatory rules of scientific
narrative are these: creation of special concepts (that are most often
measurable concepts) in its stories (this is a powerful difference
between ‘ordinary’ storytelling and scientific narratives); rejection of
‘supernatural’ elements in the story — that is, not invoking anything
extra-natural, like the Divine, to describe natural phenomena; finding
a structure of explanation within these stories — that is, along with
the story various strategies of explanation also need to be present;
no invocation of ultimate ‘purpose’ and in general no explicit use of
philosophical or metaphysical issues in that narrative; the absence
of an explicit author of the story thereby indicating a universality
to the story. The bigger and grander narratives of science are also
characterised by attempts to unify diverse phenomena and suggest
predictable capacities present in that story. I will discuss many of
these elements in the rest of the book.

Science as a Worldview

Scientists have, over the centuries, given their own version of what
science is. C. V. Raman has this to say about science: “What is science
in the last analysis but the study and the love of nature, displayed not
in the form of abstract worship but in the practical form of seeking to
understand nature?” What scientists, as a group, as a community, say
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about science is often different from what they say as individuals. For
example, most scientists talk about science in poetic ways, ranging
from the amazement and awe they feel to terms like love and worship
(often of nature). We can see this in Raman’s belief that science is the
‘love of nature’.

In an earlier section, I had mentioned Feynman’s description of
science as a capacity to think critically. In that same talk, he also talks
about the ‘beauty and the wonder of the world’ that is discovered
through science. Most other scientists repeatedly refer to nature in
these terms — when they are doing this they are not doing it as poets
do but they are doing it as scientists.

In other words, science is a particular way of looking at the world.
It could be in terms of awe, wonder and curiosity. It is mediated by
inquisitiveness towards nature — wondering why the world is the way
it is, why the sky is blue and so on. It is also characterised by a view
of nature which science implicitly or explicitly holds.

Science needs a particular view of nature that will enable
it to perform its activities. What I mean is that for science to do
its tinkering — both in terms of thinking and doing, it has to first
have a view on what nature is. And science has, either implicitly
or explicitly, strong views on what nature is. First of all, nature for
science is uniform. This uniformity is what allows experiments to
be repeated, same observations to be made and so on. This is what
makes scientists search for universal structures and universal laws. In
other words, nature for science is stable, a characteristic which also
makes it possible for science to manipulate nature.

Nature, for science, has to have no agency of its own — in
particular, the agency associated with deception. That is, nature
cannot decide what its properties should be or should not be. It is
sterile in that sense. It cannot have the capacity to deceive in that it
cannot present something as a fact only to change it later. To use a
human term — nature cannot have any will of its own.

Scientists have for long believed in Galileo’s description of
nature as an open book which can be read by the scientists. The
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consequence of this view is that scientists merely read off what is
in the book and to be a scientist is primarily to have this capacity
to be a reader of this book. Galileo complicates matters by saying
that this open book is written in the language of mathematics and
this perforce makes scientists know mathematics in order to read
this book. This view of Galileo has had a profound impact on the
development of science. I will discuss the question of mathematics
later and here I will only draw attention to the special relationship
science has with the question of language. The dominant worldview
about language and nature that so much influences science is that
nature has a special language in which it is best described. This special
language can be mathematics but in recent times it also encompasses
technical languages like computer languages.

Another view of nature that informs scientific activity is that
nature hides its secrets which have to be ferreted out, sometimes with
force if necessary. This view has led to disastrous consequences such
as the enormous impact on the environment. Part of the problem lies
in science’s view that nature is mute, inanimate and we can do what
we want with it in our search for its truths. Such a view allows science
the liberty to break a homogenous world of nature into bits and
parts in order to ‘discover’ its structure which then allows us to use
its resources in a more effective manner. To really accomplish these
tasks, science has to hold another problematical view about nature,
namely, that humans are ‘outside’ nature. We are the observers of
nature, we are the one who attempt to control nature and nature is
out there for us to use as we see fit.

The point is that these views of nature are essential for science
itself to be possible. These go on to constitute a larger worldview of
science and are essential for its practice.

Science as a Means of Controlling the World

Related to science’s view of nature is another special mark of it,
which perhaps is the most defining characteristic of science — science
not only describes the world in a special way, not only is its narrative

DEFINING SCIENCE 25

unique, it is also the case that it attempts to control the world. In
terms of action and consequences, this particular attempt by science
differentiates it most forcefully from other human disciplines.

None of the other human activities such as cooking, astrology,
storytelling, art (some of which are seen to be similar to science
in terms of narratives, knowledge-making, methods etc.) do what
science does — attempt to control and overcome the limitations of
the world. Even activities such as sports which inherently try and
enhance the capability of the human body does not come close
to what science does when it tries to overcome the limitations of
the body. (Although we should remember here that there is a well-
established discipline today called ‘Sports Science’.) Humans cannot
fly but through science we can.

In this sense, science is not just another story, another narrative,
about the universe; it is also one that establishes control over it. It
intervenes in the stories that it creates. Imagine if this happens in
the field of literature — writers would write stories and they would
also find ways to create their fictional world or change the existing
world to fit their literary narratives. This intervention is what science
does best. Some scientists create a new narrative of nature (most
often they would be the theorists) and soon enough, if feasible, other
scientists try to create that narrative in concrete terms. For example,
when theorists developed a narrative of quarks as new fundamental
particles, the experimentalists and the instrumentalists within the
scientific community found ways to discover the concrete realizations
of that narrative.

Most often this is quite difficult to do. Sometimes it looks as
if it is ‘easier’ to come up with theoretical ideas but to make these
ideas concrete often takes enormous time and effort. Much of the
problem in doing this lies in the difficulty in controlling narure.
But science finds it possible to control, manipulate and intervene in
nature. By doing so, it can change nature in ways that can be quite
radical. While some have suggested that social science intervenes and
changes society like science does with the natural world, there is still
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a radical difference between the natural and social sciences as far as
technology is concerned. There is really no comparable ‘technology
of the social sciences’ that can match natural science’s interventionist
capabilities.

Science as Political
The multi-facetedness of science is not limited to how it creates its
knowledge or how it uses that knowledge to control and fashion the
world around us. Science is also inherently social in character. The
origin of science is as much a product of creating a social community
of scientists as it is a product created by individual scientists. This is
one of the reasons why science is inherently political, if by political
we mean decisions and actions that have to do with a group of people.
There are clear indications about the political nature of science.
First is its relationship with the nation-state. All countries, in the
name of development or because of their defence interests, have very
close ties with the scientific community in that country. Scientists
have often been at the forefront of war efforts and are the foundation
on which any nation’s defence research rests upon. They are also
integral to a country’s plans for development — whether it be in the
fields of agriculture or I'T or in building dams. This is also a primary
reason as to why governments have been the largest spenders on
science teaching and research all over the world.
Science is also closely tied to democracy but this relationship is
a complex one. On the one hand, science as a practice is inherently
democratic in that the members of the community of science are
far more open to the pressures of social democracy. But then this is
moderated by the demands of individual ‘merit’. Various technologies
have made democracy more vibrant but at the same time government
crackdown on democracy also are made possible by various intrusive
technologies. Confronted by this constant ambiguity, scientists often
tend to claim that science is completely neutral with regard to politics
and social pressures. Scientists claim that politicians use science in a
manner which a scientist may have no control over. The common
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description is that a scientist only develops an idea or technology but
the use of it really lies in the hand of the politician or policy maker.
They tend to extend this idea to suggest that they (the scientists)
are not responsible for what is done with that technology (such as
the nuclear bomb) since their task is only to build the technology
and the responsibility for using it lies in the hands of the politician.
Such a simple distinction between the scientist and the politician is
not possible in modern times for science is inherently tied in with
the political class. Very good examples of this constant engagement
are the scientists’ involvement with the Nazi as well as the Stalinist
regimes. But like all communities there are very different political
affiliations among the scientists. Interestingly, the communist
movement has often had, at least in the earlier era in India,
prominent scientists associated with them. One of the reasons for
this affiliation among the communists and scientists was a common
suspicion (if not outright rejection) of religion. Since science needs
an enormous amount of expenditure it is often only the government
which can handle that burden. This makes the government a patron
of the sciences and this in turn leads to an uneasy relation between
the politicians and scientists. But entirely because of this ambiguous
relation, the very activity of science has strategies of political action
inbuilt within it. This is seen very clearly in the rhetoric of science, in
their attempt to influence public opinion through various methods
in the popular media as well as institutional attempts to encourage
students to do science, to work closely with the government on its
defence projects and so on.

So, as we can see, both in the technical definition of science as
well as in the public understanding of it, there is much ambiguity
about what really constitutes science. When a community of
scientists attempt to define science, they emphasize ideas of method,
evidence and truth. When individual scientists write their personal
impressions of science, they invoke ideas of wonder, awe, beauty and
curiosity. When non-scientists write about science, most often they
are more cautious in their appraisal although certain beliefs about
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science are entrenched in the public imagination. For example, the
beliefs that science is about truth, reason and rationality, thar science
is hard to do, that it needs ‘superior intelligence to do science are
often strong beliefs of a society which are sustained through the
public presentation of science, both by scientists and non-scientists.
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I

Doing Science

It is often said that science is what scientists do. But what is that

scientists do?

Being Scientists

Scientists go to office just like countless others. They have various
tasks in their offices. They teach (if there are students), they write
(when they are writing papers), they do administrative tasks, they
look after various chores in the department and in the organization.
They also spend appreciable amount of time talking to colleagues,
students and others. (And these days they spend an inordinate
amount of time on the net.) They spend a good deal of time drinking
coffee and tea. Part of the folklore of scientific activity is about doing
science in these tea breaks. There are numerous anecdotes about
how great ideas emerged during these informal tea meetings. In fact,
many research institutions have writing boards in informal coffee
places just in case an idea strikes a scientist or a discussion begins
during these moments. Science is also full of anecdotes about how
new ideas emerge while not engaged in the act of thinking science,
like when walking and even dreaming.

What else do scientists do? To indulge in some stereotyping: they
argue endlessly, they often question what others take for granted, they
can be polemical, they have great confidence in what they do and
what science is like, they are also, quite often, very much conversant
with the activities of the rest of the world. They are quite opinionated
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about politics and society. Many of them also have an interest in the
arts. Doing science, for many of these scientists, is not only about
certain problems in science or teaching certain disciplines of science.
It is to have a particular way of looking and responding to the world
— both the natural and the social world.

Scientists, contrary to popular myths about them, are not
always sterile, logical beings. They lose their temper quite easily —
pethaps this is their way of exemplifying this curious phrase, which
is special to the Indian constitution, called ‘scientific temper’! Their
disagreements among themselves and in meetings are rarely about
science but about personalities. Good scientists often have strong
personalities with clear views on what they like and dislike. The
fights over grants and getting access to resources are legendary in
the field of science. Quarrels over priority in research, taking control
over laboratories and programs are endemic to science all over the
world. Bitter feelings about science organizations like the science
academies, politics over who is chosen into these academies as well as
politics over prizes are also very common.

In other words, science is not a homogenous community just
like it is not a homogenous set of disciplines or a homogenous
method. Scientists and students of science are well aware of a strongly
entrenched hierarchy in science. In the classical tradition of science,
theoretical physics had greater prestige and merit as compared to
other sciences, including chemistry and biology. Within the sciences,
there is often a well established intellectual hierarchy between theory
and experimental science. Within theory, there is again an accepted
distinction between the merits (or meritoriousness) of those who
do fundamental theory (like quantum theory or particle physics) as
against those who do ‘phenomenological’ theory (typically like those
working in solid state physics and other fields). Such a hierarchy
influences the choices of the ‘best’ students who often take up
research positions based on this hierarchy. Within departments, the
conflict between theoreticians and experimentalists survives even
today in almost all disciplines of science.
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The lack of a homogenous community is also found in the
opinions scientists have of science disciplines other than theirs. A well
known example is the set of typical beliefs held by physicists about
chemistry. An extreme example was exemplified during the debate
following the ‘discovery’ of cold fusion. Cold fusion was ‘discovered’
by the chemists, Pons and Fleischman, and the fact that they were
chemists was reason enough for this discovery to be dismissed by
many physicists (Collins & Pinch 1993).

Yet another well known hierarchy is between sciences and
engineering. Often this is captured under the distinction between
pure and applied science, with ‘pure’ science seen to be intellectually
superior to ‘applied” science. In terms of actual practice, one can see
the effects of this hierarchy in institutes which have both science
and engineering departments. Both scientists and engineers think of
themselves as different tribes or communities with little in common.
They interact very rarely and do not in general attend seminars in their
respective departments. They differ drastically on the methods and
aims of science as a day-to-day practice. Commentators on Indian
scientific institutions often point to this dismissive view towards
engineering as the reason for the lack of world class engineer.ing
departments in India. The ‘best’ students in a research institution
often tend to move into theoretical work at the expense of both
experimental and engineering fields.

The dispute between scientists belonging to different disciplines
is partly catalysed by over-specialization, a characteristic endemic
to all sciences. Often, within a same department, one would find
scientists who do not understand their colleagues. For example, in a
physics department seminar on particle physics, colleagues working
in experimental physics most often will not attend. Specialization
also implies that science has fissured into innumerable specializations
so much so that a sub-discipline (say organic chemistry) will have
many sub-specialities. Given that the value of science rests upon the
importance of newness and originality, and there is a strong reward
system for discoveries and inventions, there is indeed a tendency



32 WHAT 1S SCIENCE?

among scientists to fight over these resources, awards and so on,
particularly because in their view the value of these awards and grants
often privilege one kind of science over another.

Much of this behaviour of scientists reflects an essential nature
of science, that of competition. The narratives of science, which
create a public image for science and influences students who enter
into science, quite often stress, explicitly or implicitly, the notion
of competition. The first lessons in science begin with the idea of
problem solving. Exams designed to test science often privilege speed
in solving problems. In the activity of science, this common maxim
is indeed true: nobody remembers who comes second in a race. The
competitive nature of science translates into the competitive nature of
the whole educational system. Competition is also encouraged by the
act of giving financial and other awards. Moreover, in the very idea of
originality there is an element of human desire to be acknowledged
as the leader, as being unique. In fact, the other important character
of science — its strong stand against copying and plagiarism, and thus
its support to establishing structures of copyright — is primarily to
protect the holy grail of science, namely, originality.

What s it then that holds all these diverse, often incommunicable,
disciplines together under one common rubric called ‘science’? In
reality, it is only the accident of belonging to the same institution
that is common to all these scientists in different disciplines.
However, although scientists within that community will differ on
the scientific merit of physics versus chemistry or pure versus applied
science, they still come together as a community when challenged
from the ‘outside’. Arguably the most important marker of science is
this capacity to build institutions at all levels of the society. Science
is primarily an activity of establishing community, solidarity and
building institutions. These institutions range from departments in
universities, Chairs in different disciplines, creation of new research
institutes, establishing science and engineering academies with rules
for electing members, various tiers of awards given to encourage
science which starts from scholarships, prizes for best thesis, young
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scientist award, awards for persons in various age groups, lifetime
awards and so on. Along with these national award schemes, there
are big international awards in all the disciplines of science. Today,
in the name of promoting the study of science among students,
there are scholarships to promote the study of science right from
high school. The national talent exams in the sciences are part of
every country’s attempt to valorise the activity of doing science. .All
these point to one essential aspect of science — its inherent relation
to various forms of institutionalization. Through these innumerable
social institutions, science derives social legitimacy.

For good or bad, scientists are as human as non—scient?sts.
There is much written on the nature and psychology of scientists.
As mentioned in the last chapter, scientists are often portrayed
like children. They show innate curiosity, they exhibit awe and
wonder at the workings of nature. They question like children and
like children they do things oblivious to whether what they do is
good or not. In general, many of these characteristics are indeed
true of many good scientists, if not all. Scientists do, ir? general,
show a greater degree of scepticism and doubt, and question many
received ideas. However, they also exhibit some striking human
tendencies of the non-scientists. They believe in a wide variety
of beliefs which have nothing to do with science and which are
sometimes contrary to science. Many scientists are religious and
believe in God. Many scientists go to astrologers. They have their
own types of superstition. They participate in many social practices
which could be called as irrational by some. Many of them also
support regressive social structures. In their personal lives, they
are often emotional and intemperate when it comes to personal
conflicts and problems. They are, like other professionals, able to
distinguish between what they do as a career and what they do as
an individual. They often recognize that being scientific (if this
means being logical or rational) is often applicable only to specific
scientific problems they are dealing with and not to personal

interactions or social structures.
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So this is what scientists do but perhaps science is not merely
what scientists do: it is what they do when they do science. So what
do scientists do when they do science?

Doing Science

Typically, the activity of doing science involves two separate activities
— theory and experiment. As I mentioned earlier, most often these
are two completely different activities although theorists are aware
of experimental results and experimentalists are aware of theoretical
results. Both these communities know of each other’s work in a
general sense and not the nitty-gritty details. There is also a third
community in science, one that is not often called about. This is
the community of instrumentalists comprising of technicians and
engineers, who are most often subsumed under the community
of experimenters (Galison 1997). To understand what scientists
do, it is necessary to explore the nature of doing theory and doing
experiment.

Doing theory
What do theorists do as theorists?

First of all, when students learn theories of science such as
the theory of gravitation, theory of chemical reactions or theory
of evolution, they learn them as a complete and coherent set
of arguments. What they learn is the final product and therefore
they often do not get a glimpse of the process that leads to theory
formation. Theories take years to build; some theories get refined
over centuries! In the day-to-day activity of theorizing, very rarely do
scientists construct full theories. What they most often do is to build
a theory step by small step. What we see as the final theory is most
often built on many small theories. There are also many theoretical
attempts that are discarded along the way.

The first principle in doing every-day theory is to deal with
small problems, not big ones. What this means is that a physicist,
for example, will not start by trying to solve the problem of gravity
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or a biologist the problem of life. Instead, she might begin with a
small problem, which could be in the formulation of a problem,
trying out new assumptions, using a different model or finding new
parameters for calculation. To draw upon an analogy from history,
one could call these small efforts the ‘subaltern theories’, theories
which are below the surface and are often ignored in the large theory.
In their everyday activity, theorists most often are involved with such
subaltern theories.

There are various levels in constructing a theory. Firstly, a problem
is identified — this problem is often chosen because the community
of scientists in that particularly area believe that it is a problem.
The problem is then situated within a particular description or a
particular model. Many times the problem might be nothing more
than finding a way to solve an equation in the model or changing
the assumptions and parameters of another model. When a theorist
solves an equation, for example, one part of the puzzle is solved. A
paper recording this solution is then written. If it gets published,
it becomes a part of scientific literature. Now this result is open to
other scientists to critique, modify, expand and accept.

There is often a creative and intuitive element in choosing a
theoretical problem. But it is also equally true that the problems which
are deemed to be worthy of solving are suggested by others. When a
studentis working fora doctorate degree, the guide most often suggests
the problem and the student then attempts to find ways to solve it.
For the majority of scientists, the scientific community articulates
the problems that are then collectively taken up. So what is seen as an
interesting problem is often what the community of scientists in that
area see a problem worth solving. Very rarely do scientists engage in
completely new problems or create new perspectives which others
haven’t done before them. Where scientists succeed in propounding
new ideas, they become the leaders of a field. But such moments in
theories are few are far between and are not part of everyday work
of scientists.

Before we go further it might be useful to briefly consider the
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question ‘what exactly is a theory?” When does a scientist know that
she has formed a theory? What is the relationship between having a
new idea and an already existing theory?

While I will discuss the nature of theory in greater detail later,
it is worthwhile to briefly summarize the salient points of a theory.
A theory is primarily a narrative, the particular way in which a story
is told. We can look upon the ‘small’ theories and the ‘subaltern’
theories as short stories. A big theory, like a ‘final’ theory, is akin to
a novel where many shorter events are put together in a coherent
manner. Just like a story has character, a theory too has its own
character —objects which figure in it, concepts that are used and so
on. Just like there are events in a novel, so too are there events which
are described in a theory.

A narrative is composed of other elements: descriptions,
explanations and models. A theory primarily begins with a description
of some phenomena or event. Very rarely is this description literal:
that is, the description of natural phenomenon is primarily a model
of the phenomenon. The idea that scientific description is a special
kind of description can be traced back to Galileo. Galileo is called
the father of modern science not only because of his contribution to
the study of motion but also because of his views on what it is to do
science. There are two aspects of Galileo’s approach that were very
influential in the development of science. Galileo was a true scientist
in that he was both a theorist and an experimenter. He was among
the first to integrate the theoretical and experimental approach as
the mark of scientific activity. The second major insight of Galileo
was to define scientific description as one which is based only on
measurable concepts. Galileo’s emphasis on mathematics as being
essential to science arises from his view that the mathematical was
the measurable.

Galileo understood well that a phenomenon could be described
in various ways. But for a description to be scientific, he argued that
only measurable concepts should be used. For example, one can
describe a falling stone in many different ways. We could talk about
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the sound it makes as it moves through the air, the feeling of hardness
of the stone or perhaps the changing colours of the stone as it falls.
For Galileo, such descriptions are not scientific since they are not
based on concepts which are quantifiable and measurable. So in the
case of the falling stone, he used height and time as two measurable
concepts. He described the falling stone by noting the height through
which it fell and the time it took to fall. Both these are quantifiable.
From these observations he found the relation between height fallen
and the time taken.

Such a description is a particular kind of description and the
challenge of science is to discover new kinds of measurable concepts
in order to give richer and thicker descriptions of phenomena. For
example, a falling stone has a velocity, which is also quantifiable.
However, Galileo realized that using only height, time and velocity
was not enough to fully describe the phenomenon. So he also used
the concept of acceleration, which is also quantifiable. It is indeed
remarkable that with the basic concept of length, time, velocity and
acceleration most of the ‘science’ of motion can be described. If we
add the other measurable quantity, mass, then we have all the tools
necessary for classical physics.

The interesting thing about this is that you do not need anything
more than these measurable concepts. Physics of motion does not
need the concept of colour or taste or smell. Philosophers considered
these properties as secondary properties — properties of the human
who perceives the object and not the properties of the object or event
per se. In removing secondary qualities from physics, Galileo was
removing the role of the human in the sciences. This suspicion towards
these qualities are so ingrained in science that even a discipline like
chemistry, which is a discipline filled with colour and smell, ignores
these secondary qualities in its scientific descriptions! In the science
of chemicals, these qualities are never part of any significant theory
(although this is a view that has been challenged in recent times).

So along with the amalgamation of theory and experiment,
Galileo’s claim that quantifiable descriptions are essential to
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science profoundly influenced the understanding of what science
is. Being quantifiable means expressible as number or functions.
Thus, what Galileo was pointing to was that scientific descriptions
should in essence be mathematical descriptions. Now, we can ask,
what is so special to mathematics that it is necessary for scientific
descriptions? Galileo found a wonderful (but very troubling!) answer
by claiming that the ‘Book of Nature’ was written in the language
of mathematics. Thus, what he was suggesting is that if one wanted
to best describe nature we have to use the language of nature itself
— namely, mathematics. (I will discuss the larger implications of this
view later on in the book.)

I had earlier noted that modelling was an integral part of
everyday science. Scientists spend an inordinate amount of time
playing around with models and not with the phenomena of the
world. This activity of modelling has a long history and an influential
figure in this revolution was Sir Issac Newton. Newton’s book
‘Principia Mathematica’ is a compendium of the most original ideas
that gave rise to classical physics. In this work, he was concerned
with understanding the nature of motions. Much before Newton,
the idea that motion is relative was well known. But the question
was whether it was possible to distinguish real and apparent states of
rest and motion. For Newton, his work was primarily a way to help
us understand what ‘true motion’ is. Any theory of motion should be
able to not only describe motion such as a falling stone but also the
motion of the planets. While we can drop a stone and watch it fall,
we cannot ‘see’ the movements of the planets. We only infer their
motions.

Newton introduces the idea of modelling — of describing
phenomena not exactly as they are but in terms of simplified pictures.
Thus, we can talk of the motion around the sun by picturing the sun
as a dot and the earth as another dot circling around the sun. In this
model, the size and shape of the sun, the colour, heat and ‘smell’
of the sun are ignored. Instead, the massive sun and earth become
points. Thus, the physics of motion becomes a problem of geometry.
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The basic assumption here is that a model mimics certain features of
the phenomenon and the model is ‘as if” the phenomenon is like it.
This ‘as if” feature of models has been the defining characteristic of
theories after Newton.

Not just physics, even chemistry is full of models. The atom is
described analogously as a solar system with the nucleus (sun) at
the centre and electrons (planets) revolving around it. Atoms are
themselves modelled like small spheres. Molecules are shown as
small balls attached with rods. The rods are the pictures of bonds
that hold the atoms together. The model of a gas is that of molecules
as small balls which bounce off each other. This is the billiard-ball
model based on the analogy with the game of billiards. States of
matter like solid or liquid are also modelled on similar lines. Across
all levels of science, including biology, we see such simplified pictures
of the more complex reality of nature. The famous gas laws, such as
Boyle’s law, are called as ideal gas laws because they describe a gas as
a collection of smooth round balls moving in a container. Science
creates a picture of the world and this picture is not exactly like the
world is but is merely a caricature, a cartoon. Atoms are not like how
they are often pictured, bonds are not like rigid rods, molecules are
not smooth round balls, but somehow this ‘as if” description seems
to work. This ‘as if” description is necessary for science and is at the
foundation of scientific theories.

When a theorist is doing theory, she is very often creating,
manipulating or deriving consequences of a model. This is the day-
to-day work of a theorist. When new models are created or changes
made to existing models, the scientist brings these to the attention of
the scientific community, leading perhaps to publication. One must
remember that many such efforts also do not get published for a
variety of reasons.

There is much in this activity which is like a game. Doing
theory is indeed very much like playing a game. Building models
is a game in the sense that one tinkers with various ‘objects’ and
‘rules’ to see what one gets. The game which scientists play also has
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a set of rules — these rules are often the ‘rules’ accepted in a theory.
The scientist then plays around with the model ~ she will change an
assumption or modify a parameter or introduce a new term and then
explore the consequences of such change. This exploration could be
through mathematical calculations or computer simulations. Theory
is imbued with this playful character. While indulging in this game,
the scientist is not concerned about truth or whether this game
describes the world correctly. These checks and balances come later,
much later.

There are some other elements of doing theory. Earlier, I had
mentioned Galileo’s influential view that the language of science is
mathematics. What distinguishes scientific description is the use of
mathematics as against ‘natural languages’ like English or Hindi.
Even where mathematics is not used, there is 2 modification of the
way a language like English is used in the sciences. Scientific writing
consists of different symbolic systems — a scientific text is a mix of
different sign systems like natural language (say English), alphabetic
symbols, graphs, diagrams, figures, mathematical symbols and so
on. A scientific text is what is called a multi-semiotic text. Scientific
theory is really a creative mix of different ‘languages’ and that is the
power of theory in science. This interesting way of mixing semiotic
systems influences the day-to-day activity of doing theory (Sarukkai
2002).

Mathematics is often an integral part of these models, although
models in principle can be independent of mathematics. And even
pure mathematics embodies much of the playful character that is so
much a part of theorizing. The world for mathematicians is the one
filled with ideal, mathematical objects and not the real objects in our
physical world. Their playground has these non-physical objects like
numbers, sets, functions, groups and so on. Like in all games, there
are rules for playing with these objects. It should therefore not be a
surprise when mathematicians like G.H. Hardy or philosophers like
Wittgenstein claim that mathematics is another game like chess.

There are two pragmatic uses of mathematics in doing ‘everyday’
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science. One is using known mathematical objects and results in
the models which scientists create. And once this is done, the major
problem for the scientist is to solve the mathematical problems that
arise in the context of these models. In doing this, they also tinker
with the mathematics to suit their ends.

The other important activity is to calculate and compute.
This activity is essential to science because it helps the scientists
to eventually relate the model to the world. A striking example is
Einstein’s general theory of relativity. At the end of some complicated
mathematics, we have a simple, computed result that light will bend
by some specific angle due to spacetime curvature. This result which
is about a phenomenon in the world brings the theory back to
the world. Most often, this is accomplished through the activities
of calculation and computation, because these relate to what is
ultimately measured. So we can see that what is special to scientific
description is not merely using mathematics but using it to derive
measurable quantities at the end. _

This result oriented emphasis in all theories is what makes
theories more than a story. In principle, for science, a theory is always
under doubt and always opens to testing. So, although a theory is a
narrative, a particular story, the demand placed on theory to match
with observations makes it somewhat different from ‘pure’ fiction.

However, in everyday science, a scientist does not keep inventing
new theories or even testing them. While it is easy it test simple
theories, most other consequences of theories are extremely difficult
to test. It may take years or decades before experimentalists build
a proper experiment to test the conclusions of a theory. In fact, if
the theorists wait for experimental proof before they continue their
theoretical work, then very little work will be done! Instead, the
theorists merrily continue to create their stories, their theories. If
down the line their theories match some experiment, well and good;
otherwise, too bad! It is essential for science that theories should
continue to be developed without waiting for experiments to catch
up. Scientific literature is filled, literally, with thousands of models,
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problems and theories. The well-known example of string theory
illustrates this tendency to create enormous theoretical literature
without worrying about the experimental tests of these theories.

Doing Experiment
What do experimenters do in their everyday work? The paradigm
of experiments must be the test tube experiments in schools, where
students mix chemicals and record the consequences. Experiments in
optics or electricity and magnetism are also familiar to students.

A scientist, in her everyday work, rarely does experiments like
these. Experiments nowadays are so technical and sophisticated
that an experimenter is much more like an engineer. The kind of
experimental apparatus and the types of measurements made by the
scientist have become very sophisticated. An experimental apparatus
may occupy a table or a whole building (for example, particle
accelerators)! Observations are an integral part of the experiment.
Today, most often observation consists in looking at computer
monitors! Experimental apparatuses are often engineered to high
degree of precision. These are often built by specialized engineering
companies.

Just as a theorist chooses a particular problem to work on, so
does an experimentalist choose a particular experimental theme.
The choice may be dictated by interest, topicality, availability of
equipments and funds, and so on. It is quite rare for an experimenter
to create an entirely new experiment. But when she does so, she
would begin by designing an experiment.

. Designing experiments, although not usually a part of everyday
icience, is an art. Experimental science has gone far beyond the
sarly experiments of Galileo who (apparently) rolled objects down
n inclined plane. In order to get accurate measurements, many
nnovations in design, observation and measurements have been
ntroduced.

Experiments do a variety of things: verify measurements
lone earlier; try to duplicate results discovered by other scientists;
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refine experimental results already discovered — like refining
the measurement of mass and charge; attempt to discover new
phenomena, entities and relations; test whether the predictions of a
theory are true; attempt to create new things like new chemicals and
new materials. An experimenter in doing everyday science might be
doing any one of these activities. The design of an experiment thus
obviously depends upon what the experiment is meant to do.

There is a common perception that experiments verify theories.
This is indeed an important aim of experimentation. But to actually
do an experiment to verify a theory is an extremely challenging task.
Very often, theories derive consequences without worrying how
they can ever be tested. Consider the famous example of testing
Einstein’s general theory of relativity. This test was of measuring the
bending of light rays when a light from a star passed a heavy object
like the sun. The theory seems ‘simple’ enough but how does an
experimenter even think of measuring how much light rays bend
when they pass by the sun? This experiment required great ingenuity,
as well as the occurrence of an eclipse. And it is not as if one goes
and takes a photograph of the bending of light rays. The story of
this experimental ‘proof” is complex and the debate on whether the
first experiment really proved Einsteins theory or not continues even
today (Collins & Pinch 1993).

It is also rarely the case that a single experiment proves a theory.
A simple idea does not imply a simple experiment. Even after
experiments have been designed, it is not a routine matter to perform
these experiments. Any student of physics working in a college
laboratory will attest to be difhiculty of finding the right values
expected in an experiment. For example, the Michelson-Morley
experiment is a neat and simple experiment which is performed in
college laboratories. Here, even after the experimental setup has been
given, and only measurements have to be made, it is quite often
difficult to get the desired results. The slightest jar on the table or
a microscopic misalignment of the mirror can completely throw
the experiment off its track. Performing experiments is therefore a
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laborious task, one that needs great skill, patience and perseverance.
So also for experiments in chemistry and biology.

Once a scientist has her apparatus designed and built, she
can actually begin to perform the experiment. Results will not be
immediately obtained, especially if it is an original experiment. The
scientist has to spend days and months tinkering with the set up and
trying to make it work perfectly.

Observation and measurements are two crucial aspects of
experimentation. While an inordinate amount of time may be spent
on building the apparatus and making it work, the real test of an
experiment is in the observation of the result and generation of data.
In most cases, the experiment will have a long running time but
the observation of the results will be only for a short time (Hacking
1983).

What does a scientist observe in an experiment? In today’s highly
specialized science, very rarely do scientists see a new phenomenon
or new results. The observations are more often than not some
reading of an instrument. Some experiments take a long time to
design and build; although the ‘running’ of the experiment will
many times be for a short duration. It also needs great skill to make
sense of this experimental output and here theories are often helpful.
Rarely do scientists actually ‘see’ the results of the experiment. They
have to infer the results from instrumental observations. Everyday
experimentation is all about patience, sitting in front of the apparatus,
making sure that everything is running smoothly, and learning to
wait! Later, in this book, I will discuss the nature of instrumental
perception.

Publishing

Getting published is integral to the activity of science. It is one of
the defining characters of science as an institution. The network of
publishing sustains science as a social activity today. Recognition and
prizes, including the Nobel, are awarded based on published work.
There is indeed immense pressure on a research scientist to publish so
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much so that it has led to an ironical motto in academic institutions:
Publish or Perish.

What does a scientist do when she has solved a problem, derived
a new result or made some new observations? Typically, if she is in an
academic institution, she will write her result in the form of a research
paper. This paper is sent out to a journal specialising in her subject.
The editor of the journal will send the paper for peer review, meaning
that it is sent to other competent scientists who can evaluate the
paper and recommend its publication or rejection. Based on various
parameters, which differ from one journal to another, the reviewers
suggest acceptance or rejection of the paper. They could also, as is
often the case, ask for modifications and clarification in the paper. It
is not necessarily the case that the ‘best’ papers get published in the
best journals. Each journal, in general, has a focus on certain themes
and a different yardstick for deciding which paper is publishable.

Science as a profession depends entirely on these publications.
A researcher’s position in the scientific community depends on these
publications. Given the inherent competitive nature of science, it
should not surprise us to find that there is a competitive hierarchy in
these journals. Some journals like Nature and Science are at the top
of the heap and getting published in journals like these is supposed
to be prestigious. There is a strong reward system inbuilt into this
mechanism of publishing. Awards and promotions are based on the
quality and quantity of publications. There are scores of journals
catering to each sub-discipline.

A research paper is supposed to report some new result. Now, it
is indeed difficult to recognize what is new or how valuable the new
ideas are. If a journal insists on publishing only radically new results,
then most journals would fold up. There is a gradation in the kind of
new results that are reported. In theoretical work, most of the papers
make small changes to existing models, discover new equations and
solutions to them, suggest some relation between their model and
some experimental results and so on. Experimental papers primarily
report the results of the experiment.
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The professionalization of publishing industry in science leads
to an interesting paradox. There are literally thousands of papers
published every month in journals across the world. In physics alone,
there are over 1,100 journals listed, covering different sub-disciplines.
Some of these journals publish weekly and we can now imagine the
staggering amount of new, ‘original’ work published every week
in all of science! Since these research papers are products of new
contributions, one should ask whether so much new knowledge is
really being created — that too every week.

Not really. A majority of the published papers are never referred
to by other researchers. In fact, the importance of a paper is measured
by the number of citation the paper receives in other published
papers. So a given paper has a citation index and journals themselves
are ranked according to indices such as ‘impact factor’. The higher
the impact factor, the more important a journal is. A paper published
in a higher impact journal is seen to have more scientific merit.
Citation index and impact factors are ways by which the scientific
community tries to rate the quality of a paper since they recognize
the enormous output among the scientists.

In response to the criticism about needless publishing, scientists
often point out that science is a collective activity and the task of each
scientist is to add her little bit to the grand project called science.
'This image is also part of the global aspirations of science. While it
is relatively easy to distinguish really path-breaking work, it is far
more difficult to assess the relative merits of research work done in
everyday science.

A far more troubling question, one that has been raised by
proponents of open access these days, is this: Who are the Publishers
of these scientific journals? Almost all the big publishers are private
organizations. They are also profit-making organizations. Therefore,
journals in science are extremely expensive. Almost all the major
journals are published in the West. Since they are priced in dollars,
pound or Euros, the cost of journals becomes prohibitive for the rest

of the world.
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As ameasure of the cost of these journals, consider the expenditure
on journals by libraries in India. Most good libraries in India spend
the majority of their budget on journals, sometimes to the extent
of 70 to 80%. There are other problems with these international
journals. The copyright in general rests with the journals and not
with the authors. An author cannot put her paper in the net because
of copyright issues. Consider the irony of the situation: scientists
work hard to produce quality papers, a journal decides to publish
them, the scientist gets no monetary remuneration for these papers
and the private publishers are the one who make money in this
process. Moreover, the results of the paper are not available in the
public domain although in most cases the research might have been
funded by government, and therefore public, funds.

Given this troublesome commercial element, many scientists
have now begun to question this model of publication. The move
to open-access publishing is becoming popular although not in
countries like India where the prestige of publishing in foreign’
journals is still unreasonably high.

The other aspect of the sociology of publication has to do with the
asymmetry in the number of papers published by scientists working
in countries such as US, UK, France and Germany. In recent times,
there has been a growing number of publications from China, Japan,
Korea and other smaller nations. However, a significant percentage
of high impact papers come from people who are from US, UK and
some countries in Europe. Papers from most of the other nations, with
exceptions such as China and Japan, are an insignificant percentage
of the total. The citation index of most of these papers are almost nil,
suggesting that nobody in the larger scientific world bothers to even
read these publications from the ‘other’ nations, including India.

What does this tell us? That only scientists in these few countries
have the capacity to create new knowledge? Given the abysmal record
of publication among Indian scientists, does this mean that Indian
scientists are not as ‘good’ in science or not as creative? Does the lack
of significant contribution from the Indian science community point
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to some inherent problem either with Indian scientists or the Indian
science institutions? In the Indian case, there is an added intriguing
fact that seminal scientific ideas from Indian scientists such as Raman,
S.N. Bose and J. C. Bose, to name a few, came in pre-independence
times. Post-independence, although the amount of funding and
support for science has increased dramatically, the quality of new
work has decreased in terms of percentage contribution.

Answers to these question lead to a potential mine field! Let me
discuss only one possible reason for this disparity: getting published
and getting recognized are not merely reflective of quality alone. As
commonly happens, an idea becomes prominent only when other
scientists in well-known institutions decide to work on that idea and
develop it. Almost always, the leaders of science supply these ideas
and the army of scientists develop on them. Which idea a scientist
decides to invest her energy upon depends on who the author is
or the institutional address of the author. Of course, when the
idea is radically new it might attract a larger number of scientists
independent of who the author is but these cases are very rare.

Herein lies the paradox of publication. Most theories in science
are ones that are developed in bits and pieces by a large community
of science. This community building of an idea into a theory
demands that the idea be first taken up by others. Here is where a lot
of good ideas by scientists from countries like India lose out, since
other scientists do not think it worthwhile to invest in ideas ‘coming’
from places like India. This is also one of the reasons why Indian
science’s contribution is so poor, both in the number of papers as
well as the impact factor. Although there are exceptions and many
influential Indian scientists are present, the overall impact of the
scientific community in India has been disappointing, both within
the country and outside it.

One reason is that there indeed seems to be a lack of confidence
among Indian scientists. Brave new ideas are few and far between.
There is too much derivative research done by Indian scientists. This
is partly because these scientists still depend on the West to validate
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their work. This leads to a piquant situation — good Indian scientists,
in general, refuse to publish in Indian journals. Since the politics of
publication is such that Indian journals have a low impact factor, the
scientists rightly refuse to publish in them. The belief that validation
from the West is more important also drives them to publish
‘outside’. It is generally true that a paper by an Indian scientist
which supports or builds upon work done by scientists abroad gets
published more easily than work based on another Indian scientists
idea. Finally, it is also the case that India does not have significant
numbers of research scientists in every sub-discipline. Universities
in India have not produced uniformly good work and the Indian
model of supporting research institutions has led to a situation where
education has been decoupled from research and both these activities
have suffered because of this.

All these reasons, and many more, contribute to the relative
invisibility of Indian science in the global scenario. Some of it is
surely linked to the politics of publication but the new movement
towards open access in research has the potential to transform this.
Ironically, although many countries in the West have taken proactive
stance supporting open access, the Indian scientific community, as
always, remains conservative about this move.

This structure of publication has serious implications for the
country. Answers to questions such as what constitutes good science
and what scientific questions are important are often dictated by
the concerns of scientists outside India. This has lead to a complete
polarization between the kinds of issues scientists work on and the
problems facing the country as a whole. This does not mean that
scientists should choose their research based on the presumed needs
of their nation but in the Indian case the choice of research problems
are often influenced by the decisions of scientists outside the country.
This is ironic, since many of the seminal ideas from the West were
developed when scientists in these countries chose to solve problems
related to their social needs. The Indian scientific community has
a problematical relation with Indian society and often explains its
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alienation from the society by claiming that science is universal.
Unfortunately, we rarely hear this argument from scientists from the
US, Russia, UK or the European countries! Reflecting this troubling
trend is the lack of scientific writing and publication in Indian
languages. Although scientific publishing is largely moving to English
language publication, some of the most important publications in
the sciences and mathematics in the last century were published in
German, French and Russian.

In the first two chapters I discussed some general themes in
defining and understanding the nature of science and its practice.
There is an image of science that is created in our contemporary
societies. Both non-scientists and scientists buy into these stories of
what science is as well as how scientists are. Popular descriptions
of science and scientists in films and novels continue many of
these stereotypes. Among strongly entrenched stereotypes are the
following: science is logical and rational; science is only about truth
and knowledge; science opens out a new world of reality; science is
universal and is independent of cultures; human subjectivity has no
place in science and thus human characteristics such as morality are
not relevant in the claims of science. In the remaining part of the
book, I will explore some of these claims in some detail.
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Science and Logic

One of the most enduring images of science is its special relationship
with logic and rationality. In fact, the logic associated with science
is often seen to rub off on the scientists so much so that scientists
are thought to be logical in all their thoughts and actions. We can
see this pervasive relation between science and logic both within the
community of science as well as in the public narratives of science.
Historically too, science presented itself as a logical enterprise in
contrast to religion which was supposedly infused with blind beliefs
and superstition. Other activities such as art and literature too have
been associated with the illogical and are often contrasted with the
logicality of science.

The attraction of science, especially for children and young
students, is very much catalyzed by the stories of discovery in science.
Science texts are filled with anecdotes about how scientists discover
new stars and galaxies, fundamental particles, new chemicals, viruses
and so on. Even in the public domain, science is most powerfully
communicated through hundreds of exciting stories about scientific
discoveries.

Not so surprisingly, many of these stories in the public about the
romance of creating new things in science often do not tell the full
story of the discoveries and inventions. This is because the complete
stories of these discoveries and inventions are not only complex but
they — in many cases — do not illustrate the strict logicality associated

with science.
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Consider these examples (Gratzer 2004). Kekule’s discovery of
the structure of benzene molecule is well-known: he dreamt of atoms
which were ‘twining and twisting in snake-like motion’ (in his words)
and suddenly he saw that ‘one of the snakes had seized hold of its
own tail, and the form whirled mockingly before my eyes.” Kekule’s
discovery of such molecular structures revolutionised chemistry.
Kekule’s discovery was not a product of logically trying to discover
what the structure of benzene could be. In the case of Kekule, the
discovery was primarily a product of two instances of dreaming. A
similar case of discovery through an act of dreaming happened in the
case of Loewi whose work on the chemical transmission of the nerve
impulse got him a Nobel Prize.

Similarly, X-rays were discovered by Rontgen entirely by accident
when he was troubled by a source of faint light in his darkened
laboratory. Becquerel discovered radioactivity by another accident
of placing a crystal of uranium salt on top of a photographic plate
along with a copper cross and putting all of them in a drawer. He was
waiting for sunny weather but many cloudy days passed by. ‘Tired of
waiting’ (in his words), he took out the plates — and thus accidentally
discovered radioactivity when he found that the plate showed an
image of the cross even though it was kept in darkness.

Different families of sweeteners were actually discovered through
accidents: in one case, the researcher had spilled some chemical on his
hand and when he had dinner he could detect a ‘curious sweet taste’
— this was the discovery of saccharine; another family of cyclamate
sweeteners were discovered when a research student kept his cigarette
on a bench and when he smoked it after picking it up he detected
sweetness; sucralose was detected because one research student
misheard his professor who asked the student to ‘test’ a chemical but
the student misheard it as ‘taste’ it!

The synthetic discovery of indigo occurred when a worker
was stirring a chemical with a thermometer and the thermometer
accidentally broke. The mercury in the thermometer mixed with
the chemical and a new compound was formed, thus leading to
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the development of indigo. Many such discoveries were often
catalyzed unsuspectingly by a variety of causes including careless
cleaning of laboratory equipments. Fermi himself writes in a lecter
to Chandrasekhar about how against all reason he decided to use
paraffin instead of lead and this led to the discovery of the effect of
slow neutrons which catalysed the development of nuclear physics.

There are many such cases in biology ranging from discovery of
enzyme action to chemical reactions in the nervous system. A well-
known example is the discovery related to the beating of a heart in
a solution. The lab assistant did not bother to place the heart in
a distilled water solution and instead used tap water which led to
sustained beating of the heart. On finding the composition of the
tap water, the influence of calcium ions was discovered. Similarly, an
important step in hormone research was accidently made possible
because a janitor left the lights on during the nights in the laboratory
where hypophysectomised birds were kept. Another intriguing
discovery is the discovery of vitamin thiamine which was accidentally
catalysed because a cook did not want to feed boiled rice to the
chickens and instead fed them polished rice.

Nobel prizes have been given to many of these discoveries
discovered in this manner. There are countless such stories, not only
of major discoveries that led to the Nobel but also in the discovery
and invention of many little ideas that are part of everyday science.
How do we understand this character of scientific discoveries along
with the claim that science is logical? If we claim that scientific ideas
arise through a well-established logical method then we cannot
explain many of the creative jumps which lead to new knowledge.
One way to respond to this is to say that new discoveries are matters of
creativity and scientific creativity is as ephemeral as artistic creativity.
Reichenbach, a philosopher of science, suggested that in the case of
science there are two different contexts: a context of discovery and a
context of justification. While the context of discovery may often be
inspired by such seemingly random, creative processes the context of
justification (the way in which these discoveries are justified to the
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larger scientific community) involves method and logic. Creativity in
general is often accidental or at least not predictable and not trainable.
But we should also recognize that although these discoveries are
serendipitious they nevertheless involve some scientific competence
in the discoverer.

To further understand this important theme of the relation
between science and logic, it is necessary to understand what we

mean by logic.

What is Logic?

We are endowed with sensory organs that allow us to experience
the world. Our knowledge of the objects in the world is derived
from these experiences. But quite mysteriously, we also seem to
have knowledge of that of which we have no direct experience.
For example, we are able to predict that it will rain by seeing dark
clouds. This predictive knowledge does not come from experience
because what we predict has not happened as yet. Also, from a
few pieces of information we are able to know new information
without being told about it. We seem to know — without any direct
experience — that if an object is smaller than another then the
second object is bigger than the first. We often derive knowledge
through a process of reasoning.

Itis this process of reasoning that is referred to as logic. Reasoning
is a simple process of connecting two sentences together, two
thoughts together, and then arriving at a conclusion. For example,
suppose we have two sentences: “This fruit is red” and ‘All red fruits
are sweet’. Given these two sentences, if we conclude that “This fruit
is not sweet’, then we seem to be making a mistake. Given these two
sentences, it seems to be the case that only one correct conclusion is
possible for any of us. This is the statement that “This fruit is sweet’.
The process of inferring in this manner is referred to as deductive
inference. There is a certainty to this process of reasoning. Another
way of saying this is to say that from two true sentences you cannot
deduce a false sentence. The inference we make in generalization
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is most often inductive inference, where from a few samples we
generalize to new situations.

Logic is a study of such inferences. It is an analysis of arguments
of these kinds. Logic allows us to understand under what conditions
such inferences are correct, what kinds of mistakes are possible in
making these inferences and so on. The human mind is always in the
process of making inferences. Three common kinds of inferences are
the deductive, inductive and abductive. Often our actions are based
on probabilistic inferences that we make. In this sense, being logical
is a natural characteristic of being human. As Boole described it,
logic is nothing but the ‘laws of thought’ — the way we think has a
structure and this is logic. But if this is so, why are we ‘illogical’? To
understand this, we have to understand in what sense we are illogical,
what kind of mistakes or fallacies we do when we reason. Some would
say that there is a logic to illogicality too! This only means that there
is a particular way of being illogical.

Consider some common examples of inference which we make
in our daily lives. We see smoke over a particular place and we
immediately think that there is fire there. Although we do not see
the fire with our eyes we are able to infer that there is fire there — no
wonder then that inference was equated with the capacity to ‘see’
through the mind’s eye. That is, we come to know of something in
the world through a capacity of the mind alone. This in a nutshell is
the ‘power’ of logic and is the reason why logic has been privileged
within science. Scientists recognize that our sensory organs are very
limited; our senses also mislead us — tall trees look small from a
distance, we see a mirage of water when there is really no water and
so on. So although perception is our dominant mode of knowing
the world, that kind of knowledge is doubtful. In contrast, some
philosophers believed that knowledge acquired through the mind,
through thinking and following the laws of thought was far more
superior since there was certainty associated with it.

This certainty is what is so special to logic and influences the
attempt over centuries to make knowledge as certain as that made
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possible through the proper functioning of the laws of thought. But
right from the beginning this certainty was only associated with
one kind of inference we make, namely, deductive inference. This
is the kind of inference we usually make when we make inferences
based on categorization — for example, once we know that all red
fruits are sweet then we can deduce that every red fruit will be sweet.
This is knowledge through the act of thinking alone because even
without tasting a red fruit we can infer thar it will be sweet. So it is
the case that we have knowledge of the world not just through our
five physical senses but also through the use of the ‘sense’ of mind.
The mind too functions, at least metaphorically, like an eye through
which we derive truth and knowledge of the world.

But absolute certainty is not available in all inferences. Inductive
inferences, where we generalize from a few cases to many or all, is one
such example. An example from the Indian logical school, Nyaya,
is illustrative: if we find that one grain of rice is cooked in a vessel
then we infer that all the grains of rice are cooked. There is really no
certainty in such an inference. It is possible that one of the grains may
not be cooked when we check all the grains. Now, a very important
part of logic has to do with probability and not with certainty. In
particular, for science, it is these probabilistic logics that are useful.

Where is Logic to be Found in Science?
All that we can say from the examples of creativity in science is
that scientific discovery is not outwardly ‘logical’ or based upon a
particular method that will help the scientist to discover new ideas.
This does not mean that the activity of science is not engaged with
logic. The difference between discovering and justifying these
creative insights is one that is based on ideas such as theory, relation
between experiment and theory, justification of the experimental set
up and so on. Such arguments are part of the structure of rationality
of science. But one should not assume from this that science is always
moderated by logic for it is not.

Part of the problem lies in how logic is understood. From the
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ancient Greek tradition to modern logic, logic is presumed to have
certain characteristics: it is universal, is not related to the empirical
world and is different from empirical knowledge (or knowledge of
the world). In contrast, science is fundamentally about the world,
it is fundamentally a type of knowledge of our world. Therefore, in
principle, science cannot be reduced or even equated with logic.

Another related problem is that there are many types of logic.
Logic, like other disciplines, has developed extensively from ancient
times. There are now new types of logic which are quite different
conceptually from early Greek logic. Another example of a different
kind of logic is ‘Indian logic’, which was the logic as described in
ancient Indian philosophical traditions. Indian logic is a classic
example of logic which is not based on presuppositions that logic
is universal, not empirical and not epistemological. Whether it is
the Nyaya school or the Buddhists or the Jainas, Indian logic is a
rigorous analysis of inferences that we make. For long, because of this
empirical and epistemological element explicitly present in Indian
logic, many logicians claimed that Indians had no tradition of logic.
Given the direction that modern logic has taken today this claim is
not so forcefully articulated now. But more importantly, Indian logic
shows how science moderates logic and not the other way. Many
conceptual ideas that arise in Indian logic resonate strongly with
scientific methodology and praxis. This does not in any way imply
that Indian logic is ‘doing’ science. What it is doing, however, is
expecting logic itself to be scientific, in contrast with the position
that science be logical (Sarukkai 2005). I will discuss the nature of
Indian logic later in this chapter.

Among all human activities, science is seen to be the exemplar of
logical thought and analysis. This is mainly because the methodology
and the results of science are related to ideas such as objectivity,
truth, laws and rationality. Science is also explicitly connected with
logic through its use of mathematics. In the development of modern
logic, the association between mathematics and logic proved to be
very important. On the one hand, the shift to symbolic logic meant
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that logic was being presented in a form similar to mathematics. On
the other hand, the belief that mathematics can be entirely reduced
to logic, meaning that all mathematical statements can be reduced to
logical statements, brought mathematics and logic much closer. This
belief called logicism, championed so bravely by Russell, was also
based on the belief that mathematics is the exemplar of deductive
logic.

It is commonly argued that Greek logic was modelled on
mathematics. Although the mathematics in Greek times and in the
times of Russell was vastly different, some basic beliefs about the
nature of mathematics remained the same. Some of these continue to
inform the image of mathematics. For example, mathematical truths,
like 2 + 2 = 4, are considered to be universal truths. They do not
depend upon individual human perspectives or on specific material
conditions, including dependence on space and time. They are
understood to embody some fundamental, objective and universal
structures, independent of the contingency of our existence. This also
means that they are not empirically grounded, that is, their truths do
not depend upon our observation, experiment or any other form of
intervention in the world.

The relation of science with logic is also manifested in other
ways. While the mathematical component of science is seen to
reflect the deductive structure of argument in science, there is
much in science which draws upon other forms of argumentation,
particularly inductive and abductive inferences. Many of these
inferences in science follow the same structure as the common
inferences we make, such as the inference of fire from smoke. Thus,
the philosophical issues that arise in analysing inferences in science
share some common conceptual ground with ‘ordinary’ everyday
inferences. Paradoxically, the strong empirical grounding of science
places it in potential conflict with the Western tradition of formal
logic. Science draws upon observations and reason, and by weaving
them together constructs its narratives of the world.

Scientists do not do science by asking whether their thoughts
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are ‘logical’. In their practice and methodology, scientists indulge
in acrivities which are many times merely habits and rituals. In fact,
scientific knowledge, like other knowledge systems, has a strong
ritual component to it. Being ritualistic is also to be methodological
and one of the important characteristics of methodology is thar it
trains one to do something without much reflection on what they
are doing. Scientific methodology shares this trait with various
other human activities which are ritualistic in character even as
it is distinct from them in other important ways. Habits, creative
thinking, serendipity, ‘irrational’ action and such, are placed under
the context of discovery. The step of justifying these discoveries and
results, where the claims are placed within a larger community for
acceptance, is a process that is outwardly not arbitrary, illogical or
irrational. It is in this domain that logic makes an obvious entry.
Therefore, it is not surprising that the association of logic in
science is primarily found in scientific methodology. After all, much
of science is based on ways of thinking which are very similar to what
we do in our ordinary lives. Scientists do not infer any differently
from non-scientists, although they may subject their inferential
conclusions to more rigorous and varied kinds of tests. In most part,
what is different in scientific thinking is the kinds of things they think
about, the tools they use to analyse, an undercurrent of scepticism in
their thinking combined with a strong streak of pragmatism. But as
far as being logical is concerned, the ways in which they are logical
are very similar with the ways in which other humans are logical.
This conclusion is almost tautological if we understand, as many do,
that logic is about ‘laws of human thought’ as mentioned earlier.
However, the methodological instinct in science takes
commonsense logic to a more refined level. Thus, it is no surprise
that the relation between logic and science begins and ends with
methodology. For example, Cohen and Nagel (1992) make explicit
this connection by noting that in essence ‘scientific method is
simply the pursuit of truth as determined by logical considerations.’
A common element in this method is the process of hypothesis
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formation and it is no surprise that among the first elements of
scientific methodology, the above authors mention the formulation
of proper hypothesis. It is very possible that formulating a hypothesis,
to explain a phenomenon, may well feature non-logical elements
since sometimes hypotheses are mistakenly chosen. But, on the other
hand, knowing how to frame an appropriate hypothesis is itself part
of methodology. However, logic makes its proper appearance when
deductive consequences of the hypothesis are explored. Thus, from
some hypotheses we make on observing a phenomenon, we deduce
possible consequences and if those consequences hold good then the
hypothesis is probably right. This, in essence, is the hypothetico-
deductive model that has been discussed in great detail in the
philosophy of science.

Science, in a fundamental sense, can be understood as a discipline
that constructs theories based on some observations and in so doing,
uses certain logical processes. Theories describe, explain and predict.
Framing hypotheses and deductively arguing for their consequences
are also an integral part of theory-making. In general, the explicit
role of logic is first manifested in the move from some observation
to a theory about this observation. Logic is also manifested in the
various logical relations between theories and observations. Many
scientific statements, including scientific laws, are implications —
as manifested in if-then statements. For example, one of Kepler's
laws illustrates a deductive implication: ‘If the attraction between
two masses is inversely proportional to the square of the distance
between them, and there is a sun with one ambient planet, then
the orbits of the planet will be an ellipse with the sun in one focus.’
Such implications are also found in statements related to definitions:
“If an animal has more than six legs then it is not an insect.” A large
number of scientific descriptions are causal descriptions which also
have this structure, as for example, ‘If a piece of litmus is placed in
acid then it will turn pink’ (Trusted 1979).

Not only are such examples true of statements across different
scientific disciplines, the logical structure is also true of the relation
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between theories and experiments. If the theory-observation relation
is logical, then it allows us to claim that if the theory is true then the
appropriate observation entailed by the theory must also be true.
An important principle of implication is that in a conditional of the
form ‘If p, then q’, when p is true, q has to be true. So if we look
upon theory as p and observation statements as q, then if p is true
it implies that q has to be true. Such a logical relation also satisfies
the other condition, namely, that if observations are true it does
not imply the appropriate theory is true, following from the logical
consequence that if q is true, it is not necessary that p must also be
true. Moreover, according to a logical principle, if q is not true then
p is also not true. In other words, if there is no observation then the
theory is wrong. This, in essence, is the principle of falsification. So
we can see that falsification has a logical basis.

Much of what I have said here refers to deductive logic.
However, science is not possible without the extensive use of
inductive inferences. Induction is a type of inference. Consider some
common examples: a ball that is thrown up in the air falls down. We
see this happening many times and in many places, and we generalize
from particular observations to the general claim that whenever
a ball is thrown up, it will fall down. This capacity to describe a
particular behaviour of the ball in all cases, whether spread over space
(wherever) or time (whenever), is a mysterious one. What allows us
to talk about these cases with any measure of certainty? We also make
inductive inferences when we draw conclusions about all members
of a class from some observed members. For example, from tasting
one drop of seawater we conclude that all drops of seawater will be
salty. Although in normal usage we tend to use the word ‘all’, such
generalizations are also expressible through statistical generalizations,
such as saying that something is true 60% of the time. Such examples
are called induction by enumeration. Analogy is another kind of
induction where from observation of some property or properties in
one object we infer similar properties in other objects.

We can distinguish between deduction and induction in this
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manner: deduction is nonampliative inference and induction is
ampliative inference. In ampliative inference the conclusion contains
more than what is in the premises. The uncertainty in such inferences
creates a potential conflict for science, and scientific methodology
can be seen as a method to try and make such inferences as certain
as possible. The approach to induction that is most commonly
accepted today is the probabilistic approach, which has also become
the backbone of scientific inference.

Are Other Activities Also Logical?

In the popular imagination not only is science essentially related
to logic it is also that most of the other non-science activities are
not logical. In public debates about science, scientists often claim
an exclusive right over logic and rationality, and consider all other
activities, including social science, as not being as logical as science.
Given what we understand by logic, it is indeed difficult to see how
only science is concerned with logic. Even theology sets out its claims
and arguments in a logical manner. It finds ways to relate evidence to
a larger theory of the divine. In the theological arguments of Indian
philosophers like Sankara or Rimanuja, any talk of the divine is
presented through rigorous logical arguments. In fact, the language
of logic and epistemology pervade these discourses. Similarly, one
can see theology’s engagement with logic in the writings of Augustine
and Thomas Aquinas.

Logic pervades human action and human thought. Where
science differs from other disciplines is in the set of conceptual terms
that it uses. For example, science’s idea of evidence is very different
from evidence in theology and the major problem between science
and religion often is about contrary views on the nature of evidence.
Perhaps a more useful way is to look at the many components
that go into science and see how logic is related to each of these
components. Science is a discourse, is a narrative, is a method, is a
practice, is a worldview. So there are many logics present in science:
the logic of its discourse, the logic of its practice (that brings together
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experiment and theory), the logic of its instrumental world, the
logic of its method and so on. Once we break up the relation of
science with logic in this manner then we can have a better means
of comparing the rationality of science with the rationality of other
human activities.

Cooking, sports, astrology, religion, literature all have their own
logic in different ways and in different degrees. Fiction, for example,
has a deep relation with logic; I will discuss one aspect of this relation
in the next chapter. Cooking is a lot like chemistry and has within its
practice elements of scientific methodology. Astrology makes stronger
claims given that it has quite well-defined theories, claims to predict
like science does, also uses calculations and so on. So to claim that
these other activities are not logical like science is to misunderstand
the role of logic in science as well as the importance of logic in other
activities. One could perhaps go to the extent of saying that scientists
intuitively understand the ambiguous relationship between logic and
science — the best illustration for this claim is that logic as a subject
is not taught to science students!

I would argue that science’s scepticism, suspicion of authority,
creative creation of concepts, the capacity to convert ideas into action
as manifested in technology, are all far more important elements
that should be used to distinguish science from other activities and
disciplines. The reason why science is stuck on logic and rationality
as distinguishing marks is more historical in nature and is part of the
story of the origins of modern science where conflicts between science
and religion were at the forefront. It is part of the larger movement
in the western civilization, following Enlightenment, to appropriate
reason and rationality as defining markers of their civilization.
Reason and logic were used as political categories to distinguish
and then subjugate cultures (note the often cited observation of the
colonial British that Indians had no capacity for logic and reason)
and when science continues this trend in response to other activities
and disciplines even today we have to recognize the politics inherent
in such an act.

SCIENCE AND LOGIC 65

So How Logical is Science? The Role of Beauty in Science

The other challenge to the belief that science is primarily logical
comes from its own practice. First of all, the success of science cannot
be explained if we look at science primarily as something logical.
Science creates its concepts in ways that draw upon different types
of intuition. For example, in physics some concepts are physically
intuitive while some are mathematically intuitive.

Science cannot be reduced to logic. Even mathematics couldn’t
be although there is much more in mathematics which is purely
about logic. Descartes could not create the physics that Newton did
because he made one cardinal mistake: he thought that physics was
reducible to mathematics and that it was a ‘part’ of mathematics.
The fertility of the new science that followed from Newton was
only because Newton could make physics more ‘non-logical’ than
mathematics.

Let me illustrate this argument with another theme, that of
aesthetics and the role it plays in scientific activity. In both theory
and experiment aesthetic judgements (a judgement of what is
beautiful, for instance) play an important role. Scientists routinely
talk of some works of science as being beautiful. Many times
aesthetic considerations play a significant role in the acceptance
of certain theories. Scientists also place a premium on the relation
between beauty and truth. Often, scientists choose theories as well as
experiments which they think are beautiful.

We can find examples of this view across the different disciplines
of science (Tauber 1996). Kohn points out that Darwin’s theory of
evolution had profound aesthetic influences. Darwin’s ‘aesthetic-
emotional ambition’, which was awakened on his Beagle voyage, was
“ater transformed into high scientific theory’. Darwin’s two influential
metaphors of ‘wedging’ and ‘entangled bank’ were central to his
Origin of Species. Kohn argues that the ‘tension between the sublime
and the beautiful which ‘later became the critical Darwinian theme’
was reconciled in his two metaphors. In biology, the discipline of
embryology illustrates a continuing aesthetic in its discourse. Gilbert
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and Faber point out that the ‘visual aesthetic of embryology puts
a premium on emergent form and finds expression in its focus on
symmetry, order, pattern repetition, and elegance (visual simplicity).’
Another example is the ‘aesthetic’ analysis of an experiment on the
replication of DNA by Meselson-Stahl which has been considered as
one of the most ‘beautiful’ experiments in biology.

In the case of physics, Chevalley points out that Heisenberg
believed that ‘physics is like art.” Heisenberg argued that different
conceptual systems in physics, namely, Newtonian, thermodynamics,
relativity and quantum theory, are actually like different ‘styles’ of
art. There is also a suggestion that the overthrow of Prolemy’s theory
by the Copernican one was influenced by aesthetic factors. Another
example from physics is the use of aesthetic factors in the visualisation
of digital image processing in astronomy. In the case of theoretical
physics, many physicists give importance to aesthetics in theories.
To name three: Weyl, Dirac and Chandrasekhar. In the context of
symmetry, Weyl and Wigner placed a premium on its related aesthetic
factors. Root-Bernstein gives the example of Weyl who chose beauty
as the primary criterion for a theory even ‘when the facts refused to

cooperate’. Dirac’s often cited quotation claims something similar:”

‘It is more important to have beauty in one’s equations that to have
them fit experiments’. The physicist Weisskopf says, ‘what is beautiful
in science is the same thing that’s beautiful in Beethoven.” In the case
of chemistry, Root-Bernstein quotes the chemist Woodward who
remarked, ‘Much as I zhink about chemistry, it would not exist for
me without these physical, visual, tangible, sensuous things.’ (The
things referred to here are crystals, odours, colours and so on.)
Mathematicians have consistently preferred (though not always
articulated) aesthetic considerations in their formulations. G.H.
Hardy is a paradigm example of one who privileges beauty: ‘Beauty
is the first test: there is not a permanent place in the world for ugly
mathematics’. Seymour Papert believes that the emphasis on the
logical part of mathematics as against its aesthetic value leads to a
failure ‘to recognise the resonances between mathematics and the total

SCIENCE AND LOGIC 67

human being which are responsible for mathematical pleasure and
beauty’. Looking at aesthetics in science from a Kantian perspective,
Chernyak and Kazhdan claim that ‘mathematics is aesthetic by its
very nature ... mathematics is poetry.

Sometimes, a judgement on what is true is based on the
aesthetics of the theory or experiment. A very good example of this
is Eddington. It has been suggested that Eddington’s experiment,
which is officially accepted as having provided the first proof of
General Relativity, did not actually demonstrate conclusive proof
of the theory. It was Eddington’s belief in the ‘beauty’ of Einstein’s
theory, with the concomitant belief that a theory with such beauty
had to be true, that led him to proclaim that Einstein’s theory had

been proved by his experiment.

New Kind of Science

Finally, there is yet another important component of science which
challenges traditionally held views on the relationship between science
and logic. Computation has always been an integral part of science.
Much before modern science, computations were used extensively in
astronomy in all civilizations. In fact, much of modern science and
mathematics has been catalyzed by this computational, calculational
spirit of mathematics and science. Astrology (in the more traditional
sense in India) is also characterized by extensive calculations.

The logic of calculations is quite different from the logic of
arguments or the logic that is most often associated with statements.
Calculation is not always a conscious, deliberate activity. One often
does not know what one is doing in the act of calculating but as one
continues to calculate things ‘fall in place’.

In recent times, modern science is characterised by computations
of a much greater order than ever before. Thanks to computers,
computation can now be done at great speeds and with much greater
capacity. Computational science is now a legitimate branch of
science and has even entered the domain of mathematics. Unlike the
traditional model of theory, now an important, and ever growing,
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part of science uses numerical and other computer simulations. One
can model situations on the computer and explore how systems
develop in the computer simulation. There is an enormous impact of
such methods both in the pure and engineering sciences.

Such methods have been immensely influential in disciplines
like biology and medicine. Pharmacy depends to a great extent on
these methods to create new compounds which become new drugs.
In all these cases, we can see a definite shift in the character of
science. Science’s intervention in nature is now largely catalyzed by
computer simulations and computations. This has also led to new
philosophical challenges — for example, the relation between science
and reality is significantly modified in this process. For, in these cases,
like in chemistry, science ends up studying the objects it creates and
not the objects it ‘finds’ in the world. Most importantly, in this new
paradigm of science, there is a new and renewed challenge to the
traditional view of the link between science and logic. Exemplifying
this trend, Wolfram (2002) suggests an entirely different approach
to understanding the structures of the universe. He argues that these
structures, including the laws of the world, are not best described

by analytical mathematics but by rules of cellular automata. This

means that the evolution of nature can be described as products of
rules of computation. Similarly, there are computable models of
the mind which attempts to understand the processes of mind as
computational in character.

Logic in India

Itis commonly believed thatlogic is unique to the Greeks and, through
this, to the Western civilization. At the same time, many philosophers
in the West believed that the Indian philosophical traditions were
primarily about religion, mysticism and spirituality. These thinkers,
including some of the most important ones in Western philosophy
such as Locke, Hegel, Husserl and Heidegger, argued that Indian
philosophical systems were inherently not concerned with reason,
rationality or even knowledge. As is to be expected, the views of
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these influential thinkers dominated the interpretation of Indian
philosophy for a long time. Since logic is an exemplar of reason and
knowledge, and particularly of scientific knowledge, a denial of this
capability to Indians and other non-westerners effectively removed
the possibility of science in these cultures.

However, most of these views on logic in India and elsewhere
are completely mistaken. Logic has a long tradition in India. From
the earliest times, logic was an essential part of learning. From sixth
or seventh century BC onwards, Anviksiki — the science of inquiry
— is used as the term for logic. Logic here is understood as a study
of inferences and in general was about the nature of reason. Thus, it
was also referred to as Hetu-$astra, tarka-vidya and so on. The name
of Nyayasastra for anviksiki suggests its character as the ‘science of
true reasoning’.

Logic in India has its roots in the art of debate. The Greeks too
had a similar approach to debate and its various forms. The idea of
philosophy itself arises from consideration of what kinds of debates
are possible and desirable. All the Indian schools of philosophy, from
the Carvakas to Naiyayikas (those belonging to the Nyiya school),
had their own formulation of the rules of debate. It should not
therefore surprise us that in the fourth century BC, Kautilya in his
masterpiece Arthasistra described logic as the ‘lamp of all sciences,
the resource of all actions and the permanent shelter of all virtues’
(Vidyabhusana 1920).

The detailed study of logic begins with the early Nyaya school.
Logic was discussed not just in philosophical texts but also in texts
such as the Mahabharata. Sages, including the famous storyteller,
Narada, were often described as being experts in logical thinking, that
is, experts in demonstrating an argument and arguing for conclusions.
The first compiled work on the Nyaya school is Nyayasiitra. The text
is a collection of various aphorisms and may have been the work of
more than one author. While parts of the text are derived from much
earlier, the text as such can be dated in the second century AD.

The book deals with the following subjects: the different means
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of getting knowledge, the objects of knowledge, on the nature of
debates and their classification, description of the elements of
syllogisms and finally, discussion of other philosophical systems. All
the first four subjects engage with themes in logic. In this structure
we can already see a very clear establishment of a rational discourse.

What are the valid means towards knowledge? This is the first
and foremost question among all Indian schools. Each school has a
position on such means towards knowledge. The materialist school
(Carvakas) claimed that there is only one proper means towards
attaining knowledge and that is perception. The Buddhists claimed
that there are two means: perception and inference. Nyaya accepts
four such means: perception, inference, analogy and testimony.

All the schools accept that perception is the most important
means to attain knowledge. We attain knowledge of the world
through our sensory experiences. However, perception can be
misleading. We make errors in perception; we see an object differently
from different directions and from varying distances. We mistake
one object for another. There are also other processes such as mirage
which makes one suspicious of perception. So how do we judge
that what we perceive is indeed the way it really is? This analytical
approach towards the nature of perception is common to all Indian
philosophical systems. The philosophical approach in such an analysis
does not invoke mysticism, spirituality or the divine. Rather, they are
very good examples of careful and reasoned thinking, characteristics
which go to define rationality in all civilizations and at all times.

Our knowledge of the world is not only through our sensory
experience. It is not that we know something only because we have
experienced it. For example, if we claim to know that all crows are
black based on our experience of seeing a few black crows then that
claim is not based on the experience of checking whether all crows
are indeed black. We make an inference that all crows are black based
on a few examples. Such generalizations or inferences also give us
. knowledge. But just as in perception we could also make mistakes in
inferring. We may see three black crows and infer that ‘all birds are
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black’ instead of inferring that ‘all crows are black’. Such an inference
is wrong. But why? How do we evaluate the inferences we make?
How do we categorize what kind of mistakes are possible in our
inferences?

Indian logic is primarily a study of these problems about
inferences. While granting that inferences are a valid means towards
knowledge, we should also be aware that there many types of mistakes
possible in making an inference. All schools of Indian thought,
including the so-called spiritual traditions, engage with this problem
of valid inference.

The study of valid inferences was dominantly influenced by
the early Nyaya formulation. Later on, the Buddhists formulated
a more complex theory of inference. The Jainas too had their own
theory of inference which is not only provocatively different bur also
of contemporary interest. I will describe these approaches briefly
in order to illustrate the importance of the notion of reason and
rationality in these ancient Indian traditions, and in an interesting
way their link to what we call as scientific method today.

The Buddhists reformulated inference as a complex theory of
valid signs. If we look upon smoke as a sign that there is fire then
inferences, in general, reduce to finding when a sign indicates the
presence of something else. Dignaga was the first to formulate the
three conditions that a sign must obey in order to know that it is a
valid sign. First, the sign must indeed have occurred; second, there
must be similar examples where the sign and signified occur (like the
example of kitchen in the case of smoke-fire); and third, there must
be no dissimilar cases (if smoke occurs over water which is contrary
to fire then obviously smoke is not invariably related to fire). In the
next section, we will see some consequences of this approach to logic,
particularly in the context of science.

The involvement of the Indian philosophers with the empirical
world can be understood by looking at how these traditions operated.
The study of debate is one of the important contributions of the
Indian philosophical schools. The emphasis given to debates arises
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out of the belief that beliefs must be argued for and not claimed
on authority alone. Indian philosophy grew out of debates between
different schools as well as between camps in each tradition. This
process had its impact on the way the texts were written. The
common mode of writing a philosophical text was as follows: first the
opponent’s position was described and then the various claims of this
position was refuted through rigorous arguments. This importance
given to the empirical world in Indian thought is further attested
in the way mathematics was understood in the Indian context. In
contrast to an ideal understanding of mathematics in the Greek
tradition, mathematics in India was seen to be intrinsically related to
the world, both in terms of meaning as well as in its origins.

An entirely new approach to logic is found in the Jaina tradition.
The Jainas developed a multi-valued logic. Standard logic is two-
valued, as captured in the claim that an assertion is either true or
false. For example, A is either dead or alive. A cannot be both dead
and alive. The Jainas developed a logic which is seven-valued. It
includes the possibilities of true, false and maybe, and combinations
of these three values. Interest in Jaina logic in recent times is largely
because of the interest in formulating multi-valued logics in modern
logic. The Jaina view is also a standpoint-view. What it suggests is
that absolute true and false are not possible. Every statement is true
or false or maybe true or false only from a particular standpoint.
From another standpoint perhaps the same statement can take a
different value. The fact that such a logical structure was developed
much before modern logic understood the importance of multi-
valued logic once again illustrates the amount of deep thinking about
logic and rationality in Indian traditions.

Science and Indian Logic

In recent times, there have been many claims about the relationship
of modern science with ancient Indian traditions. In this context, we
can identify two broad claims: one is that ancient Indian civilisation
was a scientific and technological society, as manifested in their
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advanced theories in mathematics, astronomy, metallurgy, chemistry,
linguistics and so on. This is a claim that can be verified since there
has been substantial documentation on this subject. It is indeed true
that Indian society had developed techniques, methodologies and
results in fields such as medicine, astronomy, mathematics, linguistics
and metallurgy, and these developments were much more advanced
than in other civilisations in those times.

The second claim is that some concepts in modern science,
particularly in quantum theory and cosmology, are described by and
anticipated in ancient Indian thought. This is not only a contentious
claim but also one that is untenable or even undesirable. Modern
science, particularly quantum theory, is a discourse which is unique
in many respects and to claim that some elements of it are actually
what the ancient Indian thinkers were talking about is to mistake the
nature of both Indian philosophy and modern science.

However, to understand the nature of science, that is, to
answer the question ‘“What is science?” we need to look at the
structure of science, the relation between theory and the empirical,
and so on. It is here that Indian philosophy, and particularly
Indian logic, is relevant. While there are good reasons to critique
the attempt to find contemporary ideas of modern science in
ancient thought, it is nevertheless the case that contemporary
philosophy of science can learn much from Indian philosophical
traditions. One can fruitfully explore the possibility of drawing
upon Indian philosophical traditions, particularly its rationalistic
ones, to understand the nature and foundations of science. This
is what philosophy of science, as a discipline, has accomplished
by developing upon ancient and modern Western philosophical
traditions. It is surprising that philosophy of science, in its long
history, has ignored potential contributions from non-Western
philosophies. It will be useful to explore whether Indian rational
philosophies have anything to contribute to philosophy of science
(and not to science per se). Since philosophy of science offers the
best tools to understand the nature of science, it is conceivable that
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Indian philosophy will in principle be useful in our attempt to
understand the nature of science.

Firstly, I will begin by considering the relation between ancient
Greek thought and modern science since there is a strong belief
that Greek thought is intrinsically related to science, a position
that betrays an unreasonable dependence on Greek philosophy in
philosophy of science.

Gadamer (2001), in a series of lectures on the pre-Socratic origins
of philosophy, reflects on the origins of philosophy and science in
the Greek tradition. The final two essays in this collection deal with
the relation between Greek philosophy and modern science, and the
‘profound debt’ owed by modern science to Greek thought. It will
be useful to consider his arguments for it might clarify how exactly
ancient philosophies are related to modern scientific thought. After
summarising his view on this matter, we can then analyse the points
of similarity or departure with respect to ancient Indian philosophies.

Gadamer begins with the theme of Greek philosophy and modern
thought, a theme that has been'a dominant influence on German
philosophy over the ages. He notes that Greek philosophy should
not be understood in the restricted sense which defines philosophy
today. Greek philosophy not only included scientific thought
but, for Gadamer, it was also the Greeks ‘who instigated a world-
historical decision with their own thinking and decided the path of
modern civilisation with the creation of science.” This observation
in itself is highly debatable even if we accept that the Greeks created
the idea of science, since science in ancient India illustrated great
advancement in its times. One can anticipate Gadamer’s response
to this caveat by noting that his idea of the scientific is subsumed
under an idea of the theoretical: for the Greeks, philosophy ‘meant
the whole of theoretical and, therefore, scientific interest.’ It has been
an often repeated cliché that Indian thought lacked theory or at least
the idea of the theoretical. This comment has been voiced frequently
and especially when confronted with ancient Indian technology,
including the metallurgical processes of making steel and zinc.
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Similar comments about the lack of ‘philosophy’ in India have for
long been a part of the western folklore. I will not respond to these
debates, partly because I think some of these sweeping claims have

‘an ideological basis. However, it will be useful to analyse Gadamer’s

arguments since he is arguing for the essential importance of ancient
Greek thought for modern science. What I am trying to do here is
to argue for the importance of Indian philosophies for philosophy
of science.

Gadamer, after noting that Greek philosophy included scientific
thought, continues to make the same mistake as many others before
him. He writes:

‘What separates the occident, Europe, the so-called “Western

world,” from the great hieratic cultures of the Asian countries is

precisely this new awakening of the desire to know with which

Greek philosophy, Greek mathematics, Greek medicine, and the

whole of their theoretical curiosity and their intellectual mastery

is associated. Thus, for modern thinking, the confrontation with

Greek thinking is a kind of self-encounter for us all.’

There are two fundamental mistakes in this claim. First is
the emphasis on Asian cultures as being hieratic cultures, namely,
cultures that are essentially priestly and concerned with the sacred.
There are two reasons why this claim is obviously wrong: one was the
living presence of philosophically sophisticated rational traditions
of Indian philosophy and the other was the presence of a vibrant
scientific and technological culture in ancient India. Secondly,
Gadamer compounds this mistake by categorising the difference
between the Western world and the Asian one by the ‘new awakening
of the desire to know.” It is not worthwhile to attempt to refute this
obvious absurdity but we can note that Indian philosophy, Indian
mathematics, Indian medicine, Indian chemistry and metallurgy,
and so on, were all activities that were essentially and intrinsically
concerned with the nature of knowing. All the Indian philosophical
traditions, including those which are seen to be concerned more with
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the spiritual, have critical formulations of a theory of knowledge. This
is true, for example, even of the logical tradition. Furthermore, the
tradition of Indian logic is not only deeply committed to knowing,
but also to theoretical formulations of categories such as inference,
invariable concomitance, empiricism and so on.

However, what I want to query further is Gadamer’s argument
linking modern science and Greek philosophy. Greek thought, for
Gadamer, exhibits a confrontation ‘between the intelligible world
and the masterable world.” Galileo is often called the father of
modern science. His belief in the mathematical nature of the world
as well as his attempts to bring the mathematical together with the
empirical influenced the shape of modern science for centuries to
come. Gadamer sees this move by Galileo as one that rejects the
anthropocentrism that was an essential part of Aristotelian science.
Gadamer believes that in the confrontation between modern science
and ancient tradition, it is the issue of objectivity that comes to the
surface. It is well known that scientific methodology is fundamentally
articulated in terms of objectivity, which includes the possibility of
knowing something as an object. To know something as an object is
to be able to access it some particular way. For Gadamer, it is precisely
the limits of objectification that is the ‘relevant and persistent heritage
of Greek thinking.’

Four themes are related to this problem of objectification. The
first concerns the body as object. Gadamer makes an interesting point
here that Greeks did not have terms for object and objectivity, and
even for a ‘thing’. The word that referred to all these terms was pragma,
which ‘refers not to that which stands over against us or opposed to
us as something to be overcome, but rather to that within which we
move and that with which we have to do.” Gadamer notes that this
particular way of viewing the world has been lost in modern science.
The second theme is that of freedom, the third is the role of self-
consciousness in modern thought and the last is language. Modern
thought gives a ‘methodological primacy’ to self-consciousness,
as well exemplified in Descartes’ formulation of methodological
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doubt. However, there is no obvious reason to accept the uncritical
acceptance of self-consciousness; Gadamer finds ancient Greek
thought a way to critique this uncritical acceptance, thereby finding
the limits to self-knowledge. Language is an important theme in this
analysis because, among other reasons, language captures the essence
of non-objectivity.

Gadamer attempts to find certain points of conflict between
ancient Greek philosophy and modern science but in doing so only
reiterates the ‘enduring relevance’ of ancient thought to modern
science. In particular, the Greek tradition gives access to a way
of integrating the empirical sciences with the praxis of social life.
Gadamer is basically dealing with the originary question, going to
the origins of Greek thought and finding its relation and relevance
to modern thought. And in searching among the ruins of the
Greck origins he is doing something that is shared by many other
philosophers, particularly philosophers of science. The title of
Gadamer’s book — The Beginning of Knowledge — is an indication of
this argument that traces the origins of particular modes of thought
associated with knowledge to the Greeks. It is through this that he
finds a common measure of engagement with science, since science
is fundamentally concerned with knowledge about the world. The
originary question must be important for philosophy of science — at
the least to explain why it draws exclusively upon Western philosophy
to understand the nature of science. Just as Gadamer’s title suggests
what idea is to be found in ancient Greek thought, philosophers of
science might have as well titled their works — “The Beginning of
Science” — and placed this within Greek thought.

One reason to explain this complete denial of other philosophical
traditions in mainstream philosophy of science is due to the belief
that modern science is a product of Western civilisation and hence
any analysis of it is best done by the philosophical traditions of the
same civilisation. This is the originary issue for philosophy of science.
This particular point of view is further strengthened by the common
observation that natural science grew out of philosophy. However,
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this observation emphasises common origins of particular kinds of
intellectual activities while ignoring the reasons as to why science
broke away from traditional philosophy. In the history of modern
science, there have been more attempts to show that the distinctive
nature of scientific character was radically different from philosophy
than attempts to show that they were similar. This is a potential
paradox for philosophy of science: it insists on using philosophical
insights from traditions whose rejection in the first place catalysed
modern science.

There are two kinds of originary questions. One is about
civilisational origins, which is the argument that modern science
and Western philosophy are in kinship because of common
civilisational origins. We have seen the problems with this, view.
The other is conceptual origin, where there is a common conceptual
and methodological space shared by science and some philosophical
traditions. Regarding civilisational origins, it is not true that Indian
traditions do not directly have a kinship with modern science — in
the last chapter I will discuss the multicultural origins of science.
Moreover, if conceptual and methodological spaces are concerned,
there is much in common between Indian rationalist traditions and
the philosophical foundations of modern science.

Philosophy of science is first and foremost philosophy. It is the
act of philosophising about science. To philosophise is to invoke
the universe of philosophy to reflect on some subject matter. It is
to deploy ideas and concepts from philosophy, to follow certain
accepted patterns of argumentation, to explore the meaning of the
subject from outside it in some sense and understand its foundations.
Philosophy of science thus explores the foundational structure of
science. To do this effectively, what kind of philosophy would be
most useful? That is, what should be the nature of a philosophy that
can best understand science?

There are two possible ways by which we can philosophically
reflect on science. We can bring a prior set of philosophical categories
through which we analyse science or we can identify some basic
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concepts in science whose philosophical relevance can then t.>e
studied in detail. The latter approach, which is quite common in
philosophy of science, would be based upon the fact that Sf:ie.nce
and philosophy (as well as common sense and other non-specialised
activities) share a common space, have common concepts and, to
some extent, common vocabulary and methodology. However, we
need to note that as far as these common concepts are concerned,
concepts such as mass, energy, properties, laws and so on, both
science and philosophy understand them quite differently. '

To philosophically reflect on an idea is to understand the idea
through the vocabulary, conceptual structure and modes of argument
present in a philosophical tradition. In this broad sense of the
meaning of philosophical reflection, there is strictly little releva[.lce
for common origins. In principle, say, we have a scientific idea wh.lch ;
we want to philosophically reflect upon. Different philosophical
craditions look at the same concept according to the concerns of that
tradition. For example, the questions and arguments put forth by
the Western phenomenological tradition are radically different from
those posed by the Western analytical tradition. Philosophy of science
has shown great resistance to incorporating the phenomenological
tradition as compared to the analytical one.

The common origin argument for using Western philosophy
can also be easily extended to the use of Indian philosophy for the
simple reason that science uses and deals with concepts and processes
that share a common space with Indian philosophical traditions
also: Ideas such as inference, reasoning, knowledge, causality and
so on are philosophical themes within Indian traditions as well as
in science, and so in principle there is a shared space which allows
the first step of philosophising. Furthermore, there are philosophic.al
traditions within the Indian systems which are far closer to certain
Western philosophical traditions in comparison with other Western
traditions. For example, we could argue that Nyaya is more closer to
logical and realist schools of Western philosophy compared to certain
idealist and phenomenological traditions in Western thought.
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Isthereaparticular philosophy thatis best suited forunderstanding
science? I do not think one can identify any particular tradition or a
particular set of ideas as best representing the philosophy of science.
Different ideas and different traditions develop more complex and
nuanced ways of understanding scientific activity. Can there be a
philosophy intrinsic to science? It will be very surprising if there is
a particular philosophical tradition that best voices science. Realism
would be the closest doctrine that one might choose for this role but
the complexities of scientific realism actually raises more questions
for philosophical debates on realism. Pragmatism is another tradition
that is again strongly reflective of scientific practice but pragmatism
in philosophy is a much larger system of thought.

Given all these reasons, it seems reasonable to believe that the
role of philosophy in science is to reflect upon scientific ideas and
practice with the help of certain philosophical tools. Therefore,
it seems only reasonable that tools from Indian philosophical
traditions should in principle be as important as tools from other
Western traditions. After all, not only did the Indians engage
actively in scientific and technological issues but they also had a
flourishing practice of mathematics and astronomy. Moreover,
as described earlier, Indian philosophy was deeply engaged in
the development of disciplines such as logic, epistemology and
philosophy of language.

I think we can reasonably hold the position that certain aspects
of Indian philosophy are not only relevant to a foundationalist
description of science but that they also share something in common
with scientific methodology. There are many pointers to this and
in what follows I will only briefly indicate these reasons. We can
begin with the nature of doubt and its relation to science. In Western
philosophical tradition, as well as in science, doubr is an important
theme. Descartes inaugurated the move towards certain knowledge
by beginning with doubt and thus formulated a methodology of
doubt. Indian philosophical systems also begin with a priority to the
nature of doubt. There is a great deal to be doubted: our perceptions,
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reasoning, evidence, inferences and so on. For the Indian logicians,
exemplified by the Nyaya school, doubt is the beginning of inquiry.
The purpose of inquiry is to resolve a doubt and reach a state of
certainty. The Nyaya formulation of doubt is rich in many ways.
Doubts are framed in an interrogative form, which in modern terms
can be seen as belonging to the ‘alternative’ type of questions. Doubts
are classified into different kinds. Doubt and its resolution are an
integral part of the rich tradition of debate in Indian philosophy. The
steps to eradicate doubt as part of debate embody a rational strategy,
which includes the use of empirical observation, some fundamental
principles as also the well-known nydya five-step process, usually
referred to as nydya ‘syllogism’.

Indian theories of doubt range from the sceptical mode in some
Buddhist schools to a pragmatic approach by philosophies such
as Nyidya. Descartes methodology of doubt has been extremely
influential in philosophy of science. The Nyaya approach to doubt is
pragmatic in nature and is closely related to the relationship between
doubt and action. The American pragmatist, Peirce, shares a great
affinity with Naiyayikas (those belonging to the Nydya school) since
his response to sceptical doubt is very similar to theirs. The relation
to scientific method is manifested when we analyse the nature of
scientific doubt, which is also highly pragmatic in character. Even
in the fundamental description of the nature of doubt, science and
Nyiya share similar concerns.

The rationalist tradition in Indian thought is essentially
related to the logical tradition since logic was about the nature of
reasoning, argumentation and the art of persuasion. As mentioned
earlier, the greatest contribution to Indian logic came from the
Nyiya and Buddhist schools. Inference was the central concern of
these logicians. How do we infer? What do we infer? How can we
distinguish between a valid and invalid inference? The early structure
of inference discussed by the Nyaya school leads to the well-known
five-step formulation of nydya method. A qualitative shift in the
understanding of inference occurs with the formulation developed
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by the Buddhist logician Dignaga, whose basic model came to be
the standard structure for studying inferences. Digniga’s innovative
description of inference, described in the earlier section on Indian
Logic, was through the notion of ‘sign’ and he should be understood
as exploring the relation between logic and semiotics.

There are many themes drawn from Indian logic which
are relevant to philosophy of science. These themes include the
differences between Indian and Western logic, induction/deduction
structures in Indian logic, the idea of necessary relations which are
lawlike, reductio reasoning, the role of fallacies, the meaning of
definitions and of properties. In these discussions, we can isolate
many common themes from Indian logic that are of potential interest
to understanding the nature of science.

This relation between logic and science has filtered so deeply
into the social imagination that we normally tend to associate science
with (western) logic. But in so doing, it is reasonable to believe that
rather than discovering logic in science, philosophy of science may
have transplanted logical themes on scientific practice.

In searching for logic in science, philosophy of science has
also been guilty of not critiquing its understanding of logic itself.
Traditional concerns of philosophy of science have demanded that
science be logical. This makes perfect sense when viewed along the
historical trajectory of Western rationalist tradition as well as the
growth of logic. However, this is also how Western logic differs
markedly from Indian logic. I capture this difference by the use
of the phrases ‘logic in science’ as against ‘science in logic’. The
fundamental argument that follows is that philosophy of science,
based on Western philosophy and logic, is actually searching and
demanding for logic in science. In contrast, Indian logicians are
demanding that logic be scientific.

It is this question of priority, whether logic comes first or science,
that is at the heart of the difference between Indian and Western
logic, a difference that is characterised by the question: Should logic be
scientific or should science be logical? This question might make sense
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only if we clarify the meanings of the terms logic and science. It is no
accident that this naming of something as science or logic has been a
serious matter of contention in various debates in the contemporary
world. Here, I want to use our common notions of science and logic,
and use this to raise the question of priority. If by scientific we mean
both an empirical and theoretical mode of reflection, then logic is
not scientific for Western logic since the essential character of logic
is to be outside the domains of the empirical in an explicit manner.
Thus, for Western and modern logic, the issue can only be of the
logical in science.

In contrast, for Indian logic, the central concern is to make
logic scientific. This implies that logical statements have to respond
to empirical concerns. While this move militates against the very
notion of logic in the Western tradition, it is precisely this demand
on logic that makes Indian logic essentially correlated to scientific
methodology.

Here we can ask whether we are trying too hard to fit Indian
logic and science. This question becomes important when placed
in the contemporary intellectual scene where there is a claim that
modern insights were anticipated in ancient cultures. I am explicitly
against accepting such claims and the responsibility to carefully argue
for these claims rests on those who make these claims. Conscious
about this problem, we can first note that science continues to make
‘simple’ inferences of the kind that logic, particularly Indian logic,
dealt with. A question commonly encountered is: How can examples
from ancient Indian logic matter to science today? The simple answer
is that there are numerous inferences in science that are conceptually
similar to those ancient examples, as well manifested in Newton’s
laws themselves.

There is yet another common concern of Indian logicians and
modern science. This has to do with something foundational about
the activity of science. Indian logicians had two great worries: one, the
relation between the sign and the signified, and two, the possibility of
moving from an observation to saying something about it. The first






