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MODELS AND THEORIES

Models and theories are of central importance in science, and scientists spend
substantial amounts of time building, testing, comparing and revising models and
theories. It is therefore not surprising that the nature of scientific models and theories
has been a widely debated topic within the philosophy of science for many years.

The product of two decades of research, this book provides an accessible yet critical
introduction to the debates about models and theories within analytical philosophy of
science since the 1920s. Roman Frigg surveys and discusses key topics and questions,
including:

*  What are theories? What are models? And how do models and theories relate to
each other?

*  The linguistic view of theories (also known as the syntactic view of theories),
covering different articulations of the view, its use of models, the theory-
observation divide and the theory-ladenness of observation, and the meaning of
theoretical terms.

*  The model-theoretical view of theories (also known as the semantic view of
theories), covering its analysis of the model-world relationship, the internal
structure of a theory, and the ontology of models.

*  Scientific representation, discussing analogy, idealisation, and different accounts
of representation.

*  Modelling in scientific practice, examining how models relate to theories and
what models are, classifying different kinds of models, and investigating how
robustness analysis, perspectivism, and approaches committed to uncertainty-
management deal with multi-model situations.

Models and Theories is the first comprehensive book-length treatment of the topic,
making it essential reading both for advanced undergraduate and graduate students,
researchers, and professional philosophers working in philosophy of science and
philosophy of technology. It will also be of interest to philosophically minded readers
working in physics, computer sciences, and STEM fields more broadly.

Roman Frigg is Professor of Philosophy in the Department of Philosophy, Logic and
Scientific Method at the London School of Economics and Political Science, UK.
He is the winner of the Friedrich Wilhelm Bessel Research Award of the Alexander
von Humboldt Foundation and a permanent visiting professor in the Munich Centre
for Mathematical Philosophy of the Ludwig-Maximilians-University Munich,
Germany. His current work focuses on the nature of scientific models and theories, the
foundations of statistical mechanics, and decision making under uncertainty.
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PREFACE

Models and theories are of central importance in science. Scientists spend sub-
stantial amounts of time building, testing, comparing and revising models and
theories, and significant parts of many journal articles are concerned with explor-
ing their features. It is therefore not surprising that the nature of scientific models
and theories has been a widely debated topic within the philosophy of science
for many years. The aim of this book is to provide an accessible and yet critical
introduction to the debates about models and theories within analytical philoso-
phy of science since the 1920s. The book is intended to be intelligible to advanced
undergraduate students in philosophy, as well as to philosophically-minded scien-
tists. I hope, however, that it will also be of interest to professional philosophers.
The book presupposes no formal training, but it requires casual familiarity with
formal logic and a recollection of the broad contours of high school science. 1
briefly explain logical and scientific concepts when they are first invoked, but
these explanations are intended as reminders and do not double as introductions
to the subject.

The book has been in the works for the better part of the last two decades, and
during this time I have acquired debts that are uncomfortably high. The book
has its origins in my PhD thesis, which was written under the supervision of
Nancy Cartwright and Carl Hoefer. Their support and encouragement were cru-
cial not only for completing the thesis but also for deciding to write this book.
Andreas Achen, Margherita Harris, James Nguyen, Lorenzo Sartori and James
Wills deserve gallantry awards for reading substantial parts of the manuscript
and providing comments on it. Two anonymous referees for the publisher have
provided extensive reports on the manuscript. I would like to thank them for their
careful and constructive comments, which were helpful when making revisions.
At various points in its protracted development Nancy Cartwright, Mark Colyvan,
Erik Curiel, Neil Dewar, José Diez, Stephan Hartmann, Laurenz Hudetz, David
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Lavis, Simon Le-Druillennec, Anna Mahtani, Michela Massimi, James Nguyen,
and Martin Zach read chapters of the manuscript and offered feedback. I am grate-
ful to them for sharing their knowledge and insight with me. Chapters 3 to 6 were
discussed in a reading group at the University of Barcelona, and Chapters 11 and
12 were presented in the joint work-in-progress seminar of Ghent University and
the Vrije Universiteit Brussels. I would like to thank the participants of the read-
ing group and the seminar for many helpful comments and suggestions. I am also
grateful for helpful discussions on the topics of this book with Rachel Ankeny,
Joseph Berkovitz, Richard Bradley, Seamus Bradley, Otavio Bueno, Jeremy
Butterfield, Craig Callender, Jordi Cat, Hasok Chang, Foad Dizadji-Bahmani,
Stephen Downes, Catherine Elgin, Enno Fischer, Steven French, Stacie Friend,
Mathias Frisch, Manuel Garcia-Carpintero, Peter Godfrey-Smith, Till Griine-
Yanoff, Rom Harr¢, Casey Helgeson, Carl Hoefer, Tarja Knuuttila, Elaine Landry,
Sabina Leonelli, Arnon Levy, Olimpia Lombardi, Pablo Lorenzano, Sebastian
Lutz, Genoveva Marti, Hernan Miguel, Mary Morgan, Margaret Morrison, Fred
Muller, Wayne Myrvold, Tom Philp, Christopher Pincock, Stathis Psillos, Miklos
Rédei, Alan Richardson, Michael Redhead, Julian Reiss, Bryan Roberts, Joe
Roussos, Fiora Salis, Lenny Smith, Dave Stainforth, Katie Steele, Max Steuer,
David Teira, Paul Teller, Erica Thompson, Martin Thomson-Jones, Adam Toon,
Thomas Uebel, loannis Votsis, Michael Weisberg, Wang Wei, Charlotte Werndl,
Philipp Wichardt, John Worrall, and Lena Zuchowski, as well as all those whom
I hope will forgive me for forgetting to mention them. It is self-evident that the
responsibility for the final text is my own. The comments from my interlocutors
made the book better than it would have been otherwise, and it is none of their
fault if I was unable to make good on every flaw that they pointed out to me, nor,
indeed, if I stubbornly insisted on keeping them.

Chapters 6 and 9, as well as parts of Chapter 8 draw on ideas that I developed
in collaboration with James Nguyen. James and I have been cooperating closely
over the last decade, co-authoring a double-digit number of papers and two books.
I have largely lost track of which ideas were his and which were mine, if indeed
such a distinction can meaningfully be drawn. Wherever possible I reference joint
publications, indicating where the ideas were first published.

I have benefitted from research assistance from Andrew Goldfinch, who helped
me organise bibliographical references and readings, and who generously offered
to proofread the final manuscript. Tony Bruce and Adam Johnson from Routledge
accompanied the project over the years. Their constructive advice and their abil-
ity to gently nudge in the right moments were instrumental to pushing this project
over the finishing line. Ramachandran Vijayaragavan and his team copyedited
the entire manuscript and turned an amorphous pile of files into a book. Heartfelt
thanks to all of them for their help and support.

I have spent my entire academic adult life at LSE, which provided an ideal
environment to write the book. I am grateful to my colleagues in the Department
of Philosophy, Logic and Scientific Method and in the Centre for Philosophy of
Natural and Social Science for creating a supportive and collegiate environment



Preface xi

in which my work could flourish. Over extended periods of time, the manuscript
was simmering quietly on the backburner. This changed when I received a Fried-
rich Wilhelm Bessel Research Award from the Alexander von Humboldt Founda-
tion, which provided a teaching buyout that freed up a sufficient amount of time
to get the manuscript close to its final state.

Last but not least, I'm deeply grateful to my family for their ceaseless and
unconditional support. When, just after receiving my “diploma” (something like
an MRes) in physics, I told my parents that I would now become a philosopher
rather than get a job and earn a living, they remained admirably composed and
actively supported the decision. My father started reading my papers and called
me on Sunday mornings to press me on my arguments. His calls would usually
end with a genial, yet earnest, reminder that writing “the book™ ought to be my
first priority. It is one of the irredeemable regrets in my life that I have not been
able to finish it before his untimely death. I met my wife, Benedetta, shortly after
my father’s passing, and in what must have been a clandestine operation of pre-
established harmony, she immediately made it one of her missions to focus my
straying mind on “the book”. Her support for the project remained unwavering
when book writing turned Sundays into “Sundays” and holidays into “holidays”,
and even when she had to put up with a grumpy and despondent incarnation of me
because nothing seemed to advance. Her love and support were invaluable, and
the book would not have made it on the home stretch without her.
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INTRODUCTION

The unknown captivates. Ever since antiquity, humans have devised methods and
techniques to uncover what is hidden. In modern science, models and theories
play an indispensable role in this endeavour. Many scientific disciplines develop
theories that are used both to discover, explore, and control phenomena and to
systematise, organise, and summarise our knowledge about them. Mastering a
field often requires understanding its theories. Quantum theory, relativity theory,
electromagnetic theory, and evolutionary theory are examples of theories that are
central in their respective domains. But theories are not the only means by which
scientists push the boundaries of knowledge. Models play prominent roles in
many disciplines. The billiard ball model of the gas, the Bohr model of the atom,
the Lotka-Volterra model of predator-prey interaction, general circulation models
of the atmosphere, and agent-based models of social systems are examples of
models that are foundational in their fields.

What are theories? What are models? And how do models and theories relate
to each other? These are the core questions that this book is concerned with. They
are time-honoured questions. Since the beginning of the last century an impres-
sive body of literature has emerged that is concerned with the nature of models
and theories. Unsurprisingly, different schools of thought have given different
answers to these questions and, indeed, interpreted the questions themselves dif-
ferently. Readers encounter a bewildering array of positions that are often difficult
to pin down and map out.

This book aims to offer guidance in this unwieldy territory in three ways.
First, it provides an introduction to the problems, issues, and challenges that have
shaped the field, as well as an introduction to the philosophical positions that have
driven the discussions about models and theories. Second, it presents a guide to
the literature, documenting what has been said when and by whom, and locating
individual contributions in the wider intellectual context. Third, it takes stock and
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2 Introduction

assesses where the different debates stand. What has been achieved, what has
fallen by the wayside, and what can we learn from failed attempts? Occasion-
ally, the first and second aims are in tension with each other. On the one hand,
points can be made without extensive referencing, and those who are primarily
interested in the arguments themselves may find references distracting. On the
other hand, those who are interested in how debates have unfolded, and, indeed,
in further reading, will not be satisfied with a decontextualised abstract argument.
I'have tried to mitigate this conflict by using in-text references only for direct quo-
tations and when I explicitly discuss a particular position. All other references are
in the endnotes. These endnotes anchor arguments in debates, and they provide
additional readings for those who wish to pursue a matter further.

Throughout the book, I illustrate arguments and positions with examples to
make abstract points palpable. There is a temptation to be original in the choice
of examples and use one’s own favourites in lieu of cases that have become stan-
dard points of reference. Wherever possible I have resisted this temptation, and
I have stuck with the well-known cases that are discussed in the literature. This
is a deliberate choice rather than intellectual lethargy. First, in keeping with the
aim of providing a guide to the literature, the book seeks to acquaint the reader
with cases that have actually been discussed in the literature rather than with a
collection of personal favourites. Second, standard cases serve as touchstones.
Accounts and arguments need to make sense of, and be tested against, accepted
paradigm cases. A discussion based on previously unseen (and possibly idiosyn-
cratic) examples would rightly arouse suspicions of cherry-picking or shifting
goal posts. Third, the more intriguing the examples, the more likely they are to
divert attention away from the main problems and issues. Keeping cases within
the boundaries of the expected is therefore also a means to focus attention on the
conceptual issues. Once a point is clear, readers can replace the book’s examples
with their own.

In particular, in the first two parts of the book, the examples are largely taken
from physics. This choice is primarily owed to the fact that the views discussed in
these parts have been schooled and developed with examples from physics. This
said, I admit to having done little to resist this concentration on physics, which
aligns with my own interests and, more importantly, competences. Had a phi-
losopher of biology or economics written this book, they might have made differ-
ent choices. The choices should, however, not present an obstacle to reading the
book. The knowledge of physics required to understand the philosophical points
rarely, if ever, goes beyond the high school curriculum, and those who spent their
formative years studying Homer’s epics rather than Newton’s axioms will be able
to glean enough physics to follow the examples by spending a little time on a
relevant Wikipedia page.

Goodman famously noted that “[f]ew terms are used in popular and scientific
discourse more promiscuously than ‘model’” (1976, 171). Goodman is spot on. It
is therefore worth briefly reviewing some of the meanings of “model” and setting
aside those that are irrelevant in the current context. The word “model” derives
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from the Latin “modulus”, which means “measure” or “standard”. It reappears
in the 16th century in Italian as “modello” and in English as “model”, where it
designates architectural plans or drawings representing the proportions of a build-
ing, or, more generally, a likeness that is made to scale. The notion of a model as
a true-to-scale replica is still a possible usage of the term in modern-day science,
although, as we shall see, it is by no means the only one. The same cannot be
said about the many other usages of the term. We expressly exclude the follow-
ing as intended uses of “model” in this book. First, occasionally “model” is used
as a synonym for “theory”, for instance when physicists call their best theory of
elementary particles “the standard model”, or when the Bohr model of the atom is
referred to as the “Bohr theory of the atom”. It makes little sense to ask, as we do
in this book, how models and theories relate to one another unless models and the-
ories are considered to be different, and so we set aside a use of the term “model”
that takes models to be theories. Second, phrases like “it’s just a model” indicate
either that scientists take a cautious attitude towards a certain proposition which
they regard as speculative or provisional, or that something is known to be false
and entertained only for heuristic purposes. To what extent a product of scientific
thought is supported by fact is an important question. Indeed, this question is so
important that it has its own subfield within the philosophy of science, namely
confirmation theory. Our question is prior to the question of confirmation theory.
We ask: what is the thing about which one can later ask whether, and if so to what
degree, it is confirmed by evidence? For this reason, we do not use “model” as a
qualifier of evidential support.

Other uses of “model” are so obviously out of line with the topic of this book
that there should be no danger of confusion. “Model” can be used as a synonym
for “notion” or “conception”, for instance when we speak of the “the ancient
model of the atom” or “the enlightenment model of free speech”. A model can
be something that serves as a template for the production of something else, for
instance when we say that medieval guilds provided the model for the first univer-
sities in the 11th and 12th centuries. A model can also be a method or recipe for
achieving something, for instance when we say that contractarianism is the justifi-
catory model in social systems governed by social rules. The department’s “model
student” is an example to be emulated. Ford’s Model T and the latest model of the
MacBook Air are particular products. Little Jimmy’s model railway is a toy. And
then there are models who do not wake up for less than ten thousand dollars a day.
Regimenting language is neither possible nor desirable, but it ought to be clear
that “model” is not used in any of these meanings in this book.

“Theory” descends from the ancient Greek term theoria, which is closely
related to theoros (spectator). So theoria literally means something like the spec-
tator s view and evokes the acts of watching or observing. It has subsequently
been used to mean consideration and speculation. In the 16th century “theory”
came to refer to the conceptual basis of a subject area of study and the principles
of a field. This is a workable first indication of the meaning of “theory” in the
context of contemporary science, and we will develop this conception further
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in this book. However, like “model”, “theory” has also acquired a number of
divergent and, at least in the current context, unhelpful meanings, which we
have to set aside. In a reversal of the tentative character supposedly expressed
by “model”, a theory is sometimes seen as something with a secure foundation,
or as a true description of reality.! Usage, however, is not uniform and “theory”
can also have the exact opposite meaning. Before making an MRI scan, doc-
tors have a theory that a tumour is benign, but they will be able to confirm this
only once they have the results; you can have a theory that your neighbour does
not pay his taxes; and scientist urge caution by exclaiming “oh, well, that’s
just a theory!”. Whichever way one wants to use “theory”, as previously noted,
degrees of confirmation are not our concern here and so we set these uses of
“theory” aside.

Sometimes “theory” is contrasted with “practice”. Something is said to be a
“theory” if it belongs to the realm of unsullied contemplation and if it is antitheti-
cal to action. When confronted with an impractical suggestion an engineer might
dismiss it as something that “works only in theory”; branding a claim as “correct
in theory” is tantamount to saying that it is unworkable; and halfway through the
exam period a student may become resigned to the view that there is now “only
a theoretical possibility” of still getting a first-class honours degree. While not
infrequent in idiomatic expressions, the use of “theory” as a euphemism for the
unachievable is irrelevant to our discussion. And, as an afterthought, we might
add that it is often also unjustified — the history of many technical innovations
(just think of radio transmission and GPS) testifies to the fact that there is nothing
more practical than a good theory!

Now that we have identified the relevant senses of “model” and “theory”, we
are in a position to ask what models and theories are and how they operate. Our
discussion of these questions begins with the movement of logical empiricism
which gained prominence in the 1920s.? There is a degree of arbitrariness to every
cut-off, and my own is no exception. One could have begun the discussion with
Poincaré, Duhem and Mach, or with the great “philosophical physicists” of the
late 19th century, Boltzmann, Hertz, Kelvin, and Maxwell. Or maybe with Mill
and Hume, or . . . . There is something to be said for each of these potential
choices. However, while undoubtedly these authors made important contribu-
tions, the focus on theories and models as we know it from current debates only
crystallised in the work of the logic empiricists. It is only through their work that
“models and theories” became a recognisable subfield of the philosophy of sci-
ence. This motivates my choice to take logical empiricism as the starting point of
the discussion.

The arrangement of the material in the book is broadly chronological, begin-
ning with logical empiricism and ending with topics that have emerged only rela-
tively recently. This could give the impression that this is a historical book. It is
not. The focus of the discussion is systematic: it is concerned with the tenability
of arguments and the cogency of accounts, rather than with historical figures and
their intellectual trajectories. The broadly historical arrangement of the material is



Introduction 5

a ploy to make the arguments easier to follow because certain positions become
intelligible only when contrasted with their predecessors and when discussed
against certain backgrounds. The qualification “broadly” is essential. Throughout
the book I make a conscious effort to emphasise how historical positions bear on
contemporary problems. It is indeed one of the theses of this book that positions
that have long been assigned to the dust bin of history turn out to be surprisingly
relevant to contemporary concerns when given a fresh reading. Readers will be
confronted with current problems and concerns from the outset, and they will not
have to fight their way through long chapters dealing with material that is only of
historical interest to finally get “back to the future” at the end of the book.

The book is divided into four parts, and every part has four chapters. I will now
introduce the content and objectives of the four parts, and then give an overview
of the individual chapters.

Part I is concerned with what I call the Linguistic View of Theories (the Lin-
guistic View, for short), broadly the view that a scientific theory is a description
of its subject matter in a formal language. The Linguistic View is better known
as the “syntactic view of theories”, but, as we will see, this is a misnomer and I
prefer the descriptively more accurate label “Linguistic View of Theories”. The
view is closely associated with logical empiricism and is widely believed to have
departed for good when logical empiricism perished in the 1960s. So some read-
ers may wonder: why begin a book on models and theories with a discussion of a
philosophical position that is long gone?

The answer is that reports of the death of the Linguistic View have been pre-
mature. Engaging in an extensive discussion of the Linguistic View is not an act
of philosophical necrophilia; it is an expression of the conviction that there is
much of contemporary interest to be learned from it. Specifically, it is one of
the contentions of this book that the divide between linguistic and non-linguistic
conceptions of theories is a false dichotomy, and that the anti-linguistic turn that
happened in the philosophy of science around 1960 was a mistake.® Theories have
both linguistic and non-linguistic elements, and the challenge for an analysis of
theories is to show how they work together and how they can be integrated into
a consistent whole. A reflection on the Linguistic View is a starting point for this
project. Readers who remain unconvinced that topics and positions associated
with the Linguistic View have much life left in them should find these chapters
useful for another reason. Love it or hate it, the modern discussion about the nature
of models and theories has its origins in logical empiricism, and the positions and
doctrines of the logical empiricists still provide the backdrop against which many
debates unfold. Familiarity with these positions and doctrines is therefore a sine
qua non for everybody who wishes to partake in contemporary discussions. Those
who remain unconvinced of the systematic value of the Linguistic View may read
these chapters as providing the necessary background for what is to follow.

The demise of the Linguistic View marks a branching point in the discussion.
Those who shared the logical empiricists’ emphasis on formal analysis but thought
that this analysis had to proceed along different lines gathered under the umbrella
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of the Model-Theoretical View of Theories (Model-Theoretical View, for short),
broadly the view that a scientific theory is a family of models. The proponents of
this view usually self-identify as contributing to the “semantic view of theories”,
but for reasons that will become clear later, “semantic view of theories” is no less
misleading than “syntactic view of theories” and is therefore a label that is best
avoided. We discuss the Model-Theoretical View in Part II.

Those who not only disagreed with how the logical empiricists put formal
methods to use but also regarded the emphasis on formal methods as unhelpful
to begin with took a different route. While sharing the Model-Theoretical View’s
emphasis on models, they intended to avoid the view’s reliance on formal meth-
ods and aimed to develop a philosophical account of models through an analysis
of scientific practice. We discuss this approach in Part IV. Philosophers work-
ing in that paradigm never formed a cohesive school of thought, and there is no
umbrella notion under which they all could be subsumed. This is not accidental.
Writers working in this tradition were committed to developing their views in
close proximity to scientific practice and were generally wary of overarching pro-
grammes and rational reconstructions. A certain degree of disunity is the inevi-
table consequence of this philosophical outlook. Writing about a movement that
is by its very nature dispersive is difficult, and so there is a temptation to group
the ungroupable. Occasionally this is done by subsuming philosophers working
in this intellectual tradition under the umbrella of the “models as mediators pro-
gramme”. This is not entirely fortunate. “Models as mediators” was the name of
a particular research project on models carried out at LSE in the 1990s, as well
as the title of an influential book that came out of the project. While the project is
located squarely within this intellectual tradition, the tradition itself goes back to
the 1950s and has a longer and more diverse history than the “models as media-
tors” project. If one had to coin a label, then Models in Scientific Practice Pro-
gramme would probably be a fitting option, and the models as mediators project
would be a particular project falling under that label.

The discussions of the Model-Theoretical View in Part II and the Models in
Scientific Practice Programme in Part I'V are connected by a discussion of scien-
tific representation, which is the focus of Part III. The reason for placing a dis-
cussion of scientific representation in-between the discussions of the two main
approaches to models is that the question of how models represent their target
systems has already become a focal point in various places in Part II, and impor-
tant points of contention between the Model-Theoretical View and the Models
in Scientific Practice Programme turn on how the relation between models and
their targets is construed. So Part I1I both brings a discussion that started in Part
II to a conclusion and lays the groundwork for the discussion of the Models in
Scientific Practice Programme in Part IV. Beyond this strategic role, Part III
deals with an important topic in its own right: how models relate to the parts or
aspects of the world that they are about. This problem has a universal and a spe-
cific aspect. The universal aspect concerns a discussion of scientific representa-
tion in general, and we will discuss a number of different accounts of scientific
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representation. The specific aspect concerns particular model-world relations
that play an important role in applications: analogy, idealisation, abstraction and
approximation. Understanding these relations is crucial, and a large portion of
Part III is dedicated to analysing them.

Now that we are clear on the content of, and the relations between, the four
parts, let us have a look at the core arguments of the individual chapters.* The four
chapters of Part I discuss different aspects of the Linguistic View. In Chapter 1
we articulate the Linguistic View and defend it against a number of criticisms
which, if successful, would immediately undermine the view. We glean the basic
tenets of the Linguistic View by looking at how Newton developed his mechan-
ics in his Philosophiae Naturalis Principia Mathematica, and we then work our
way toward a general formulation of the view, which has become known as the
Received View of Theories. We then discuss four objections against the view:
that it is committed to kind of logic that is too weak to capture any serious math-
ematics; that it regards theories as purely syntactical items; that it is committed
to absurd identity criteria for theories; and that it fails to illuminate how theories
operate in scientific practice. We will see that these objections miss their target. It
is therefore justified to take the Linguistic View seriously and see how its various
aspects can be developed.

In Chapter 2 we discuss what role models play in the Received View. We begin
by distinguishing between two different types of models: representational models
and logical models. The former are representations of a target system; the latter are
items that make a formal sentence true if the sentence is interpreted as describing
the model. The Received View employs the latter notion and sees models as alter-
native interpretations of a theory’s formalism. This notion of a model provides
the entry ticket to formal semantics, which plays an important role both in the
discussion of the Received View and in the development of the Model-Theoretical
View. We discuss the notion of a set-theoretical structure on which this semantics
is based, along with the notion of two structures being isomorphic. This leads to
a discussion of the expressive power of first-order logic, which also involves a
discussion of two famous results in formal logic, the Lowenheim-Skolem theorem
and Godel’s first incompleteness theorem. Insights gained in this discussion will
also be important when assessing the Model-Theoretical View in Chapter 5.

After this discussion of the formal aspects of a theory, we turn to the relation
between theory and observation. In Chapter 3 we see that understanding this rela-
tion led logical empiricists to bifurcate a theory’s vocabulary into observation
terms and theoretical terms. The former are terms like “red” that refer to observ-
ables, while the latter are terms like “electron” that (purportedly) refer to unob-
servables. This bifurcation faces three important objections: that the epistemic
distinction between observables and unobservables fails to translate into a /inguis-
tic distinction between different terms; that there is no clear line between what is
observable and what is unobservable; and that observation is always theory-laden.
These are serious objections, and the most promising way to circumvent them
is to bifurcate a theory’s vocabulary differently, namely between antecedently
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understood and new terms. Observations are often made and recorded in the form
of data, and the raw data gathered in experiments are processed to form data mod-
els. We study how observations are distilled into data models, and we get clear on
what this process involves.

As we have seen, the Received View relies on a bifurcation of a theory’s
vocabulary into observation terms and theoretical terms. While it seems clear, at
least prima facie, what the meaning of observation terms is, the same cannot be
said of theoretical terms. In Chapter 4 we address the question of how theoretical
terms acquire meaning. We begin our discussion with verificationism, and then
go through the important empiricist responses to the problem: explicit definitions,
implicit definitions, reduction sentences, interpretative systems, meaning from
models, elimination either through Craig’s theorem or the Ramsey sentence, the
Carnap sentence, Hilbert’s g-operator, and definite descriptions. We then turn to
the alternative realist programme, which regards theoretical terms as being on
par with observation terms: both refer to things in the world. We end the chapter
with a discussion of the causal-historical theory of reference, which explains how
exactly terms can do this.

As we have seen previously, the Linguistic View was followed by the Model-
Theoretical View, which is the focus of the chapters in Part II. Chapter 5 begins
with a detailed discussion of Suppes’ structuralist version of the Model-Theo-
retical View, which regards a theory as a family of models and models are taken
to be set-theoretical structures. This helps structuring the discussion in this part
of the book because other formulations of the view build on Suppes’ account in
various ways. One of the core issues in the Model-Theoretical View is the role of
language. The view construes theories as non-linguistic entities, and by banning
language from theories it aims to excise the issues we encountered in Chapters 2
to 4. The question of when two theories are identical provides a conundrum for
this view, and through a discussion of this issue we will reach the conclusion that
language is an important part of a theory that cannot be omitted. The challenge for
a tenable account of theories is therefore to integrate linguistic and non-linguistic
elements in a cogent way. In the last section of the Chapter, I sketch an account
that tries to do this, which I call the “dual view” of theories.

In Chapter 6 we raise the question of how an account that regards a theory as a
family of models, understood as set-theoretical structures, analyses the relation of
a theory to its intended subject matter. This is the fundamental problem of scien-
tific representation: how do the models of a theory represent their target systems?
We start our discussion of this question with a reflection on the problem itself
because on closer inspection it becomes clear that there is no such thing as “the”
problem of scientific representation. We distinguish between five different ques-
tions that an account of representation must answer, and we formulate five con-
ditions of adequacy that a successful answer to these questions must meet. This
provides the lens through which we analyse the two accounts of representation that
are implicit in the structuralist version of the Model-Theoretical View: the Data
Matching Account and the Morphism Account. The former says that models must
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have substructures that are isomorphic to data models of the kind we encountered
in Chapter 3; the latter says that target systems themselves have structures and
models are isomorphic to them. We conclude that neither provides a satisfactory
account of representation: the Data Matching Account conflates evidential sup-
port with representation, and the Morphism Account only provides incomplete
answers to the problems of representation. So the issue of representation is left
unresolved in the structuralist version of the Model-Theoretical View.

In Chapter 7 we look at the internal organisation of a theory. The basic posit
of the Model-Theoretical View is that a theory is a family of models. But not any
collection of models is theory, and so far little has been said about what binds this
family together. What are the “family ties” between the models of a theory? The
most detailed answer to this question has been given in a research programme
known as Munich Structuralism. This programme offers a comprehensive answer
to the question of what connects the models of a theory. We articulate this answer
and introduce the programme’s core notion of a theory-net. As an added benefit,
this analysis of the internal organisation of theories offers a new perspective on
the problem of theory-ladenness of observation. We discuss what this perspective
involves and relate it back to the discussion in Chapter 3.

The versions of the Model-Theoretical View discussed in Chapters 5 to 7 are
structuralist versions because they regard the models of a theory as set-theoretical
structures and analyse both how models represent and how models relate to one
another in structural terms. In Chapter 8 we discuss two alternative accounts. The
first regards models as abstract entities and analyses representation in terms of
similarity: a model represents its target due to being similar to it. Using the five
questions and five conditions for an account of representation from Chapter 6, we
scrutinise the similarity account of representation and find it wanting in various
ways. The second alternative account regards models as abstract replicas and expli-
cates representation in terms of idealisation and abstraction. This proposal moves
the debate in an interesting direction, but remains too skeletal to provide a tenable
account of representation. So, again, the issue of representation is left unresolved.

An important conclusion that emerges from the discussion in Part II is that
even though scientific representation is a core problem for any account of models
and theories, no tenable account of representation has emerged from the Model-
Theoretical View. The chapters in Part III focus on this problem. Chapter 9 is
dedicated to an examination of alternative accounts of representation that have
emerged in recent discussions. We introduce and discuss the positions that sail
under the flags of General Griceanism, direct representation, inferentialism,
representation-as, and DEKI. Some of these offer promising alternatives to the
accounts we have discussed in Part II.

Many of the accounts of representation discussed in Chapter 9 are “over-
arching” accounts. They pin down the general structure of how representation
works, but they require as inputs in various places specific model-world rela-
tionships. The three chapters that follow provide analyses of some of the most
important relations of this kind. Chapter 10 discusses analogies and analogical
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models. We begin by offering a general characterisation of analogies and then dis-
cuss some important kinds of analogies, chief among them formal analogies, mate-
rial analogies and functional analogies. We then turn to different uses of analogies
and discuss first analogical models — models that relate to their target systems by
analogy — and then review the heuristic use of analogies in theory construction.
We end with a discussion of the relation between analogies and metaphors.

The next two chapters discuss idealisations. Chapter 11 begins by distinguish-
ing between the closely related, but as we will see different, concepts of ide-
alisation, approximation, and abstraction. In doing so we provide analyses of
abstraction and approximation. Idealisation turns out to be more difficult to cir-
cumscribe, and an extensive discussion of attempts to define idealisations leads
us to the conclusion that there is no unified definition. As a result, a discussion of
idealisation has to proceed in a piecemeal manner, introducing different kinds of
idealisations and analysing them one by one. This is the project for Chapter 12,
where we discuss two important types of idealisations: limit idealisations and
factor exclusions. Limit idealisations push a certain property to an extreme, for
instance by regarding a slippery surface as frictionless; a factor exclusion amounts
to omitting a certain factor entirely, for instance by disregarding the collision of
particles in a gas. After providing some mathematical background on limits, we
present an analysis of limit idealisations and factor exclusions, and we discuss
their consequences for our understanding of what information we can gain from
idealised models about their target systems.

The chapters in Part IV of the book are concerned with models as they are
used in scientific practice. Chapter 13 reconsiders the relation between models and
theories. As we have seen, the Linguistic View and the Model-Theoretical View
both see models as subordinate to theories, albeit in very different ways. For the
Linguistic View, they are alternative interpretations of a theory’s formalism; for
the Model-Theoretical View, they are the building blocks of theories. Neither of
these visions does justice to the way models operate in practice, where they can
stand in different and complex relations to theories. We discuss a number of model-
theory relations ranging from total independence to close alliance, and we then ask
whether, and how, the Model-Theoretical View could account for these relations.

If models are divorced from theory, the question of what models are appears
in a new light. This is the topic of Chapter 14. We begin our discussion by dis-
tinguishing between an ontological and functional reading of the question. On
the former, the question is what kind of things model objects are; on the latter,
the question is what it means for something for function as a model. We dis-
cuss different answers and come to the sober conclusion that there is no defini-
tion of what a model is, neither ontologically nor functionally. Nevertheless, it
is an interesting question what kinds of things usually do serve as models. To
put the question into focus, we formulate five desiderata that an account of
model objects must satisfy. These desiderata are less pressing in the case of
material models, physical objects like ship-shaped blocks of wood and systems
of waterpipes and reservoirs. However, they become important in the context
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of non-material models. We discuss set-theoretical structures, abstract objects,
descriptions, mathematical objects, equations, computational structures, fictional
objects, and artefacts as potential model objects, and we conclude that upon closer
analysis there are only two kinds of models: mathematical models and fictional
models. We then formulate an account of fictional models that meets the challenges.

In many contexts, scientific communities end up producing a multiplicity of
models of the same target system. Nuclear physics and climate science are para-
digmatic examples of disciplines where this happens. This is puzzling: why do
scientists do this and how to they handle these “multi-model situations”? In Chap-
ter 15 we first discuss the motivations for constructing multiple models of the
same target, and then discuss different ways of approaching the resulting “model
ensembles”: robustness analysis, perspectivism, and uncertainty management.
We identify the situations in which they are appropriate and discuss their pros
and cons.

Models proliferate. Those delving into the literature on scientific models will
find a bewildering array of model types. A recent, but almost certainly incomplete,
count returned over 120 different model types. This is disorientating and perplex-
ing. Chapter 16 aims to impose some order on this “model muddle” by briefly
introducing each model type, explaining how different model types relate to one
another, and sorting the different types into broad groups. This will make the col-
lection of models easier to understand and handle.

The book ends with an Envoi.

Space constraints rendered it impossible to include discussions of theory
change, inter-theory relations, laws of nature, scientific explanation, scientific
understanding, confirmation, thought experiments, measurement theory, mecha-
nisms, computer simulations, and the roles of models in the special sciences in
this book. I hope that the richness of the material covered in the book compensates
for these, and indeed other, omissions.

There is nothing pleonastic about noting that the chapters of this book have
been written as book chapters. They were not previously published as papers, and
they are designed to build on each other and to contribute to an unfolding narra-
tive. This said, I have tried to make the chapters self-contained, and so they are
also readable in isolation. Unfortunately, the linearity of writing does not always
do justice to the winding paths of thought and to the complex interrelations of
various topics. [ have tried to mitigate the tension between the linear progression
of a text and the complexity of the relations between ideas by adding signposts
and cross references, indicting how the materials in different parts of the book are
related.

Some sections in the book are technically more demanding than others in that
they rely on results from formal logic or make extensive use of symbolic notation.
Sections of this kind are marked with an asterisk. Readers with limited enthusi-
asm for logic and formal material can skip these sections without losing the thread
because the book is written so that nothing in later parts builds on material in the
asterisked sections. Finally, as is common in analytic philosophy, I use “iff” as a
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shorthand for “if and only if”, and “:=" indicates a definition (with the definien-
dum on the side of the colon).

Notes

1 This conception of “theory” can also be found in the philosophical literature. See, for
instance, Achinstein’s (1968, 215), Hesse’s (1967, 355-356), Redhead’s (1980, 147), and
Wimsatt’s (1987, 23).

2 There is a question concerning labels. I here follow Creath (2017) in using “logical
empiricism” as an umbrella term covering the entire movement, including the Vienna
Circle. Sometimes the label “logical positivism” is used to refer to the philosophy of
Vienna Circle, and distinguished from the “logical empiricism” of the Berlin Society for
Scientific Philosophy (Salmon 2000, 233). Other times the line between the two is drawn
along continental boundaries: “logical positivism” is taken to denote what happened in
Europe before World War II and “logical empiricism” is taken to refer what became of
that movement in North America after the war. However, as Creath (2017, Sec. 1) notes,
fundamentally the term “logical empiricism” has no precise boundaries, and there is little
to distinguish it from “logical positivism”.

3 Or, if one follows Rorty (1967) in seeing the /inguistic turn as one of the major develop-
ments in early 20th century philosophy, then one might describe the events around 1960
as the anti-linguistic U-turn.

4 What follows is not a complete synopsis of each chapter. I focus on the main line of argu-
ment of each chapter with the aim of making visible how the chapters hang together.
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THEORY AND LANGUAGE

1.1 Introduction

Theories lie at the heart of many scientific disciplines. But what kind of objects
are scientific theories? In this chapter we discuss a family of approaches that take
theories to be linguistic objects: descriptions of their subject matter. To intro-
duce and motivate the view, we begin by looking at Newtonian mechanics, one
of the most important and successful theories in the history of science. Follow-
ing Newton’s own discussion, we get acquainted with the broad outlines of a
linguistic understanding of theories (Section 1.2). The picture of theories implicit
in Newton’s discussion can be summarised in what I call the Linguistic View of
Theories. What has become known as the Received View of Theories, the vision
of theories developed by logical empiricists, is a specific version of the Linguistic
View of Theories according to which a theory is an interpreted axiomatic system
(Section 1.3). The Received View faces a number of difficult questions, and it has
been confronted with a number of criticisms. In the second half of this chapter
we review a number of objections to the Received View that would immediately
pull the rug from underneath the view if they were successful. The objections
are that the view is committed to a system of logic that is too weak to capture
the mathematics that most scientific theories rely on (Section 1.4); that the view
regards theories as purely syntactical items bare of any semantics and that it both
hinders and misconstrues scientific progress (Section 1.5); that it is committed to
absurd identity criteria for theories (Section 1.6*); and that it is untenable because
it fails to capture what theories look like in scientific practice (Section 1.7). We
will see that these objections are based on misunderstandings, misattributions,
and non-sequiturs, and that they fail to undermine the Received View. This justi-
fies taking the view seriously and following some of its important developments
closely (Section 1.8).
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1.2 A Glimpse at Newtonian Mechanics

Newton’s Philosophiae Naturalis Principia Mathematica (Principia, for short)
is one of the most significant contributions to science of all time (the Latin title
means “the mathematical principles of natural philosophy”). It presents what we
nowadays call Newtonian mechanics. First published in 1687 (with second and
third editions in 1713 and 1726 respectively), it had a tremendous influence on
the course of modern physics, and its core ideas remain influential today. For this
reason, Principia is a good place to look for an answer to the question of what a
scientific theory is.

Principia begins with a chapter entitled “Definitions”. In this chapter Newton
presents eight definitions in which he defines the central terms of his theory.! In
the first definition he introduces the notion of the “quantity of matter” (1726/1999,
49), which we now call mass. The second definition presents the notion of the
“quantity of motion”, which he defines as “a measure of motion that arises from
the velocity and the quantity of matter jointly” (ibid., 50).2 In modern terminol-
ogy this is the definition of momentum p, which is the product of the mass m and
the velocity v of a particle: p = mv. The other six definitions concern different
kinds of forces. The eight definitions are followed by a Scholium (an explanatory
comment) in which Newton explains that “[t]hus far it has seemed best to explain
the senses in which less familiar words are to be taken in this treatise” (ibid., 54).
He immediately adds that the definitions do not cover all words that he will use
because he does not define words that are “very familiar to everyone” (ibid., 54).
Newton thinks that “space”, “time”, “place”, and “motion” are words that are very
familiar to everyone, and he adds that “the meanings of words are to be defined by
usage” (ibid., 59). Hence, Newton took the meaning of these words to be manifest
to his readers.

The second chapter is called “Axioms, or the Laws of Motion”. In this chapter
Newton formulates his famous laws of motion, which are still an integral part
of every textbook of mechanics. The first law is the law of inertia: “Every body
perseveres in its state of being at rest or of moving uniformly straight forward
except insofar as it is compelled to change its state by forces impressed” (ibid.,
62). The second law says: “A change in motion is proportional to the motive force
impressed and takes place along the straight line in which that force is impressed”
(ibid., 62). In modern notion the second law is the equation F' = md, where F is
the force acting on the particle (the arrow indicates that the force is a vector, i.e.
has direction in space) and a is the object’s acceleration (which is also a vector).
The second law is nowadays also known as Newton's equation of motion. The
third law is the action-reaction principle: “To any action there is always an oppo-
site and equal reaction; in other words, the actions of two bodies upon each other
are always equal and always opposite in direction” (ibid., 63). In the Scholium at
the end of the chapter Newton observes that these laws are “confirmed by experi-
ments of many kinds” (ibid., 70).

CRINE
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The next chapter states a number of “lemmas” (a lemma is a subsidiary or
intermediate theorem). These lemmas are mainly geometrical propositions, which
are not concerned with forces or motion. However, they are useful in derivations
because, as Newton puts it, “[w]hat has been demonstrated concerning curved
lines and the [plane] surfaces comprehended by them is easily applied to curved
surfaces and their solid contents.” (ibid., 87). In other words, the lemmas of pure
geometry can be used to describe the physical situations Newton is interested in.

With the lemmas in place, Newton states various “propositions”. Some of the
propositions are “problems”, but most of them are “theorems” (ibid., 90ff.). Theo-
rems are propositions that can be inferred from definitions, axioms, lemmas and
other propositions that have been stated earlier. The first theorem, for instance,
states that “[t]he areas which bodies made to move in orbits describe by radii
drawn to an unmoving center of forces lie in unmoving planes and are propor-
tional to the times” (ibid., 90). In the proof Newton appeals to his first law of
motion and the third lemma. To prove his theorems, Newton tacitly appeals to a
background logic that allows him to deduce propositions from other propositions.

The bulk of Principia (after the first theorem there are still over 500 pages to
come!) is by and large concerned with deducing results from previously established
propositions and axioms. Some of the most celebrated of these appear towards the
end where Newton establishes the law of general gravity (ibid., 448-460), which
says that two bodies are attracted to each other by a force that is proportional
to the product of the masses of the two bodies and inversely proportional to the
square of the distance. In contemporary notation the law reads F = & Gmym,/r’,
where m, and m, are the masses of the two objects, r is the distance between the
two, G is the constant of gravitation, and € is the vector pointing from the first to
the second body. From this Newton derives a theorem saying that “[t]he planets
move in ellipses that have a focus in the center of the sun, and by radii drawn
to that center they describe areas proportional to the times” (ibid., 463). This is
in fact a statement of Kepler’s first and second laws of planetary motion, which
Newton managed to derive from his own laws of motion and the law of gravity.

To derive Kepler’s laws, Newton (tacitly) assumes that the gravitational
interaction between the sun and the planet is the only force relevant to the plan-
et’s motion and that all other forces, most notably the gravitational interaction
between the planet and other objects in the universe, are negligible. It is further-
more assumed that both the sun and the planet are perfect spheres with a homog-
enous mass distribution (meaning that the mass is evenly distributed within the
sphere), which implies that the gravitational interaction between the planet and
the sun behaves as if the entire mass of each object was concentrated in its centre.’
Since the sun’s mass is vastly larger than the mass of the planet, the calculations
also assume that the sun is at rest and the planet orbits around it. With these
assumptions in place, the result can be derived. The set of these assumptions, or
the fictionalised object to which these assumptions refer, are now known as the
Newtonian model of planetary motion.
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1.3 The Linguistic View and the Received View

Although Newton does not articulate an explicit account of the nature of scien-
tific theories, there is a view of the structure of scientific theories implicit in his
presentation of mechanics. For Newton, a theory is a linguistic entity. He begins
his discussion by defining terms and reflecting on their meaning, and he then for-
mulates “propositions” and “theorems”. But not any linguistic entity is a theory.
A newspaper article, no matter how detailed, is not a theory; and neither is a
traveller’s account of her journey. Plausibly, one can identify three conditions on
a theory in Newton’s discussion:

(L1) The language in which the theory is formulated has a logical structure that
allows scientists to derive propositions from other propositions and to for-
mulate proofs of theorems.

(L2) A theory contains general principles, or axioms, which are the theory’s
laws.

(L3) The language of the theory contains terms that are understood prior to the
formulation of the theory, as well as technical terms that are introduced in
the context of the theory (and are therefore intelligible only in that context).

A short version of (L3) says that the language of the theory is divided into “old”
and “new” terms, where the old terms are known and understood before the theory
is formulated while the new terms originate in the theory itself. For obvious rea-
sons I call this the Linguistic View of Theories (Linguistic View, for short). This
view provides the starting point for our discussion of theories.

As we have seen, Newton also mentions that his laws are confirmed by experi-
ments. This raises the question of whether having empirical support, or being con-
firmed, ought to be part of the notion of a scientific theory. There are arguments
either way, but not including confirmation in the notion of a scientific theory is the
more natural choice. This makes room for a scientific theory to be confirmed or
unconfirmed, to be still under investigation, or indeed to have been disconfirmed
or even refuted. If scientific theories were ipso facto confirmed, then there could
never be a question concerning the evidential support for a scientific theory; nor
could a scientific theory ever turn out to be false. Such a usage of the term would
not sit well with the way in which scientists speak about theories.

Newtonian mechanics is not a special case. In fact, at least as far as physics is
concerned, theories generally conform to the picture of theories that arises from
Principia. Maxwell’s theory of electromagnetism, the special theory of relativity,
the general theory of relativity, quantum mechanics, thermodynamics, and at least
certain formulations of quantum field theory (most notably axiomatic quantum
field theory) all fit the mould of the Linguistic View: they use a mathematical
language that provides the inferential resources to make deductions and formu-
late proofs; they have at their core general equations that are the axioms or laws
of the theory (Maxwell’s equations, the Lorentz transformations, Einstein’s field
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equation, the Schrédinger equation, and so on); and the terms of their language
are a mixture of descriptive terms that were understood prior to the formulation of
the theory and technical terms that are specific to the theory.

An early explicit philosophical analysis of scientific theories arose in the phil-
osophical movement of logical empiricism. The movement’s epicentre was the
Vienna Circle in the 1920s and 1930s, but groups contributing to the movement
were active in other places around Europe, most notably Berlin.* The analysis
of the nature of scientific theories that arose in logical empiricism is nowadays
known under many different names, most notably as the “received view” and
as the “syntactic view”.® For reasons that will soon become clear, “syntactic view”
is a misnomer and so I will use “received view” throughout (and I will capitalise
it to indicate that the term is used as a name).

The Received View is a qualification and elaboration of the Linguistic View.
This is no coincidence. Logical empiricists were firmly committed to a scien-
tifically informed philosophy and had the declared aim of producing philosophi-
cal views that were not only in line, but in fact continuous, with science. We
now introduce the Received View with reference to the Linguistic View, making
explicit where it builds on it and where it goes beyond it.°

Let us begin with (L1). In his proofs and derivations Newton made use of cer-
tain principles of logical inference, but the appeal to these principles was tacit, and
Newton did not articulate what the principles were. Logical empiricists regarded
logic as crucial for the analysis of philosophical problems, and the reliance on
logic was a declared part of their philosophical programme, hence the “logical”
in “logical empiricism”. In this they were in line with the broader programme
of analytical philosophy, which was crucially linked to advances in formal logic
and which saw logic as a crucial tool in discussions of philosophical problems.
Ordinary language was seen as marred with imprecisions and ambiguities, and
formulating a philosophical problem in a precise formal language was seen as a
necessary step towards a solution. For this reason, the logical empiricists stipu-
lated that a scientific theory had be expressed in a system of formal logic.” Logical
empiricists remained non-committal about the precise nature of this system and
only insisted that there had to be a formal system. We will return to the issue of
the choice of a formal system in the next section.

In line with the Linguistic View’s (L2), the Received View posits that at the
heart of a scientific theory lie general principles. Since the entire theory has to be
formulated in a language of formal logic, the general principles themselves are
also formulated in that language. This brings us to a qualification. For Newton
“law” and “axiom” could be used interchangeably. In modern logic, however,
axioms are understood as purely formal items: they are well-formed strings of
symbols in the formal language of the logical system. An axiom thus understood
is not a law. A formal sentence becomes a law only when the symbols occurring
in the sentence are interpreted in terms of the theory’s subject matter (more
about interpretation soon). The string “ F =ma ” is a law of mechanics only
if“F~is interpreted as force, “m ” as mass, and “a ” as acceleration. Without
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such an interpretation “ F = ma ” would be merely a string of symbols. A formal
axiom becomes a law when it is endowed with a physical interpretation (Carnap
1938, 199).8

There are two related reasons for the requirement that a theory must have laws.
The first reason is that laws make general statements about a subject matter. They
lay bare relations between properties and describe these relations in an efficient
way. The world contains a myriad of moving objects: falling stones, orbiting plan-
ets, oscillating pendula, accelerating rockets, and so on. A description of each indi-
vidual motion, even if it could somehow be produced, would be unmanageably
long and would provide little, if any, insight into how objects move and why they
move in the way in which they do. Newtonian mechanics subsumes all instances
of motion under one simple law, F =ma. In this way it accounts for what all
motions have in common and provides an explanation for their dynamical behav-
iour. Depending on one’s interpretation of these general statements, they either
“govern” what happens in the world, or they provide the most effective summary
of the processes in the theory’s domain.’ Either way, laws provide a systematic and
general statement of the interconnections between relevant physical properties and
thereby provide a compact statement of the core propositions of a theory.

The second reason for having laws has to do with the formal aspect of laws,
their axiomatic character. Earlier we said that axioms are strings of symbols
in the formal language of the theory’s logical system. This is true, but they are
strings that have a special feature. Consider a set S of sentences formulated in
the language of the theory. The so-called deductive closure D(S) of S contains
all sentences that can be deduced from S with the rules of logic contained in
the language. If, for instance, S contains statements “p” and “if p then ¢, and
the language contains modus ponens,'° then D(S) also contains “g” because “q”
logically follows from “p” and “if p then ¢”. S is deductively closed, iff forming
the deductive closure does not “add” anything to S; that is, if taking S’s deductive
closure returns S itself: S = D(S). We can then say that a theory, in formal terms,
is a deductively closed set of sentences. That is, a theory 7 must satisfy the
requirement 7 = D(T) (Machover 1996, 216).

A set of axioms for a theory 7'is then not just any set of formal statements, but a
set that satisfies T = D(A): the theory is the deductive closure of the axioms. That
is, if you take the axioms and deduce everything from them that the theory’s lan-
guage and its deductive apparatus permit, then you get the entire theory. Having a
set of axioms is not per se a big deal. Trivially, a theory follows from itself and so
a full statement of T is always also a set of axioms. To be interesting, 4 must be
“smaller than” 7" and generate the entire theory from a small set of axioms. There
is a good question concerning what “small” means, but at the very least it means
that 4 should be finitely specifiable (Machover 1996, 238). Hence, we say that a
theory 7 is axiomatisable if there exists a set 4 that can be specified by a finite
recipe such that T'= D(A). If we have such recipe, then we see how everything
follows from a small set of assumptions, and this offers great insight into the
theory because we know what is guaranteed by the axioms.!!
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The most important part of the Received View is its articulation of (L3), which
is also the aspect in which it diverges most from the Linguistic View. The crucial
point in (L3) is that the terms of a theory fall into different groups that need to be
dealt with differently. Logical empiricists agree with this broad idea, but see the
relevant dividing line in a different place than Newton.

To formulate the problem properly, we first have to get clear on what kind of
terms there are in a theory. The symbols of a formal language fall into two groups.
The first group, logical terms, contains variables, connectives, quantifiers, and, if
we work in logic with equality, the equality symbol. The second group, extralogi-
cal terms (sometimes nonlogical terms), contains individual constants, predicate
and relation symbols, and function symbols. We call the bifurcation of the sym-
bols into logical and extralogical the first bifurcation. This bifurcation matters to
the development of the Received View because the two kinds of symbols raise
different issues. Extralogical symbols have to be given an empirical interpreta-
tion. By contrast, logical symbols need no such interpretation. They are studied
by logic and as far as the use of a logical system in the empirical sciences is con-
cerned, they can be taken for granted.

The challenge then is to come to grips with extralogical symbols. New-
ton’s distinction between terms that are “very familiar to everyone” and terms
that have to be defined within a theory pertains to what the Received View
calls extralogical terms. In principle, the logical empiricists could have stuck
with Newton’s distinction, but they drew the line in a different place. In fact,
in drawing this line the “empiricism” in “logical empiricism” becomes rel-
evant. Broadly speaking, empiricism is the doctrine that experience is the only
source of knowledge. Everything we know ultimately stems from what we
see, hear, touch, smell and taste. In other words, knowledge is a posteriori.
Empiricism contrasts with rationalism according to which there are important
ways to gain knowledge independently of experience. For rationalists there
is a priori knowledge, and hence at least some truths about nature can be
discovered by introspection. Empiricists, by contrast, insist that experience is
the sole source of information about nature and reject the idea that there are
facts about nature that can be recognised through reason alone. Accordingly,
empiricists hold that the meaning of extralogical terms must be analysed in
terms of experiences we make. A term acquires meaning by being connected
to experience; terms that cannot, in one way or another, be connected to expe-
rience are meaningless.

Let us illustrate this basic idea with Hume’s classic account of causality.!?
Causal claims form an important part of both science and everyday life. As an
example, consider the claim “aspirin causes headaches to wane”. Hume argues
that we cannot experience causal relations in themselves: we see people take aspi-
rins and soon thereafter we see them reporting that their headaches have gone, but
the causal relation as such has no correlate in our sense experience. For this rea-
son, Hume argues, we have to find the experiential basis of causal claims. In his
analysis, causality is nothing but temporal succession, spatiotemporal contiguity



22 Partl

and constant conjunction. He illustrates this with the example of a billiard ball
crashing into another billiard ball and setting it in motion. The first ball colliding
into the second ball is the cause of the second ball’s motion because the motion
of the first ball precedes the motion of the second ball; in the moment of the colli-
sion the two are spatiotemporally contiguous; and we see the same pattern repeat
itself every time two balls collide. Hence the unobservable property of some-
thing causing something else has been traced back to the observable properties of
succession, contiguity, and constant conjunction. And this is all that we can say
about causation. No amount of introspection will teach us anything about causes
beyond what we glean from experience, and the term “cause” has no meaning
beyond the meaning it receives from the combination of “succession”, “contigu-
ity”, and “constant conjunction”.

The logical empiricists therefore took the relevant dividing line between dif-
ferent extralogical terms to be between terms whose application can be deter-
mined directly by observation and terms for which this is not possible. Terms
of the former kind are called observation terms; terms of the latter kind are
called theoretical terms.'> In Hume’s example, “temporal succession”, “spa-
tiotemporal contiguity”, and “constant conjunction” are observation terms, and
“cause” is a theoretical term. So rather than dividing terms into ones that are
“very familiar to everyone” and ones that must be defined, logical empiricists
divided terms into observation terms and theoretical terms.'* This is the second
bifurcation.

Observation terms are anchored in observation, but what are theoretical terms
anchored in? The Received View postulates that theoretical terms are related to
observation terms by so-called correspondence rules.'> In general, correspon-
dence rules connect a term that is not directly related to experience to a term, or
terms, that are so related. In effect, Hume has introduced the explicit definition “C
causes E iff E temporally succeeds C, C and E are spatiotemporally contiguous,
and there is a constant conjunction between C and £”. This is a correspondence
rule because it connects the theoretical term “cause” to the observation terms
“temporally succeeds”, “spatiotemporally contiguous”, and “constant conjunc-
tion” through a definition. As we will see later (in Chapter 4), explicit definitions
are only a special kind of correspondence rule, and most of these rules have a dif-
ferent form. But for now we can take explicit definitions as our paradigm example
of correspondence rule and use it to boost intuitions.

The observation terms of a theory taken together form the observation
vocabulary of the theory, and the theoretical terms taken together form the
theory’s theoretical vocabulary. We obtain the observation language of
the theory by adding a logical structure to the observation vocabulary (for
instance by adding logical connectives like “and” and inferential rules like
modus ponens). Likewise, we get a theory’s theoretical language by adding
a logical structure to the theoretical vocabulary (Suppe 1977, 50). Finally,
the formalism of a theory is the logical system of a theory together with the
(uninterpreted) axioms.
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Gathering these elements, we can now give a statement of the basic tenets of
the Received View. According to that view, a theory 7 is a linguistic entity that
satisfies the following criteria:

(R1) T is formulated in an appropriate system of formal logic.

(R2) T contains axioms, which, when interpreted, are the theory’s laws.

(R3) Theterms of T are divided into logical and extralogical terms (first bifurca-
tion). The extralogical terms are further divided into observation terms and
theoretical terms (second bifurcation). Observation terms are interpreted
in terms of something that is given by observation. Theoretical terms are
connected to observation terms by correspondence rules.

The Received View is sometimes summed up in the slogan that a theory is an
interpreted axiomatic system, where “system” is owed to (R1), “axiomatic” to
(R2) and “interpreted” to (R3).!® Feigl (1970, 6) illustrated the view in the now-
famous diagram reproduced in Figure 1.1. At the bottom is the “soil” of experience
that is captured in “empirical concepts” (which are expressed through observa-
tion terms). In the upper part of the diagram there is the formalism of the theory,
which consists of theoretical concepts that are connected to each other through
postulates (our “axioms”). Some theoretical concepts are primitive (like Newton’s
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FIGURE 1.1 The Received View according to Feigl.
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“force”), while others are defined through primitive concepts (for instance when
we say that momentum is equal to mass times velocity). The theoretical concepts
are connected to observation concepts through correspondence rules, which are
symbolised by the dashed lines.

These are the broad outlines of the Received View as developed most promi-
nently by Carnap and Hempel, as well as by Braithwaite, Nagel, and Schlick (see
the references in Endnote 6).

The Received View is seen as inextricably linked to logical empiricism, and,
so the story goes, when logical empiricism perished in the 1960s, the Received
View perished with it. Craver captures the gist of this narrative when he refers to
the view as the “once received view” (2002, 55). We will examine the arguments
against the Received View in the chapters to come, but it is important to add a
corrective to this narrative immediately. Analyses of theories very much like the
Received View have been held — and keep being held — by philosophers who have
no association with logical empiricism. For instance, in the third chapter of his
The Logic of Scientific Discovery, entitled “Theories”, Popper dedicates an entire
section to the problem of “interpreting a system of axioms” (1959, 51-54), and
throughout his work he emphasised the importance of testing observable conse-
quences of theories. This requires an understanding of a theory as an interpreted
axiomatic system. Likewise, at the heart of the so-called “best systems analysis”
of laws of nature, which originates in the work of Mill, Ramsey, and Lewis, lies
the idea that our knowledge of the world is organised in a deductive axiomatic
system whose axioms strike the best balance between simplicity and strength.
The axioms are the laws of nature and truths about the world follow as deductive
consequence from the system.!” The picture of a theory as an axiomatic logical
system is also important in the scientific realism debate. One of the important
articulations of structural realism works with the so-called Ramsey Sentence of a
theory (Worrall 2007). As we will see in Section 4.6, appeal to the Ramsey Sen-
tence requires understanding a theory as an axiomatic system with a bifurcated
vocabulary.

This list is not complete by any means. It should be sufficient, however, to
show that reports of the death of an analysis of theories in terms of interpreted
axiomatic systems may well have been premature. We referred to such views as
ones that are “very much like” the Received View. This needs to be qualified. The
main differences between the Received View as formulated by logical empiricists
and the views mentioned in the previous paragraph lie in their explication of the
notion of an interpretation, most notably in their articulation, or indeed rejection,
of the second bifurcation. There are substantial controversies around the issues
of where to draw the line between the observable and the unobservable, and of
whether such a line ought to be drawn at the level of language, as well as around
the nature of theoretical concepts and their relation to observation. These are core
issues in the philosophy of science, and they go right to the heart of the mat-
ter. But let us not lose sight of the relevant contrast. All positions mentioned so
far are in agreement that theories are interpreted axiomatic systems, and there is
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no suggestion that theories are families of models, set-theoretic or otherwise, as
the Model-Theoretical View has it. The disagreement concerns the articulation of
details, not the broad contours of the view.

This is possible because the Received View is a special version of the Lin-
guistic View. Arguments against the Received View are not ipso facto arguments
against the Linguistic View, and even opponents of the Received View can still
endorse the Linguistic View.!® Indeed, there is a multitude of possible positions
between the relatively broad Linguistic View and the relatively specific Received
View, and those who reject, say, correspondence rules can still formulate a version
of the Linguistic View that does not include correspondence rules.

In the remainder of this chapter, we discuss a number of immediate objections
to the Received View. If these objections were successful, they would right away
undermine the Received View and make further discussions superfluous. We will
see that this is not the case. These objections are based on misattributions (Sec-
tions 1.4 and 1.6), misunderstandings (Section 1.5), or hasty conclusions (Sections
1.7). This clears the way for an examination of the serious issues that the Received
View, and indeed the Linguistic View, face. In Chapter 2 we introduce models and
discuss what role they play in the Received View. In Chapter 3 we discuss in detail
the separation of a theory’s vocabulary into observational and theoretical terms,
and the dividing lines between observation and theory more generally. In Chapter
4 we discuss the role and function of theoretical terms, and how their meaning
should be understood.

1.4 Exhaustive Axiomatisation and the First-Order Rumour

As we have seen in the previous section, the deductive closure of a set 4 of axi-
oms for a theory must be the theory: 7' = D(A4). So far we intended a theory’s
axioms to be general statements like Newton’s three laws of motion. There is an
immediate problem with this way of thinking about axioms, namely that nothing
much follows from Newton’s laws of motion on their own and that therefore the
deductive closure of Newton’s laws would not be identical to what we usually
regard as Newtonian mechanics. The source of the problem is obvious: Newton
made extensive use of various mathematical background theories, which provided
the relevant mathematical concepts and rules to run derivations and formulate
proofs. Without these background theories the three Axioms are next to useless.
One might say that this is little more than a matter of presentation. All we have
to do to rectify the problem is to recognise a mathematical background theory B
as one of the axioms to restore the picture: 7 = D(A & B). The exact nature of
B would depend on the theoretical context, but would in most cases include ele-
ments of number theory, analysis, measure theory, probability theory, and algebra.

Suppes argues that this route is foreclosed to the Received View because the
requirement of axiomatisation forces the view to explicitly write down the axi-
oms of every mathematical concept that occurs in the theory. Discussing what he
calls the “standard formalisation”, he claims that axioms concerning “the joint
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occurrence of two events”, “axioms about the real numbers”, and “axioms that
belong just to probability theory” all have to be explicitly written down in the
axiomatisation of the theory (1992, 207; cf. 2002, 27). Lutz (2012, 88) calls this
the requirement of “exhaustive axiomatisation”. This requirement, Suppes argues,
is undesirable because in “this welter of axioms” one loses sight of those that
are specific to the theory at hand and because “it is senseless and uninteresting
continually to repeat these general axioms on sets and on numbers whenever we
consider formalizing a scientific theory”; indeed, the result of such an axiomatic
reconstruction is “is too awkward and ungainly a theory to be of any use” (ibid.,
207-208).

Lutz takes Suppes to task for imposing a requirement on the Received View
that it neither is, nor need to be, committed to (ibid., 89-91). He argues that the
Received View can appeal to background theories, and possibly even packages
of theories, and that it can assume these as a background without explicitly list-
ing them. Newtonian mechanics can assume number theory, algebra, analysis,
and whatever else it needs as a given and it is under no obligation to write
everything down explicitly. The Received View is not committed to starting
ab ovo every time it axiomatises a theory. It can focus on those parts of the
material that are specific to the theory and pack the “rest” into the background
B, which is assumed to be developed elsewhere. This is standard scientific
practice (a textbook on mechanics rarely, if ever, includes a chapter on, say,
number theory), and the Received View can in principle adopt this practice
without detriment.

The qualification “in principle” is crucial. The issue is that to be able to pack
the background into a “B” that appears as a premise in arguments, the background
must be available in a suitable axiomatic form, and there is a question about
whether this is the case. To see what the worry is, we need to say more about the
logic that is used in a theory. Neither (L1) nor (R1) are specific about the nature of
the logical system in which a theory ought to be formulated. It has become part of
the philosophical folklore to attribute to the Received View a firm commitment to
first-order logic, a logic in which quantifiers only range over individuals. On this
reading, (R1) should really say that 7 is formulated in first-order logic."”

The problem is that first-order logic has important limitations, and in as far as
the Received View is committed to first-order logic it inherits these limitations.
An important limitation is that many mathematical concepts cannot be expressed
in first-order logic. As Barwise and Feferman note, notions like continuous func-
tion, random variable, having probability greater than some real number r, count-
able set, infinite set, and set of measure zero cannot be expressed in first-order
logic (1985, 5-6).2°

This is a problem for the requirement that a theory be axiomatised. If notions
like continuous function, and random variable cannot be formalised in first-
order logic, then B cannot be formalised in first-order logic and so the expression
“D(A4 & B)” is meaningless because there is no B in the theory’s language to plug
into it. From this it follows that scientific theories that use any of the formal tools
that are beyond the grasp of first-order logic cannot be axiomatised in a first-order
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language. Since almost any theory makes use of such tools, it is concluded that
almost no theory can be so axiomatised.?!

If the Received View were indeed committed to first-order logic, this would be
a serious problem. But it is not. The claim that the Received View is committed
to first-order logic is a rumour for which there is neither a systematic reason nor
historical evidence. Regarding the first point, there is nothing in what has been
said so far about scientific theories that would force first-order logic on us, and
pinning first-order logic to the Received View (or indeed the Linguistic View) is
an unmotivated stipulation. Any formal system that allows scientists to carry out
derivations and run proofs can in principle be used to systematise a theory, and
any additional requirements must be grounded in other considerations.??

As regards the second point, there is no textual evidence that the logical empiri-
cists insisted on analysing theories in terms of first-order logic. They often singled
out the logic of Russell and Whitehead’s Principia Mathematica as the logic of a
scientific theory.” But neither is the logic of Principia Mathematica first-order;**
nor is there any evidence that the logical empiricists were strongly committed to
that particular version of logic. The logic of Principia Mathematica was widely
regarded as the best system of logic in the early parts of the 20th Century, and it
seemed reasonable to base an analysis of science on the best logic available. But
Carnap in particular remained non-committal about logical systems. The language
he used in his first major work, Der Logische Aufbau der Welt (1928), was not a
first-order language (Lutz 2012, 83), and neither w