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I present a new account—the Structure-Representation Account (SRA)—of scientific
models and approximations. Existing accounts of the nature and use of scientific models fail to
fully accommodate the diversity of actual models and modeling practices. My account, I argue,
succeeds where the others fail. I show that I can accommodate not only the heterogeneity in
models (concrete, mathematical, graphical, among others), but also certain standard modeling
practices that have been ignored in the literature. I also disambiguate the term ‘model’,
sometimes used in the literature in the sense of scientific model (the subject of my dissertation),
sometimes in the sense of the logician’s model-theoretical model: often these two senses are conflated,
especially when related to the “semantic view” of scientific theories.
I explore two general topics in depth: the relationships between different models, and the
relationships between models (and theory) and the world. There can be several models of a single
phenomenon; a single model that seems to be applicable across different phenomena; models
applicable at different scales—different levels of description—that interact to enable successful
modeling, when the models in isolation prove inaccurate or intractable; and successive models,
modifications to particular models over time. Why should models constructed based on different
theoretical grounds turn out to be similarly successful, or be suitable for interaction in parallel
computations? How are we to understand in such cases a correspondence with theory and the
world? How are the phenomena and models connected? I use the SRA to address these issues.
Expanding on the case of successive models, I defend scientific realism against the still-common
pessimistic meta-induction and its contemporary variants. Finally, using the case of Valence Bond
theory and Molecular Orbital Theory, I develop a notion of approximation from the SRA.
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Introduction
1.

Questions

It’s easy to think that there’s something mysterious about scientific models. Suppose we
find some relatively isolated populations of lions and antelope in the Serengeti and we want to
know about their past and future population numbers. We can gather some basic data about
them—current populations, birth, death, and predation rates—and plug those numbers into a
mathematical model of changing populations in predator-prey systems. From that point on we
can entirely ignore the animals. There is some connection between the equations and the
population of lions and antelope that is so tight, so intimate, that we can focus solely on the
mathematics and learn what we wanted to learn about the animals; we can examine and test the
model and draw true conclusions about the world. What is this tight connection? Where did it
come from? Why does this methodology work at all let alone work as well as it does? More
generally: what are scientific models? How and why do they work? 1 The purpose of this dissertation is to
present a new account of scientific models and approximations, and to answer difficult questions
related to both.
Models are ubiquitous in the sciences, be they the “fundamental” like physics and
chemistry or “high level”, “special”, like psychology, sociology, and even economics.
Surprisingly—to me, at least—models are nearly always used without any curiosity or concern
from their wielders about why they ought to be considered reliable. The attitude, both implicitly
and often explicitly, is one of “it works, so don’t worry about it”, or that “such questions are just
It’s important to note right off the bat that the jargon meaning of ‘model’ from logic/mathematics is not the usage
here. These usages are often very confusingly conflated, especially in the context of “model-theoretic accounts” or
“semantic accounts” of scientific theories.

1
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metaphysics”.2 I find this so baffling because I can’t imagine the same attitude being taken about
any other tool, a physical/concrete one let’s say, that did so much work towards establishing
knowledge in the very foundations of the sciences. I can’t imagine good scientists being satisfied
with claims of the form we know that such and such is true because our tool, of which we have little or no
understanding, functioned in this and that way and gave such and such result. And yet so it seems to be (in
caricature if not quite so straightforwardly).
Models’ apparent mysteriousness doesn’t end with scenarios like that of the lions and
antelope. A fact commonly identified in the relevant philosophical literature as requiring
explanation is that the array of things that scientists use for modeling is not only large but also
deeply heterogeneous in kind: mathematical objects (e.g. equations, sets, etc.); concrete objects of
several sorts (e.g. scale models, “human analogs” in medicine, mini-ecosystems in ecology, etc.);
graphics of several sorts (e.g. diagrams, plots, graphs, maps, etc.); tables/matrices of data;
chemical formulae; computer simulations; and, I have no doubt, quite a few others.3 What, if
anything, do all of these have in common in virtue of which they’re all sometimes appropriately
called or associated with scientific models? Can there be a single account of scientific models that
covers all of these, given their heterogeneity?
Another curiosity/concern more broadly applicable, though at the heart of everything
models, is the use, and success, of approximations/idealizations in the sciences. Consider again our
lions and antelope. Only a few parameters are considered in the model: current populations,

I was told exactly these things in my undergraduate physics classes, where the influence of the logical positivists is
still significant.
3 All of these, and others, are distinguished in the literature. Some might not really be distinct. For example: there is
a burgeoning literature specifically on the case of models using computer simulations, but these might be the same
case as models using mathematical objects. Computer simulations could, in principle, be done by hand with pen and
paper—computers merely add computational power.
2
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birth/death rates, and predation.4 As-is the model can provide good predictions of population
levels at future/past times. But these are certainly not the only parameters that have an effect on
population levels! Weather, other animals, growth of local vegetation, disease, just to name a
few. This is a key question: why can we ignore parameters we know to have an effect on the
phenomenon at issue and still get useful results?
In the case of population dynamics it might be the case that the ignored parameters have
so little of an effect that they don’t affect the results provided by the model enough to make any
difference for the scientists’ purposes. That might be true. But in other models the issue is more
complex. In many models it’s not only that parameters are ignored; parameters might seem to
simply be invented for convenience, or we might pretend that a phenomenon occurs in a way we
know it doesn’t (even in a way we know to be impossible) and model that. In short: modelers
might not even purport to be representing anything actual or even possible. And yet such models,
even if they are somehow “false” or “wrong” as is commonly claimed, can be used to do good,
useful science. In this dissertation I will answer the questions of how and why this is so.

2.

The State of the Literature

There exists a quickly growing literature on the nature and use of models, but many of
the positions put on the table paint a bleak picture. For example, it’s often said that it is “a close
to impossible task to decide on a fixed set of properties of scientific models” (Bailer-Jones, 2000),
and something like that “the general conclusion, then, is that, first of all, there may be no one
answer to our ontological question covering all kinds of the entity in question, and, secondly,
As I’ll discuss in the first chapter, I will use the term ‘parameter’ as a sort of catch-all term for: properties, relations,
proportionality and representative constants—whatever might be an aspect of the phenomenon in question
important to its behavior.

4
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where there might be an answer to the question as formulated with regard to a specific kind, it is
to be sought in the relevant practices” (French, 2009). In short: “there can be no unified ontology
of models” (Giere, 2009). Models, it’s thought, are simply too heterogeneous in kind to be
understood by any single story.
Most of the writing on models, though, is concerned with the relationship (or sometimesclaimed lack thereof) between models and the world. In particular, the literature is concerned
with the question of whether or not models are true or false, and of what (if anything) they are
true/false. Though it didn’t begin with her, many of the threads in the literature are variations
on themes from Nancy Cartwright, who famously claimed that the laws of physics (and their
related models) are false. Or at least false in non-contrived, real-world conditions—she worried
that they are not universally, unexceptionally true. Since all models involve idealizations, approximations,
the claim goes, no model can be true. That, it’s thought, is sufficient for the conclusion that scientific
theories can’t be in any useful sense true. After all, they claim, “knowledge requires truths, not
just useful falsehoods” (Teller, 2008).
There is also a great deal written on the possible nature of the relationship. A common
suggestion is that there might merely be “similarities between a model and [an] aspect of the world
it is being used to represent” (Giere, 2004). Theories, in that case, have not the world as their
subject matter, instead they’re about models, and are exactly true of them. Further, models are
not themselves theory; models are the subject matter of theory. They also aren’t themselves the
world, or simply data about the world. So “it is because they are neither one thing nor the other,
neither just theory nor data, but typically involve some of both (and often additional ‘outside’
elements), that they can mediate between theory and the world” (Morrison & Morgan, 1999). To
emphasize the heart of this claim: “it is a presupposition of the notion of models as mediators that
there are three distinct objects (theories, models, and the world) and that they are ordered with
4

the theory at the most abstract end, the world at the opposite end, and the model as the interface
between the two” (Suarez, 1999).
There isn’t, however, any consensus about nature or degree of the “similarity” between
models and the world. At one end of the spectrum there is the vague claim that the world “is
similar to a designated model in indicated respects and degrees” (Giere, 1990). At the other end,
the claim that one or another “form of isomorphism can serve to underpin representation in both
the arts and science” (French, 2003), and that all models use such relations. Others argue that
“no theory that attempts to reduce scientific representation to similarity or isomorphism will
succeed” (Suárez, 2003).
It’s clear that approximations are at the core of the purported difficulties with models. If
scientific models and/or theories involve approximations and approximations by their very
nature are not strictly speaking true, then whatever the nature of the relationship between
theories, models, and the world: it can’t be one of truth or exact correspondence. Weisberg
thinks, interestingly, that the sorts of approximations and idealizations involved in modeling are
somehow unique to it—that modeling is “a distinctive kind of theorizing” (Weisberg, 2007a, p.
646). He argues that scientists “can make strategic decisions about which aspects of a
phenomenon can be legitimately excluded from a representation. Or they can model, studying a
complex phenomenon in the real world by first constructing and then studying a model of the
phenomenon” (Weisberg, 2007b, p. 208). Further, that because of this any claims of the
relationship between models and the world adequate for a correct account of models must “all
loosely be described as relations of similarity, as opposed to relations like truth or reference”
(Ibid, p. 221).
Were it the case that scientific models and theories involve all this falseness—or at least
lack of truth—the success of models in their critical role in every day scientific practice would
5

seem to me to be deeply mysterious! Why should these non-corresponding, misrepresenting,
merely idealizing entities be so useful?

3.

A New Account of Models and Approximation

I deny all of the above. Suppose we instead understand models as being made up of two
parts. First: the entity being used for the modeling (equations, a concrete miniature, a graphic,
etc.). It is not itself a model; it’s merely a medium used for representing. What it is used to
represent is the structure relating certain causally relevant parameters (properties, relations, etc.)
of the target of the model, be it actual or hypothetical. Some entities will be more conducive—in
virtue of having whatever properties they have—to representing particular structures than others
will, but in principle anything could be used. In this way we can accommodate the entire
diversity/heterogeneity of models (i.e. of model mediums).
And second: in addition to this representational medium, every model requires a set of
interpretation instructions. These instructions, in addition to implicitly including disciplinary
norms, tacit information, and whatever established theory is required, include information about
which structure relating which hypothesized parameters is supposed to be represented. Critically:
they also describe the domain over which the model can be used to obtain results accurate to
within some acceptable error. This account, though very simple, can do all the work we want it
to do. I call it the Structure-Representation Account (SRA).

6

3.1

A Brief Example of a Model Using the SRA

Equations are probably the easiest example to understand, since equations fairly
obviously involve structure relating different parameters. Consider the Ideal Gas Law (IGL).5
The medium is the equation: ‘PV=nRT’. This equation will be conducive (on an appropriate
domain) to representing any structure that have two parameters which, when their measured
values are multiplied together, are directly proportional to the values of three other parameters
multiplied together.6 (This may seem obvious, in some sense, but it really isn’t.) In the case of the
IGL the target of the medium is the structure relating the pressure, volume, number of
molecules, and temperature of a gas; ‘R’ is a constant. The interpretation instructions will include
information about: which parameters are relevant (e.g. pressure, temperature, etc.) and which
aren’t (e.g. the shape of the enclosure, the type(s) of molecule, etc.); the appropriate domain of
application (in this case high temperature, low pressure gasses); tacit methodological information;
and background theory. These together, the medium and interpretation instructions, make up a
model of certain actual gas phenomena.
Accurate results can be obtained using the IGL for high-temperature, low-pressure gasses.
In the process of creating this model the modelers chose the parameters that they did, despite
knowing that others could be relevant to the behavior of gasses, because those were the only
parameters hypothesized to be sufficiently causally efficacious in the desired domain (i.e. hightemperature, low-pressure) to affect the accuracy of results.

I use the term ‘law’ here only as part of the common name that refers to that equation. I don’t intend to raise
“scientific laws” as an issue to be dealt with at this point.
6 Since units are arbitrary (32°F and 0°C will give much different results!) this statement in terms of “values” is
somewhat simplified. It is, however, a non-issue.
5
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3.2

The Truth/Falsity of Models?

I deny that ‘PV=nRT is false’ is true. That’s not to say that ‘PV=nRT is true’ is true,
though: a model itself is not obviously truth-apt.7 Statements about the model will be true or false,
as will be some statements in the interpretation instructions. But those are not what are claimed
in the literature to be false. The model is designed to represent certain hypothesized structure
relating certain hypothesized parameters; not all possible structures, or all possible parameters. In
principle the Ideal Gas Law could be exactly right in this sense, as could other models. The IGL
has as its target and domain only high-temperature, low-pressure gasses, and for that target the
medium is apt for representing the structure relating the causally relevant parameters.
The above suggests what might be a counterintuitive conclusion about the “correctness”
of models: the fewer the parameters included in the model, the more likely it’ll correctly represent
relevant structure. In some sense it’s the less complex, the better. This seems to be in stark contrast to
the conventional wisdom, which is that for a model to be true or exactly correct it would have to
have infinitely many parameters—it would have to take into account every causally relevant
factor. Since that can’t happen, it’s though, true/correct models can’t happen.

3.3

Approximations

The approximations/idealizations in models, purportedly the source of their “falseness”,
are not of a unique or distinct sort from those one might think of as being used in other scientific
methodologies. In fact, all approximation in science is, I claim, related to the choice of which

7

I’m taking it for granted that failing to represent is not the same as being false.

8

parameters and what structure to include/exclude in models. On this account, to make an
approximation just is to make a choice about parameters or structures in a model; an approximation is
an instance thereof.
Suppose that the parameters in the Ideal Gas Law are related by PV=nRT in the
specified domain. Then in that medium—the equation—what is represented is actual structure
relating those parameters in relevant gasses. When tests are run on the model, results can be used
to draw conclusions about the gasses not because the model is merely similar, but because the
model is relevantly the same—there is correspondence.
This correspondence might or might not be isomorphism, as some claim. While it’s seems
to me to be likely right that some successful modeling practices will involve models that have an
isomorphism with the world, it’s both interesting and important to note that this is definitely, and
deliberately, not always so. For example, a modeler might include some newly hypothesized
parameter or structure in an existing successful model; should results get less accurate, that’s
taken as evidence that that parameter and/or structure does not exist in the target. Similarly, a
modeler might remove a parameter and/or structure from a model to determine the relative causal
impact. Successful modeling sometimes involves unsuccessful models. This is standard,
successfully modeling; it involves there not being isomorphism.

3.4

Models and Theory

These examples of unsuccessful-model modeling practices are ones in which relevant
theory is modified based on results of model testing. Models are not strictly distinct from theory;
they are, on the SRA, actually simply reformulations, reencodings, of parts of theory using
9

mediums other than natural language. When models don’t reflect theory—for example, when
they incorporate parameters or structure not in the established theory—this is merely a case of
tacking on an assumption to theory for testing purposes.
Competing theories/hypotheses can be tested in these ways. In simple cases, where
hypotheses differ on a single parameter or structure, models appropriate models are created and
results are compared. If the results from the use of one model are more accurate than the other
then that is taken as evidence for the truth of the relevant hypothesis.
More complicated cases, in which models seem to differ in many ways, are particularly
interesting. It is very, very common to have multiple, very different models for a single target. In
chapter 3 I will discuss at some length the case of Molecular Orbital Theory and Valence Bond
Theory, in which there are two competing models of molecules—both used by practicing
chemists—that yield similarly accurate results but differ greatly in their theoretical bases, the
theoretical reasons for choosing the mediums for each. This might initially seem to be a potential
basis for objection to my account: why should a single target be able to be successfully modeled in
such different ways if, as I claim, it’s a correspondence between medium-structures and actualstructures that explains the accuracy of a model? Seeing why this isn’t a counterexample will help
to explicate the details of my account.
Another interesting and helpful case that I’ll look at in chapter 1 is that of a single
medium being used in models of very different targets. I’ll consider the case of the Lotka-Volterra
equations, used in the same form by different scientists to accurately model actual predator-prey
system population levels, chemical reaction rates, and economic wages-employment growth and
decline cycles. It’s interesting, though perhaps not too surprising, that the same structures (with
different parameters) can be found in a variety of different contexts.

10

The last case of this sort that I’ll consider is that of multi-scale models: models that
construct their mediums by appealing to theory at different “levels” of description. In chapter 2
I’ll consider the case of the Internal-flow Multi-scale Method, a model of the dynamics of gasses
in nanotubes. This cases differ from those above in that this makes simultaneous use of theories
that don’t even seem to have the same target.

4.

Reference, Correspondence, and a Possibly Helpful Metaphor

Models are one of the primary means of applying and testing theory. From this fact,
along with above, we can begin to see that, under any plausible conception of reference that
appeals to descriptions and epistemically relevant causal connections, modeling and the
application of models are the primary means of determining reference in the sciences. When a
model is predictively accurate then that’s often taken as evidence for the correspondence of
parameter terms and structure. Note that this is more complex than a simple matches-parametersand-structure-or-doesn’t correspondence; the IGL, for example, does not incorporate all possible
parameters and structure, it incorporates only ones relevant to attaining some degree of
predictive accuracy in a certain domain. It might also be that the constant ‘R’ in the IGL is not
exactly right, which would mean that the structure is not exactly represented. But neither the
“incompleteness” nor the inexactness of the IGL’s components entails that there’s a failure to
represent, or a failure of correspondence. Consider figure 1, below, as a metaphor (admittedly a
very abstract one—I urge the reader to not think too hard about it) for the representation and
correspondence of parameters and structure.

11

Figure 1 a) Five hypothesized parameters (blue dots) in a hypothesized structure are tested by attempting to fit through a
pentagonal shape. b) Given the success of the experiment, the parameters and related structure are incorporated into
theory.

Blue points are hypothesized parameters; yellow lines are hypothesized structure.
Suppose that we hypothesize the existence of five parameters (1a) and, by testing our
representation of the hypothesized structure (1b) and showing that it is accurate in at least the
tested domain (i.e. the model fits through the pentagonal space), we conclude that the parameters
are so related in that domain and update our theory accordingly.
Suppose now that some scientists try to apply the above structure-representation on some
other domain, but discover that it doesn’t give the expected results. Other clever scientist then
hypothesizes five new parameters related to the original five along with some new structure, as
shown in figure 2.

12

Figure 2 a) Ten hypothesized parameters (blue dots) in a hypothesized structure are tested by attempting to fit through a star
shape. b) Given the success of the experiment, the parameters and related structure are incorporated into theory.

The figure 1 model is not useful on this new domain, since the hypothesized pentagon
won’t fit the star-space. While the structure relating the original five parameters (on their own)
hasn’t changed—they all still bear the same relationships to each other—the integration of the new
parameters require more complex structure. The resulting model is useful in the old and new
domains; it is accurate over the original and new domains.
The point is this: the original model—the pentagon—wasn’t wrong, or false. All of the
hypothesized parameters corresponded to actual ones and the hypothesized structure relating
them was exactly right—over the restricted domain. So the model was useful in that domain. The
expanded domain required more parameters and structure to allow for accurate results; the
original model couldn’t be applied to the latter case. While the second model is in a sense the
successor of the first, that doesn’t entail that the first is “false” and must be discarded.8
In chapter 2 I will discuss the issue of scientific realism, specifically the objection to
realism known at the pessimistic meta-induction (PMI). The PMI, roughly speaking, claims that since

I don’t mean to suggest that all refined models will incorporate the exact parameters and structure of their
predecessors, or that all refined models will be applicable on their predecessors domains, etc.. That is certainly not
true, and is taking this metaphor too far. I mean only to try to illustrate the basic idea.

8
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in the history of science it has always been the case that theories have been succeeded, replaced,
we should expect that current and future theories will suffer the same fate. In other words: past
theories have turned out to be false, so so will all current and future theories. From this we should
conclude that scientific realism is doomed. I will use an argument similar to that of the pentagon
and star to show that using the SRA we can avoid the conclusion of the PMI.

5.

Dissertation Outline

In the first chapter I present the details of the Structure-Representation Account of
models. I argue that all scientific models have two defining features. First: representational
mediums. Second: interpretation instructions. More importantly, I argue that what is represented
using the mediums is structure, which relates parameters. Using examples of very different sorts
of models—the Lotka-Volterra equations, the Periodic Table, and a scaled-down airplane—I
illustrate what I mean by these terms, what the relationship is between models and theory, and
how to understand the sort of representation that I claim exists. Further, I show that I can
accommodate certain modeling practices that have been ignored in the literature. For example,
models are often modified by removing parameters known to be relevant, or adding parameters
known to be irrelevant; tests are then run using the models to measure the influence of those
parameters on the system. It is difficult to see how existing accounts could accommodate this sort
of methodology. I also disambiguate the term ‘model’, sometimes used in the literature in the
sense of scientific model (the subject of my dissertation), sometimes in the sense of logical, modeltheoretical model: often these two senses are conflated. I conclude by introducing, using the tools
developed in the chapter, a new notion of approximation.
14

In the second chapter I show that the Structure-Representation Account allows for new
understandings both of various other issues related to models and of issues in the philosophy of
science more generally. There are two general topics that I explore in depth: the relationships
between different models, and the relationships between models and the world.
There are many sorts of inter-model relationships, each with unique and interesting issues
and all related to the actual practices of scientists. It’s common to have several different,
apparently incompatible models applied to a single phenomenon: chemists successfully use both
Molecular Orbital Theory and Valence Bond Theory to model the bonding and structure of
molecules. Similarly, in some cases models at different scales, different levels of description, are
used in parallel to break up problems and make computation more tractable: nanosystems can be
modeled by combining quantum mechanics, molecular dynamics, and continuum mechanics, for
example. Why should models constructed based on different theoretical grounds turn out to be
similarly successful, or be suitable for interaction in parallel computations? How are we to
understand in such cases a correspondence with the world? It’s also common for a single medium
to be used in models for extremely different phenomena: the Lotka-Volterra equations are used
in models for population dynamics, economics, and chemical reactions. How are such
phenomena connected, if at all? I use the Structure-Representation account to address these
questions and explain the various connections.
I pay special attention to successive models—the evolution of models and theories over
the history of science. For example, I look at the progression of Equations of State for gasses over
the 20th century. How are we to understand the historical success of models now discarded and
thought to be false, or otherwise bad? I consider the family of views that understands models to
be completely separate from theory, and to serve as “mediators” between theory and world. The
works of Ronald Giere and Nancy Cartwright, in this general family, have been particularly
15

influential. In both cases the views deny the referential success of theoretical terms; they claim
that the closest theories come to successful reference is that the terms they contain refer to
elements of models. Theories, for them, are true by definition or convention only of models, but
not of the world. On my account models are, in a sense, reformulations of parts of theories; on
that basis I argue that Giere and Cartwright do not provide the right way to understand the
relationships between theory, models, and the world.

Relatedly, the Pessimistic Meta-Induction, relying on the claim that there could have
been no correspondence of theoretical terms to the world in superseded theories, is still held to be
a powerful objection to many forms of scientific realism. I argue, with the tools of the StructureRepresentation Account, that the no-correspondence assumption is false and that the pessimistic
induction does not get off the ground. I contrast my response with that of “structural realism”,
and argue that that family of positions is not compatible with my account.
In the third chapter I focus in detail on the case of Valence Bond theory and Molecular
Orbital Theory. I use the case both to illustrate in more detail several of the claims that I made in
earlier chapters and to develop the notion of approximation that I introduced in the first chapter.
I respond to the idea that the role of modeling in scientific practice undermines the case for
scientific realism. In particular I discuss, in the context of the Structure-Representation Account,
the ways in which background theoretical knowledge is deployed in improving the predictive
accuracy of Molecular Orbital models in precisely the way anticipated by a realist conception. I
then expand on the notion of approximation introduced in chapter 1, and contrast it with the
nature and use of “assumptions” in model construction. I conclude with a discussion of the
relationship between theories, models, and the world. The distinction between these three is
exploited by some anti-realists to make two related claims. First: that theories bear a close
16

relationship to models and models to the world, but that theories do not bear a close relationship
to the world. And second: that since scientists regularly use successful models with apparently
inconsistent theoretical bases, and theory is what describes models, it can’t be the case that
theory-truth has any bearing on the success of models. I argue, by appealing to the SRA, that
both of these claims are false.
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Chapter 1
The Structure-Representation Account of Scientific Models

In this chapter I will present a new account of scientific models. The motivation for the
account is to be able to understand what models are, how they work, why they work, and how
they fit in to scientific practices. I call it the Structure-Representation Account (SRA).
The SRA, as we’ll see, has several significant virtues. It has a universal coverage of
scientific models; diverse in kind as models may be, the same story can be told for all. This is a
great feature since “most philosophers of science seem to believe that no single account of
scientific models can do justice to their variety” (Contessa, 2006). It can also be used to
understand any sort of modeling methodology, even those more obscure that are rarely or never
discussed in the modeling literature. In later chapters I will use these virtues to tackle very
difficult questions about the “truth” (or “falsity”) of models and how they fit in to a scientific
realist understanding of science. And, most importantly, I will show that it gives insight into the
nature of approximation in science more generally.
I’m going to begin by doing a bit to clarify some of the more difficult terminology that I’ll
need. I’ll then lay some groundwork by presenting three cases of models and considering what
they all have in common. This will lead into a discussion of the role that the entities described in
the examples play in models and modeling, and to the details of the rest of my account. I’ll end
the chapter by directly addressing the questions that I raised in the introduction.
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1.

“Parameters” and “Structure”

I will rely heavily for the remainder of this paper on notions of “parameter” and
“structure”.9 Here I will sketch what I mean in the best way that I can while being concise—
rehashing complex debates about properties and relations would add nothing. I believe that my
account of models can accommodate a variety of accounts of properties and relations as long as
they don’t stray too far from my rough meanings.
The following equation, Newton’s equation for gravitational force, provides an easy
example to show the terminology I need.

𝐹𝐹 =

𝐺𝐺𝑚𝑚! 𝑚𝑚!
!
𝑟𝑟!"

In this equation we have terms for: intrinsic properties (masses), extrinsic properties
(relative distance and a force), relations, and a constant of proportionality (G).10 All of these are
terms whose values might in principle vary (issues of whether or not the world could be different
aside). As such I will lump them all under the generic term parameter. The equation itself is formed
as it is in virtue of the way that Newton hypothesized each of these parameters relating to the
others—in virtue of what I’ll call the structure relating the parameters. Switching from an equation
to the world: a parameter is anything that corresponds to (i.e. refers to, denotes) some
hypothesized or assumed causally relevant (very loosely construed) aspect of the world.

Though I noted this in the introductory chapter I’d like to note again that I do not hold or endorse a “structural
realist” position, nor do I believe that if this account is right it provides any support for that position. I will discuss
this in detail in chapter 2.
10 For ease of discussion I’ll just think of force here as an extrinsic property of a field. This doesn’t matter at all for
my purposes. Nor does the issue of whether or not ‘G’ has physical significance.
9
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I say “loosely construed” because I don’t mean that everything I call a parameter
straightforwardly corresponds to some aspect of the world. For example, suppose that x=2y is a
medium that represents some actual structure in some domain; ‘x’, ‘2’, and ‘y’ are parameters.
The ‘2’ is a constant included for the structure of the equation to represent x being twice y—it is
not itself a property or relation in any obvious way. Were the scientist to try to use x=5y with all
else in the model being equal, the results would no longer be accurate. The constant parameter is
thus causally relevant in the sense that altering it changes the causal relationships that are
represented. In the possible world in which x=5y is the right medium for that model, the world
will unfold differently than the actual one in which x=2y was best.
What exactly I mean by ‘structure’ is tough to say more precisely. What I have in mind,
speaking generally, is, as above, that parameters have relationships to each other in virtue of
which (if they’re actual) the world unfolds as it does. A loose analogy might be that parameters
are like nodes in a complex web; the web itself is the structure.11 Or, perhaps, structures are
complex, 2nd-order relations that take parameters as relata.12
I will leave the discussion of parameters and structure as it is for now. My hope is that
once I use them in the examples below my meanings for the terms will become clearer.

2.

Three Examples of Models: Looking for Commonalities

In the introduction to this dissertation I listed quite a few different sorts of things that are
all sometimes used in models by scientists (equations, concrete objects, etc.). Making sense of the

11 Constants of proportionality won’t be nodes, of course, but instead correspond to something about the way web
itself is.
12 I hesitate, though, to identify structure with relations. I’m not sure that that has the metaphysical connotations that
I intend.
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heterogeneity in that list was part of the inspiration for this project, and seems to me a good place
to start its presentation.
In the following sections I will describe three different things commonly called models:
the Volterra equations of population dynamics, the periodic table of the elements, and a scaled
down airplane in a wind tunnel. Being mathematical, graphical, and concrete (respectively) these
seem to be very different sorts of things. In fact, as I’ll note below: they are sometimes mistakenly
treated differently, not all as models, in the literature. So after describing the three examples—
what the things are, what scientists use them for, how they’re used—I’ll consider what features
they have in common and use that as a basis for the rest of my presentation. Throughout these
descriptions I will avoid calling the examples models. To foreshadow later sub-sections:
equations, graphics, and concrete entities are merely possible mediums for representation; a
model is more than merely a medium.

2.1

The Lotka-Volterra equations13

These are the coupled differential equations (I’ll call them the LV equations) that
Volterra developed for his work on two-species predator-prey systems (Volterra, 1928):

𝑑𝑑𝑑𝑑
= 𝑥𝑥 𝛼𝛼 − 𝛽𝛽𝛽𝛽
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= −𝑦𝑦(𝛾𝛾 − 𝛿𝛿𝛿𝛿)
𝑑𝑑𝑑𝑑
Discussion of Lotka will be conspicuously absent in this sub-section. His involvement with these equations will be
addressed in a different context in the next chapter.
13
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The equations have three variables and four constants to be set given empirical data. To
give a rough characterization: x corresponds to the number of prey, and dx/dt the rate of change
of the prey population with respect to the time t; y the number of predators, with dy/dt the rate of
change; α corresponds to the birth rate of the prey; β y the deaths of prey from predation; γ
the natural death rate of the predators; δ x the rate of increase in predator population due to
predation.
For typical systems of one predator species and one prey there is a cyclical fluctuation in
the numbers of each, the predator numbers trailing the prey. As the prey population grows the
abundance of food results in that of the predators increasing as well, until some point at which
there is so much predation that the number of prey begins to decrease; given the new scarcity the
predator population then follows by decreasing until there are so few predators that the prey
population again begins to increase. And so on.
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Figure 1 A typical cyclical fluctuation in predator-prey populations, where predator follows prey.

22

The LV equations have not been found to match any wild population exactly, though
they fit observed data enough to be useful. They have been shown to very closely match
predator-prey interactions isolated in labs from other environmental factors (Wangersky, 1978, p.
200). They can also be tweaked and improved in various ways, incorporating new parameters
that have been found to correspond to some of those environmental factors left out in the original
formulation, and which remove the need for various assumptions.14
Volterra initially developed and used these equations to try to find an explanation for
unexpected population sizes of various fish in the Adriatic Sea after WWI.15 They are now
used—as-is, and in various modified incarnations—to study the effects various environmental
perturbations might have on actual/theoretical populations, to discover possibilities of controlling
a predator or prey population without disturbing the stable cyclic interactions, to study
competition between species, and for many other things.
Scientists can go about these studies in any of several ways depending on the situation.
For example, they can fit curves produced by the equations (such as those in figure 1) to
empirically discovered populations numbers and learn about the animals by considering what
parameter values are required for the fit, or empirically measure parameter values and learn
about future/past populations levels. They can also study modified equations and draw
conclusions about the way the world is by which modifications add to the predictive success of
the equations, and by considering what they might represent.16

There are many underlying assumptions of which Volterra was well aware. To name a few obvious ones, animals
are assumed to: have populations that are continuous rather than discrete (i.e. a population of 123.456 would be
allowed, though .456 of an animal should probably not be counted as a living one); be equally reproductively viable,
and to reproduce, from the moment of birth until the moment of death; to all be equally hungry and equally
delicious; etc.. I will discuss the use of assumptions in chapter 3.
15 For more on this see (Volterra, 1928; Weisberg, 2007).
16 These examples are meant to be very broad-stroke. For many specific examples of and references to the various
uses of the equations both modified and not, see (Wangersky, 1978).
14
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2.2

The Periodic Table of the Elements

The periodic table will be familiar to most of us, though I have still included a figure
because there is more information to be found than may be generally known and I would like to
make note of some.17

Figure 2 The periodic table of the elements.18

(Weisberg, 2007) argues that the periodic table is not a scientific model; he suggests that it’s what he calls an
“abstract direct representation”. I think that he’s wrong for reasons that will become clear as this chapter progresses.
18 This is a public domain image found at:
http://www.wpclipart.com/science/atoms_molecules/periodic_tables/periodic_table_of_the_elements.png.html
17
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Though Mendeleev is typically given [well-deserved] credit for creating the table in more
or less the form that we now know it, there were other less successful periodic systems and tables
created by several others before him.19 In the modern table the elements are organized by
atomic number, the number of protons in the nucleus of an atom, as well as in horizontal
“periods” and vertical “groups”. Co-periodic elements, those in the same row, show trends
among certain of their properties. As we go from left to right the elements tend to have increasing
electronegativity, decreasing atomic radius, and increasing ionization energy. There are also
trends among the elements in the same columnar “groups” (e.g. as we go from top to bottom
elements tend to have decreasing electronegativity, increasing atomic radius, and decreasing
ionization energy). When Mendeleev first recognized these trends and put together a table there
were still holes, gaps—not all of the now-known elements had been discovered. Using the trends
from the table he predicted not only the existence of elements such as scandium (Sc), gallium
(Ga), germanium (Ge), and technetium (Tc), but also many of their properties, all with great
accuracy for the time.
Modern chemists make use of the table as more than simply a reference. Not only can
they make predictions about undiscovered elements (these days that means elements
“synthesized” in very high energy experiments), they can, for example, predict results of various
chemical reactions.
I’d like to note here, only to again foreshadow, that characterizing what sort of
representation the periodic table is is somewhat difficult. While it’s completely obvious that the
LV equations above are mathematical entities and the airplane below is concrete, the table is not
straightforwardly what we might normally think of as “a graphical representation”. A

For an interesting account of the history of the table, as well as most other things that you might want to know
about it, see (Scerri, 2007).
19
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photograph is clearly a graphical representation, as, perhaps, is a geographical map. What is the
table a graphic, visual representation of? I do have an answer to this—structure—as I will discuss
below.

2.3

A Scaled-Down Airplane

Of my three examples this is the easiest to describe and imagine, and so I will not say a
great deal about it. We have, I expect, all seen miniature versions of larger things: a toy fire truck,
an architect’s miniature building, or the example I’ll now discuss, a scaled-down airplane. The
idea with a scaled copy is that many of the aspects of the original can be kept in the
miniaturization. For example, the paint used and the materials out of which the outside surfaces
are constructed can be the same, and the shape and relative weights/balance of the structure can
be the same.
Such airplane miniatures are used to test what the behaviors of some [potential] airplane
would be in various wind conditions. Large tubes are constructed with sophisticated fans and
ways to disrupt airflow in a controlled manner; the miniature is placed appropriately in the tube,
air is sent past/over it at relevant speeds, and behaviors are observed. If air does not flow past the
miniature as desired then modifications can be made until it does. The final state of the
miniature can then be made full-scale, where the behaviors will be very much the same.
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2.4

What These Examples Have in Common

It’s the central claim of my account of scientific models that what the three examples
above have in common—what all models have in common, and what unites the many disparate
mediums—is that some entity is being used as a medium to represent the structure relating
various parameters of some phenomenon. Equations can do this in a way that’s fairly easy to see:
an equation just is an entity that represents the structure relating variables, constants, and the
like. If the variables, constants, etc., are taken to correspond to parameters, and the “form” of the
equations the structures relating them, then the equations are doing as I suggest. Similarly, the
periodic table was created explicitly as a means to represent the structure relating certain
parameters of the elements—this too, I hope, is fairly easy to see. The elements were put in a
certain order, and then layered into periods and groups, all based on discovered parameters.20
That the scale airplane fits into this pattern might not be so easy to see. It might seem
more like that little airplane represents that big airplane than that little airplane is a medium to represent the
structure relating certain parameters that also correspond to aspects and structure of that big airplane. It certainly
can be true that the mini represents the maxi. Suppose I put the mini one on a table and tell you
“this represents that big airplane outside”. Then so it does. Even so, in the case above, in which it
is being used in a model, it would then simply be doing two representation jobs: on one hand, a
representation of the big airplane; on the other, a medium in the manner I’ve said. The
possibility of an entity multiply representing is not at all a problem for me. Representation comes

So it’s interesting to note that the periodic table, though drawn by humans, was discovered more than merely
created. If there are aliens in distant galaxies: they will discover the same table as we have. In this way the table is
different from something like a photograph or painting, which has an element of subjectivity that the periodic table
does not.

20
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cheap. It is simply an issue/confusion from the nature of representation and will be dealt with
indirectly below.
What’s important here is what the scientists did who created the miniature airplane for
the model. They selected certain parameters of the big airplane that they hypothesized (or
discovered) to be relevant to the way that it passes through air; they then hypothesized (or
discovered) the structure relating those parameters, and created an entity that was conducive to
representing that structure relating those parameters. It’s in virtue of this sameness of structure
relating parameters, shared by the little and big airplanes, that the scientists’ conclusions about
the miniature are applicable to the original. As with the LV equations and periodic table: the
scaled-down airplane was a medium to represent structure relating certain parameters
corresponding to some aspects of the world.

3.

What Needs to Be for There to Exist a Model

In this section I will explain what needs to be for there to exist a model. The first is what I
call a representational medium (“medium” for short). As I mentioned above, these are the equations,
graphics, concrete objects, etc.. The second is what I call interpretation instructions. These are all of
the information required for make sense of, and using, the model.
That mediums are used to represent structure entails, of course, that there need to exist
representation relations.21 I am not going to say much about the nature of representation
relations. I believe that almost any plausible account of representation can be used alongside the
SRA. The only qualification I have for an account of representation in this context is that the
representation should involve intentionality, in the sense that the existence of the relation in any
21

I will not take any stand on the ontological weightiness of “exist” here.
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particular case should come to be because someone (or something) has decided that it is so. This
is not intended to be an extreme claim. As I said above: representation comes cheap. This
qualification serves two purposes. It is necessary, I think, for understanding the active role
scientists play in model construction; it also opens the door to easily accommodating the massive
variety in sorts of mediums.
The medium, I claim, can in principle be anything at all—anything can, in principle,
represent anything else. I am not alone in this permissiveness, this ease of representation. See, for
example: (Callender & Cohen, 2006; Elgin, 2010; Goodman, 1968; Teller, 2001). Consider this:
look for the table nearest to you that has two or more objects on it. Let’s suppose that that table
represents a battlefield; the object closest to an edge of the table represents a tank; the object
farther from that object represents an opposing tank; any remaining objects represent houses.
Wasn’t that easy? I suspect that those who don’t like the anything can represent anything claim are
worried about something more like not just anything can serve as a good representation for anything else,
where the degree of “goodness” is presumably, given the context, something to do with empirical
success and related to the shared structure (or lack thereof). This I agree with, and I will address
the “goodness” and “badness” of models in the next chapter. But my original claim still stands.
Callender and Cohen note that there are detractors, such as (Bailer-Jones, 2003; French,
2003). French, for example, argues that there must exist [whole or partial] isomorphism between
a representation and a target. But as Callender and Cohen ask: “Are stop signs at intersections
isomorphic or partially isomorphic to the imperative ‘stop!’ that they represent?” (Callender &
Cohen, 2006, p. 10). That isn’t to say that there can’t be isomorphism between mediums and
targets in a scientific model; I simply see no reason to require it in every case. In part that’s
because I’m not even sure how it would be understood in many cases. Is “isomorphic” the best
term for the relationship between the little and small airplanes, accounting for the facts that it
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uses the same paint, has the same shape/weight ratios, etc., though they also share innumerable
irrelevant features (as they do with everything else that exists)?
In the examples of models above the mediums are equations, a graphic, and a concrete
object. The target is what I have occasionally called things like “some aspect of the world”. It
isn’t so simple, though, as carving out a chunk of the world such as those lions and antelope, those
elements, or that airplane, and stipulating that that is the target. It is typical in other accounts of
models, and scientists in general, to do just that, and it is something that I specifically aim to
avoid. What’s common is to make claims of the form this is a model of that: these equations are a model
of those lions and antelope; this little airplane is a model of that big one; etc.. Those statements, I think, are
misleading (at best) in two ways. First, the target is not that big airplane; the target is certain
structure relating certain parameters.22 Second, the medium is not itself a model, as I’ll explain
very shortly.
So that is the first requirement for a model: a representational medium (and everything
that comes with it). The second requirement is interpretation instructions. These need to include
several things. First, there needs to be information about which parameters are being use to
correspond to which aspects of the medium and target.
Second, there needs to be an explanation of how to understand the structure represented
in the medium. We know how to understand structure in equations, but it might not be so
obvious for a graphic or a concrete object. That the closeness of contour lines on a topological
map correspond to the height of terrain, for example, is not a given.
Third, there needs to be a great deal of background theory, disciplinary norms, and
whatever other information is required to understand the terms, relationships, and methods.

It’s worth pointing out here that the target structures needn’t be extant. They might be hypothetical, or even
impossible. How representation, denotation, and the like work in such cases is beyond the scope of this paper.
22
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Fourth, there needs to be information about how results can be interpreted in such a way
that conclusions can be appropriately drawn from the use of the model about the target system.
Finally, and the item that I’d most like to emphasize: there needs to be information about
the appropriate domain of application. Sometimes a model will only be useful within some subdomain of a phenomenon. For example, as we’ll see in the next chapter, many equations of state
for gasses—equations that relate such things as pressure, volume, temperature, and number of
particles—are appropriate only within certain ranges of temperature and pressure.
Before concluding this section I need to take a small step backwards (or, perhaps,
sideways): it’s not strictly right for me to say that representational mediums and interpretation
instructions are two separate requirements. Really, they have to come as a package—as a whole
model. For the representational medium to represent some target, as I’ve said, there needs to be
intentionality, a decision/recognition that it does so represent. Because this is some of what will be
included in the interpretation instructions we can’t really have the one without [at least some of]
the other. Similarly, interpretation instructions have as their subject matter some medium and
target—without those the instructions make no sense.

4.

Answering Core Questions

In this chapter I’ve presented an account of models that unifies the many disparate
mediums used by scientists. I’ve argued that the three cases that I discussed—the Lotka-Volterra
equations, the periodic table of the elements, and a scaled-down airplane—can be understood to
be doing essentially the same thing in essentially the same way when we take models to be
representations of the structure relating parameters. I claim that all models in science, no matter
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the medium or context, can be understood in this way. For the most part I have already
answered the questions that I raised in chapter 1. For the sake of thoroughness and clarity I’ll use
the rest of this chapter to go through them explicitly, and to discuss various other issues that have
cropped up.

4.1

What Is a Scientific Model?

This question might be ambiguous. On one hand we might mean (in the lingo of the
SRA): what sorts of things are, or can be, representational mediums? Or: what sorts of things can be used in
modeling? This is because of the issue I noted above, that it’s common to (for example) point at the
little airplane and say “this is a model of that big airplane”. On the other hand we might mean
something like: what is the “nature” of a scientific model? Or: what are the “parts” of a model, what needs to
be for there to be a model?
For the first, rather than simply answering anything can be a model I need to answer
something like anything can be used in modeling [as a representational medium].23 Representations are
very easy to come by, as I’ve already noted. It takes only a decision/recognition for something to
become a representational medium.
For the second: a scientific model is a representational medium, used to represent
structure relating parameters, and interpretation instructions.

23 Better might be the hedge: nearly anything can be a medium. Can a model be a medium? Maybe—I’m not inclined to
work through the possibility at this point. Anything that can, in principle, be used to represent
relationships/structure can, in principle, be used in a model.
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4.2

What Do Models Do? Or, How Are Models Used?

I believe that the most general answer to this question is that models are themselves
objects of study. They are used as a means to study the causal behaviors of parameters, and their
relationships to other parameters, in controlled and easily-manipulable ways. In upcoming
chapters I’ll present several different examples of models and their use.

4.3

What’s the Relationship between Models and the World?

This will be a very short sub-section since I have mentioned the answers so many times
already. For the sake of argument by repetition: models represent structures relating parameters
and this representation relation comes to be as part of the requisite interpretation instructions.

4.4

What’s the Relationship between Models and Theory?

I haven’t yet discussed how scientists put together their models. I’ve said only that they
match up parameters and structures between mediums and the world. The short answer to this
question is that models, on my account, are [typically] constructed from information in relevant
theory. By ‘theory’ here I mean “big” theories: all of physics, all of chemistry—whatever
background might need to be included to make sense of the relevant hypotheses. Theory contains
information about what aspects of the world are (or might be) causally relevant for a given
phenomenon on a specified domain, and how each is (or might be) related to the others. Models
are in a sense simply reformulations, reencodings of this information. Correspondence of
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parameters in a representational medium, be it a mathematical term, a dot in a graphic, or a part
of a concrete object, will get its [purported] target from the theory. The hypothesized structure
relating the parameters is also from theory, as are the bases for the instructions for interpretation.
The relationship between models and theory is a tight one; “translation” might be an appropriate
way to think about it.
There are cases in which modifications are made to models without appeal to established
theory—I will discuss such a case in chapters 2 and 3. There are other cases in which equations
are put together with no motivation other than matching empirical data—curve-fitting. I will
argue later that the reason that these equations produce good results is that they have structures
that do match up appropriately with actual structures even if the modelers don’t realize it at the
time. In such cases theory might need to be modified to accommodate the discovered structure.
I will say more about the model-theory relationship in both chapters 2 and 3.

4.5

Can the SRA Accommodate Actual Modeling Practices?

There are many interesting modeling practices to be accounted for in the sciences. I
believe that with this account we can understand them all. For example, there are many cases of
multiple models being applicable to a single phenomenon, and of single models being applicable
to multiple phenomena; I will consider such cases in chapter 2. In the former cases it’s as simple
as slightly different parameters and/or different structures being represented in the model. This
could be a result of differing theoretical bases, or merely of different choices during model
construction about which parameters are salient to the particular phenomenon. The result might
be that one model is more successful than others, or that they are similarly successful. Such
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theory refinement is, of course, scientific progress. In chapter 3 I’ll discuss the case of Molecular
Orbital theory and Valence Bond theory, both of which are used to model the same
phenomenon, but which differ a great deal in their theoretical underpinnings.
In the latter cases, to be clear, it’s not really that a single model is being applied to
multiple phenomena. It’s merely the medium that is shared; the interpretation instructions
differ—at the very least, there will be different parameters—so so do the models. In chapter 2 I’ll
briefly discuss the fact that the Lotka-Volterra equations are used in several very different areas
of science. It’s definitely interesting that sometimes the structures represented in (for example) a
set of equations can be the same in different phenomena, but I don’t find that particularly
surprising. It’s similar to the functionality of a key: a key is not unique to a particular lock. It will
open any lock with an appropriate internal configuration. It just so happens, for the LotkaVolterra equations, that [at least some of] the same structure can be found (relating parameters
that correspond to different aspects of the world) in population dynamics, chemistry, and
economics (and probably elsewhere). The medium can be reused because it’s conducive to
representing that structure.

5.

Conclusion

In this chapter I introduced a new account of scientific models: the StructureRepresentation Account. All of the core questions that I raised in the introductory chapter can be
addressed by understanding models as representations of structures relating parameters: what
models are, how they work, why they work, and how they fit in to scientific practices. Further,
this understanding of models, with no extra work, unifies what might have seemed to be a
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hopelessly heterogeneous class of potential mediums. In the upcoming chapters I’ll use the SRA
to explain and elaborate all of these claims.
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Chapter 2
“False” Models and Realism About Science

In the last chapter I discussed the Structure-Representation Account and tried to show
that it helps us to better understand models and modeling practices. I also showed that we can
bring the whole diversity of mediums under one “models” umbrella and understand their
connection to theory and to the world.
But there’s another common, more complicated, and perhaps more interesting sort of
problem related to models and modeling. Many models are created based on theories (and/or
“tweaks” to existing models) that involve terms or structures that don’t correspond with the world
in the way that the modelers think they do, and yet they’re still extremely useful—they work
really well despite the purported “falseness”. The question that I want to answer in this chapter
comes down to simply this: how can we understand the incredible success of what are often called
“false” or “misrepresenting” models, especially from a scientific realist perspective?
I will divide the chapter into three major sections. The first will be primarily for setup and
explanation of the way I will be using important terms. I will start with ‘truth’, and will then
move on to what is means for models to be “good” or “bad”, “successful” or “unsuccessful”; I
will distinguish those terms from the meanings of others such as “correct” and “incorrect”, “true”
and “false”. The difference between terms like those in the first set and terms like those in the
second set, I’ll claim, is the difference between evaluative terms and semantic ones. By ‘good’,
‘bad’, and other such evaluative terms I mean something purely pragmatic: a model is good if its
use reliably yields results that correspond with measurements to some specified degree of
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accuracy; a model is bad if its use does not yield such results. Semantic terms are not so quickly
explained. I will argue that models aren’t truth-evaluable in the way that tends to be claimed.
I’ll finish the first section by expanding on my introductory chapter’s brief discussion of
scientific approximations. Further, I’ll contrast approximation and assumptions. The distinction
is extremely useful for understanding the “falseness” issue, and I will appeal to it at the end of this
chapter in the discussion of realism.
In the second section I’ll discuss the very interesting and illuminating, though currently
mostly unexplored, subject of multiple models. I will discuss four distinct sorts of cases: “competing”
models; “shared” models; multi-scale models; and successive models. In all of these there is an
interaction between different models that is not easily explained by other accounts of models, but
which can be explained with the SRA. Understanding the connections between the models in
these cases gives insight into the issue of how all of them can be successful when, it seems, it can’t
be the case that they all are simultaneously “true” or “correct” about how the world is.
The final section will explore an issue intimately related to the case of successive models
from the second section. The history of science is filled with terms for theoretical entities that turn
out to not exist, theoretical terms that seem to have failed to refer. Consider phlogiston: enduring
scientific progress was made using phlogiston theory, but this is despite the apparent failure to
refer of some of its most important terms. There is nothing in the world that matches the
description associated with ‘phlogiston’. Past scientific theories, it seems, have in one way or
another always gotten things wrong. Larry Laudan famously argued from these facts to the
conclusion that all past, present, and future must be false; further, that scientific realism must be
doomed. Contemporary philosophers have appealed to this argument, though swapping the
claim “theories were/are false” for “models were/are false” to reach the same conclusions.
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After discussing this Pessimistic Meta-Induction (PMI) I will consider one of the currently
popular replies: structural realism. This is a position that, despite seeming to share terminology
with the SRA, I reject. I will finish the chapter by using the conclusions that I reached in the first
and second sections, along with the SRA, to reply to the PMI and defend scientific realism.

1.

‘Truth’, ‘Accuracy’, ‘Approximation’, ‘Assumption’, and Other Useful Terms

In this section I am going to stipulate meanings for various terms to clarify my own
usages. These terms in the modeling literature do not have widely accepted definitions; giving my
own will help me in the discussions below and in the next chapter.24

1.1

‘Truth’ and “Truth”

In the previous chapter I said a bit about representation but I deliberately avoided
including any discussion of “truth”; clearly, if I want to make some sort of appeal to the semantics
of models, I can’t do the same here. Discussion of the possible truth or falsity of models is
common in the modeling literature, but I don’t think that any current accounts give the tools to
really understand it. For example, popular “similarity” accounts of modeling such as Giere’s
(which I’ll discuss later), in which the claim is simply that “models are similar in various ways to
certain degrees to the world”, simply push the question back to asking what the relationship is
between “similarity” and “truth”.

Though not something I develop here, this discussion will also serve as a seed for a worked-out semantics for
scientific models and theories in future work.

24
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Though “truth” is very frequently wheeled in as a central issue in the modeling literature,
models, on my account, aren’t obviously the sorts of things that are apt for truth-evaluability. In
chapter 1 I described the connection between models and theory: models are, in short,
alternative encodings of hypotheses in theory (along with the required interpretation
instructions). But where theory encodes all related hypotheses (in natural language and equations,
for the most part), models encode only some small subset of theory selected by the modeler,
possibly some hypotheses not [yet] in theory, and possibly some “fake” hypotheses for
experimentation purposes (“assumptions”, as I’ll describe below).25 A model, then, might be said
to be truth-apt in the sense that it relies on, and encodes, truth-evaluable hypotheses. Should
these hypotheses turn out to be false, so perhaps, in some sense, would the model.
But it still strikes me as a mistake to call a model—the entity as a whole—either true or
false. A given model will involve some medium being used to try to represent hypothesized
structure of the world relating hypothesized parameters, along with some interpretation
instructions.26 If it’s right that its not models themselves, but only particular model-encoded
hypotheses (i.e. particular hypotheses from theory), that are apt for truth-evaulability, then we
avoid some purportedly deep problems. As I’ll discuss below: it’s not models—or whole theories,
since they’re evaluated through the use of their models—that need to be disposed of or altered on
succession or “scientific revolution”, it’s merely little bits of theory.

‘Theory’ here, as before, refers to “big” theories: physics, biology, even science as a whole.
Whether or not representations in general are truth-apt is, I recognize, a sticky issue; statements about them clearly
are, but that’s not controversial.
25
26
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1.2

Misrepresenting, Failing to Represent, and “Bad” vs. Bad Models

I must emphasize that I am not claiming that the parameters or structure used in a model
somehow automatically, or magnetically, correspond in whatever manner is outlined in its
interpretation instructions. Though I will claim in this chapter that sometimes models that are
called “false”/etc. are actually good, sometimes models (and theories) truly are bad in the purely
pragmatic sense that they fail even to misrepresent actual structure. Not only are there no turtles
holding up the Earth, there is no part of what they were supposed do that matches up to actual
structure. Such models cannot be successful, since it’s successful representation of structure that
enables successful prediction; such models are bad. On the other hand we have models such as
that using the equation of the Ideal Gas Law, which I will discuss below. The Ideal Gas Law is,
for various reasons, held up as paradigmatically false. Used outside of its domain of application it
misrepresents structure, since there are parameters for which it does not account, and so yields
inaccurate results. But it is very successful in certain cases.
Though in what follows I will often leave out qualifying adjectives such as those in
“purports to represent” and “hypothesized parameters”, they should be taken to be implied where
the success of a model has not already been demonstrated. Successful usage, on my account,
entails at least some successful representation.

1.3

Approximation, Idealization, Accuracy, Precision, and Causal Relevance

The most commonly used terms for describing models and/or their results—‘true’ and
‘false’ aside—such as ‘approximate’, ‘accurate’, ‘precise’, ‘exact’, and the like, are so variously
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used that it can be difficult (or impossible) to make sense of the connections between authors, or
to thoroughly understand the claims of any one. Because there is no agreed-upon vocabulary,
and because existing usages occasionally overlap with definitions I’ve given elsewhere in this
dissertation, I will now define some of these terms for my own use.
As I noted in the introductory chapter, to make an approximation is to choose to exclude from
a model parameters known to be causally relevant (to whatever degree), to include parameters
known to not exist, or to deliberately misrepresent structure; an approximation is any such instance.
All models, then, are in some sense approximations—the in-principle-infinite number of related
parameters can never all be included. This has to be distinguished from claims about results, or
data, being “approximate”. In that case ‘approximate’ simply indicates that numbers are not
exactly right, that they are merely accurate to within some chosen degree.
Paul Teller defines some other relevant terms as follows: “The accuracy of a
representation is the extent to which it represents its target as it is. By precision I intend freedom
from the kind of shortcoming involved in vagueness. I will say that a statement that is both
precise and accurate is exact” (Teller, 2012, fn 1). Teller here is writing in the context of
proposing a sort of semantic nihilism for the philosophy of science, based largely on ideas from
(Braun & Sider, 2007). Not only do I not find semantic nihilism plausible, I will argue later in this
chapter that there is more “truth” in science than is commonly accepted. I will typically avoid
most of this language altogether to avoid confusion. My reason for including them here is to
distinguish them from ‘an approximation’. None of “to be imprecise”, “to be inaccurate”, nor “to
be inexact”, is “to make an approximation”.
The one term of these that I will sometimes make use of is ‘accuracy’. I will use it not in
Teller’s sense, but in the more standard, pragmatic sense from science (and everyday speech): a
result is accurate if it falls within some accepted error of the actual value.
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Another useful term is ‘causal relevance’. In the context of modeling, whether or not the
referent of a theoretical term, whatever is supposed to correspond to some parameter, is causally
relevant depends on whether or not it alters the accuracy of results. As we’ll see later: the Ideal
Gas Law leaves out at least two parameters, and a great deal of structure, for domains larger than
high temperature low pressure, that subsequent iterations of the model do include. But on the domain
of high temperature, low pressure gasses: those other parameters and structures don’t typically
affect the accuracy of results enough to justify the extra cost in calculation—they aren’t causally
relevant for the purposes of the scientists. Causal relevance, in the context of models, is domain- and
model-relative.27

1.4

Approximations vs Assumptions

Approximations, as I’ve defined them, are not the same sorts of things as assumptions.
Approximations are the results of choices of what hypothesized structure and/or which
hypothesized parameters to include (or exclude) in a model; assumptions are propositional in
form, have the phenomenon as their subject, and might be supposed by the scientist to be either
actually true, or known to be false but though to be required for some related hypothesis (or
assumption) to be true. This is important because many of the supposed examples of “falseness”
in models are supposed to arise not from the models themselves, but from supposedly underlying
assumptions.
The IGL, for example, is often said to be false because of underlying or accompanying
assumptions such as: the gasses’ molecules are points (i.e. they have no volume); all collisions
I don’t mean to say that things cease to have any causal effect, only that the effects’ influence on the phenomena
can be so small on certain domains that for pragmatic reasons they can be treated as irrelevant.
27
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between molecules, and between a molecule and the container, are completely elastic; molecules
don’t attract or repel each other; etc.. None of these things are true of any gas, they say, so the IGL must
be false. But nobody, least of all the scientists who use the IGL, believes any of those assumptions
to be true.
What, then, is the relationship between approximations and assumptions, and between
assumptions and the supposed falseness of models? There are two cases to consider. The first is
when scientists take assumptions seriously, as being potentially true; the second is when they
don’t. When an assumption is known to be false then it is little more than a visualization aid, a
rationalization, a fictional “physical interpretation” of an approximation. It’s an answer to
questions like “were it to be the case that this finite model does incorporate every causally
relevant parameter and all the causally relevant structure of the target, what would the world
have to be like?” These assumptions, though, are not intended to be taken seriously. Because of
this: they are not the sorts of things that could entail falseness of related theory or other claims in
models. Again, nobody thinks that the assumptions underlying/accompanying the IGL are true. In
this case the approximation is made first, the assumption second to “explain” it.
When an assumption is thought to be true then it’s merely an unconfirmed hypothesis like
any other, and might then be tested via an approximation in model. In this case the assumption
comes first, the approximation second to implement it into the model. The hypothesis might, of
course, turn out to be false. This might, or might not, result in an unsuccessful model: there are
several ways in which it might be false, and the success of the model will depend on how.
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2.

The Use of Multiple Models

In this section I will consider four different cases of using several different models to study
a single phenomenon, each with unique features that can be accommodated by the Structure
Representation Account. Cases of “competing” models, “shared” models, multi-scale models,
and successive models each exemplify interesting inter-model connections. Understanding a
single model in isolation, its connection to theory and world, can certainly be helpful for
understanding issues in science as a whole; it gives us some access to the relationship between
theory and the world, and to the nature of many scientific methodologies. Understanding intermodel relationships and their relationships to theory and the world, I think, develops the ideas in
such a way that it gives even more insight. The use by scientists of multiple models as a topic, in
cases like those below, is not one that’s been explored much or at all in the literature. My goal
here is to lay some groundwork for further work.

2.1

“Competing” Models: The Case of MO vs VB

It’s very common for there to exist more than one model for a given target; some call it a
distinct form of “idealization” (e.g. (Weisberg, 2007)). These models, though seemingly sharing a
target, can be distinct in any of several ways. A less interesting example of having several models
of the same phenomenon is the case of equations of state for gasses in a high-temperature, lowpressure domain, as I’ll discuss in the section below on successive models. A more interesting
example is the case in physical chemistry of Molecular Orbital Theory (MO) and Valence Bond
Theory (VB), both of which are used to model molecular bonding and structure. I’ll be
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considering this case in detail in the next chapter, so in this section I’d just like to note what
makes it a case of “competing” models, and why it’s important for the purposes of this
dissertation.
What makes the latter more interesting (in terms of “competition”) than the case of
successive models is that while successive models simply build on their predecessors to expand the
applicable domain, “competing” models are thought to be somehow incompatible or
inconsistent, such that they can’t both be getting things right about the world. As it’s put in a very
interesting article in which chemists (including a Nobel Prize winner) debate this very issue: “The
two theories were developed at about the same time, but quickly diverged into rival schools that
have competed, sometimes fervently, on charting the mental map and epistemology of
chemistry” (Hoffmann, Shaik, & Hiberty, 2003). The contents of the models’ interpretation
instructions are such that if the propositions in one are true, some of those in the other must be
false (and vice versa). The two models seem to be “competing”, and scientists who prefer either
over the other often wield them that way.
To calculate the actual electronic configuration of a molecule, in Valence Bond theory it’s
assumed that the molecule could exist in any of several allowable configurations—each of these is
called a resonance structure. The real-world configuration will be a sort of combination, or average
of those, called a resonance hybrid. Molecular Orbital theory does not make any such assumptions.
VB takes electrons to be associated, for the purposes of electrostatic attraction, with exactly one
nucleus in a molecule; MO doesn’t associate electrons with any particular nucleus, and instead
takes it to interact electrostatically with the mean of the charges of the other electrons and all of
the nuclei. VB understands molecular bonds as resulting from the overlap between nuclei of the
orbitals of electrons; MO understands the bonds as resulting from the interference of the wavenatures of electrons. It seems, prima facie, that if one model is apt for the target, if one gets things
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right about the way the world is, then the other can’t be and doesn’t. “Given these two seemingly
opposing points of view, it is no surprise that many teachers and researchers have had the feeling
that if one is right, the other must be wrong.” (Hiberty & Shaik, 2014)
With the Structure-Representation Account we can see why it isn’t the case that these
models are “competing” in exclusionary ways. I will now discuss two senses in which it is not.
First of all: we need to be careful when we say that these models are “modeling the same target”.
There’s a quiet ambiguity here. Consider again the less interesting case of successive models, like
the equations of state for gasses. There’s a sense in which they’re all modeling gasses, and in that
sense—the sense that matches the we actually speak—the models can and do have the same
target. But the Ideal Gas Law, as we’ll see below, represents only a proper subset of the
parameters, and quite different structure, from its iterations. What is represented, according to
the SRA, is structure. Strictly speaking, the targets—the structures—are not the same; the models
are not really modeling the exact same thing. Similarly, Molecular Orbital theory and Valence
Bond theory do not purport to represent the exact same structures with their models. This is an
important sense in which the models are not really competing. I will discuss this issue in detail in
the next chapter, in which I focus on the case of these bonding theories.
Second, it’s a mistake to understand all “conflicting” assumptions as being somehow
exclusionary. Valence Bond theory does assume that there exist several allowable electronic
configurations for a given molecule, but that’s not to say that the scientists actually think that
these configurations actually happen; they think that those configurations don’t happen, as a matter
of fact. VB theorists don’t believe that electrons stick to just one nucleus, and MO theorists don’t
believe that each electron interacts electrostatically only with the mean field of the other
molecular charges. The same goes for the other assumptions in question. They are only a
calculation aids, not hypotheses about the way the world is. Two “conflicting” calculation aids, or
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two confliction rationalizations of approximations, are not really a problem. This issue, too, I will
consider in more depth in chapter 3.

2.2

“Shared” Models: The Lotka-Volterra Equations

In the first chapter I discussed the Lotka-Volterra equations, and Volterra’s development
of them to model fish populations (Volterra, 1928). These same coupled differential equations, it
turns out, were first discovered 18 years earlier by Alfred Lotka to be useful for modeling certain
periodic chemical reactions (Lotka, 1910).28 Beginning with Richard Goodwin’s applications in
(Goodwin, 1965), they are now also standard fare in economics. They have since been used to
study chaotic effects in some systems (Blackmore, Chen, Perez, & Savescu, 2001), model neural
networks (Noonburg, 1989), and even by meteorologists to model the dynamics of cloud
formation (Nober & Graf, 2005). In the previous section I looked at the case of having several
models apply to a single phenomenon: “competing” models. In this section I will discuss why it
seems to be the case that a single model can be applicable across a wide variety of seemingly very
different phenomena.
The short answer from the SRA, of course, is that it’s just the medium—the equations—
that are being shared among the models of all of these phenomena. The reason that the medium
can be shared is that in every case there are extremely similar structures relating parameters, so
that that particular medium is conducive to representing them. The interpretation instructions
will be very different. In more plain terms: all of those phenomena are ones in which there are
two aspects of the system that put “pressure” on each other in such a way that over time their
quantities vary cyclically, with one slightly trailing the other. Because in this overview sense the
28

There is no known reason to think that Volterra knew about Lotka’s work.
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phenomenon is the same (in the way that the IGL and its successors all model “gasses”), they all
involve cyclic competition between two aspects of a system, the equations can be applied in the
many different circumstances in which that sort of behavior exists, be they fish populations or
stock markets.
I believe that this sort of case makes for an interesting application of the SRA. It might
have seemed surprising that this set of two coupled differential equations is applicable to so many
phenomena, but when looked at as mediums for structure-representation it’s no surprise at all.
The case also highlights a way in which it might be somewhat strange to call a model true of a
particular phenomenon, especially when by ‘the model’ people are often referring to the
equations alone. Any given equations may very well be applicable to many different
phenomena—though, bringing back the SRA, they’d be applicable as mediums in very different
models.

2.3

Multi-Scale Models

The most complex case to describe, understand, and accommodate with an account of
models, is that of multi-scale models. Other uses of multiple models are of roughly the same
phenomenon; multi-scale models combine models of phenomena at different scales, different
levels of description. Computationally intractable problems can be transformed into manageable
ones by, put simplistically, combining bite-sized chunks of the problem into larger manageable
chunks, a process that can sometimes be iterated. Or incorporating calculations of small, detailed
chunks into large, less detailed chunks.
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Though philosophers rarely discuss them, such techniques are becoming more and more
common throughout the sciences. Eric Winsberg has noted the interesting case of
“nanomechanics”, “the study of solid-state materials that are too large to be manageably
described at the atomic level and too small to be studied using the laws of continuum mechanics”
(Winsberg, 2006). The Nobel Prize in chemistry for 2013 was given to Martin Karplus, Michael
Levitt, and Arieh Warshel for "Development of Multiscale Models for Complex Chemical
Systems" (Karplus, Levitt, & Warshel, 2013), who developed techniques for modeling chemical
systems and reactions that make parallel use of classical and quantum mechanics. Biology
[(Meier-Schellersheim, Fraser, & Klauschen, 2009), (Martins, Ferreira Jr., & Vilela, 2010), (Qu,
Garfinkel, Weiss, & Nivala, 2011)], economics (Liang, 2012), meteorology (Klein, 2008)—all
have a similar kind of problem, solved in part with these clever multi-scale techniques: modeling
the complexity of the macro, and incorporating the detail of the micro, using models of the
macro and micro in conjunction. This general technique is called the Heterogeneous Multi-scale
Method, and it is the one that I will focus on here.29

2.3.1 Multi-Scale Models: The Dynamics of Gasses

Equations of state for gasses, which I will discuss below, enable us to calculate the values
of certain state variables given information about other variables, but only cotemporally. Such
state variables, in fact, are independent of path—it doesn’t matter how the system got to that
state, what state preceded it, or what state might come next. To model the dynamics of gasses,
the way the systems change over time, much more complex models are required.

29

There are quite a few others. An overview can be found in (E, Li, & Vanden-Eijnden, 2004).
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In principle, with an infinitely powerful computer, we could model a gas’ dynamics using
only quantum mechanics. Such a model would give us extremely accurate predictive powers on
any domain of application. In reality, though, we would need computers much, much more
powerful than we have today. Supercomputers are required to model even a small volume of gas
at standard temperatures and pressures using only the many-body Schrödinger equation—the
computational power required doubles with the addition of each particle. At standard
temperatures and pressures there are about 2.7 x 1019 molecules in a 1 cm3 volume. It’s easy to
see that calculations for any interesting cases will be impossible for the foreseeable future.
At the other end of the granularity spectrum there are continuum models. These models treat
gases as though they are continuous, infinitely divisible, rather than made of discrete atoms
and/or molecules. Such models make use of the Navier-Stokes or Euler equations for fluid
dynamics, each a set of coupled differential equations. While these equations are relatively
complex and not easy to solve, they don’t suffer from the computational-intractability problems
that arise from treating gasses as ensembles of discrete bodies. However, like many easier-to-use
models (such as those using the IGL or Newtonian Mechanics), the domain of applicability is
limited. Velocities must be non-relativistic; scales must be relatively large; conditions (pressure,
temperature, etc.) must not be extreme. In general, continuum models are successful only on
domains in which the mean free path of particles—the average distance a particle travels
between collisions with other particles—is close to or greater than a representative physical
length scale of the system in question. If the width of a tube through which gas is flowing is
smaller than the mean free path: that will be a problem. This ratio is known as the Knudsen
number, Kn = λ/L. For Kn ≥ 1 the system can no longer be treated as continuous.
To get usefully accurate results on domains of application not covered by models using
only quantum mechanics or continuum hypotheses, scientists have fairly recently begun to create
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hybrid models.30 They attempt to incorporate the detail from models that focus on the micro with
the scope of models that focus on the macro. Here I’ll look at an interesting example from Borg,
Lockerby, and Reese. They present a multi-scale model for gas flows inside small channels such
as “lab-on-a-chip devices, nanotube membranes for water purification or for removal of CO2
from air, micro/nano tribology problems, and miniaturised heat exchangers for cooling electric
circuits” (Borg, Lockerby, & Reese, 2013, p. 400).
As they say in a later paper, in which they iterate this model to include new parameters
and expand the domain of applicability, “conventional continuum fluid dynamics, which assumes
that locally a gas is close to a state of thermodynamic equilibrium, becomes invalid or inaccurate
as the smallest characteristic scale of the geometry (e.g. the channel height) approaches the mean
distance between molecular collisions” (Patronis, Lockerby, Borg, & Reese, 2013, p. 558). In
other words, the Knudsen number becomes too large to use continuum-hypothesis models on the
domains in question. On the other hand, trying to model the flows using quantum mechanics
would be impossible because of computational cost.
Another option is a model incorporating a somewhat “higher level” theory, more like
statistical mechanics, such as one using the Direct Simulation Monte Carlo (DSMC) method.
DSMC-based models for gases were created specifically to deal with high-Kn cases, and they are
vastly more accurate predictors on this domain, compared to continuum-hypothesis models, of
certain important parameters such as shear stresses and mass flow rates.31 But even those models
in the cases these authors are interested in are too computationally expensive.

An accessible discussion of several earlier varieties can be found in (Wijesinghe & Hadjiconstantinou, 2004).
DSMC models don’t model all actual momenta or interactions as a QM-based model would. They model a
smaller number of “representative” particles and abstract results. This is still much more granular than a continuum
hypothesis.

30
31
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Borg et al propose a new model to both expand the domain of applicability, and cheapen
computational costs, compared to existing models: they call it the Internal-flow Multi-scale
Method (IMM). The mathematical details aren’t important here.32 For the purposes of this
section of this dissertation, what’s important is the following feature: rather than considering the
system as a whole using a continuum hypothesis, or trying to only model the momenta and
interactions of each individual atom/molecule, there is a combination of the two.
The following is an extremely simplified description of the method, but it’s enough to
understand the idea. Consider a tube (nano-scale in this case, but the visual is the same), perhaps
with a varying cross-sectional radius, perhaps with some curvature, with some amount of fluid
flowing through it. Periodically (but not adjacently) take cross-sectional slices of some small
length, such that we can treat the flow of particles through the thin slice as being parallel even if
the macro geometry has a curvature.
The idea is to begin with a macro, continuum-hypothesis-based model, such as one that
uses the Navier-Stokes-Fourier (NSF) equations as a medium. The calculations using NSF,
though, are based on parameter values calculated using a discrete-body-hypothesis model, such
as one that uses the Molecular Dynamics (MD) or DSMC equations as a medium. In particular,
in the case of IMM, a pressure-gradient must be calculated, and iteratively refined, using the
micro-model.
On the macro scale this pressure gradient is simply the different between the pressures at
the entry and exit of the tube. In a large, fairly straight and even tube (a garden hose, for
example) a macro-model is sufficiently accurate. But because the pressure gradient is related to
other parameters, such as the shear stress, that become important at very small scales: much

32

They are covered in (Borg, Lockerby, & Reese, 2013).
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more precise values are required. For the IMM this serves as a coupling-point between the
macro- and the micro-models.
For the purposes of this dissertation the most important feature of the example is this: the
connections between macro- and micro-models are made through shared parameters and
represented structure. This is despite the fact that the models work at different levels of
description—the theoretical underpinnings seem to be, at least in some sense, about different
subject matters. The two different-scale models don’t share terms, don’t share mediums, don’t
share interpretation instructions, but can be connected because the different-scale phenomena do
share actual structure.
To be a bit more precise about what’s happening in the example: because in the micro
case the cross sectional slices are very small, the pressure gradient over them is zero. The authors
compensate for this by using what they call a “fictitious” stand-in for the pressure gradient, which
they call the pressure-gradient-correction—the effect of the pressure gradient in the macro case is
something like a force; the reality in the micro case is that there is a force from the upstream
particles that are outside the domain of the micro model. Upstream particles are pushing against
the particles in the slices, but the theories on which the micro-models are based do not involve
parameters that would account for that force. The “fictitious” stand-in is not so fictitious—
adding the parameter to the medium helps because the resulting medium represents actual
structure.
In terms of the Structure-Representation Account: the theoretical framework of the NSF
macro model does not contain sufficient information about certain parameters to enable
successful representation of the structure relating shear stresses on the domain in question. The
addition of the micro-model, which is constructed from a theoretical framework that does have
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that information, is able to represent that structure. The reason that they can be connected is
simply that they share some parameters and represented structure; their domains overlap.33
Though beyond the scope of this dissertation, I’d like to make note of two issues on which
further study of multi-scale models could shed some light: reduction and emergence. The
connection to reduction should be fairly clear, even without a precise meaning for ‘reduction’:
modeling the macro in terms of the micro, in parallel or separately, naturally raises questions
about the relationship between the “higher level” and “lower level”, or “less fundamental” and
“more fundamental”, theories. The practical motivation for these hybrid models is
computational tractability, at least suggesting that, as some reductionists claim, only the “low
level”, “most fundamental” theories are required. The “less fundamental” theories might be, at
best, redundant.
On the other hand: “less fundamental” theories involve parameters—parameters used extremely
reliably and accurately in successful induction—that can’t obviously be accounted for in terms of
the “more fundamental”. In the example above we saw that the authors had to incorporate a
“fictional” force into their micro-model to account for a relevant macro property. This is an issue
of possible emergence. Multi-scale models are rife with such cases.

2.4

Successive Models: Equations of State for Gasses

It might be surprising that I include successive models, models and their future
refined/improved iterations, in a category of cases of multiple models along with “competing”
models and multi-scale models—it is not, I think, usually thought of in this way. Three centuries
elapsed between Boyle’s initial publication of PV=k and its much more complex successors, such
33

That is, they can be made to overlap by accounting for the force on the particles of the micro system.
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as those I discuss below. But that does not make it importantly different from a case in which a
single scientist constructs several iterations of a model (applicable to the same phenomenon
though, of course, over somewhat different domains), perhaps for reasons of computational
tractability. It’s only the significant overlap in parameters and structure among successive
models, the earlier models making use of a subset of the parameters used by their successors, that
makes these cases different from cases of “competing”, “shared”, and multi-scale models.34
I’m going to start with a brief discussion of some of the history of equations of state for
gasses—equations that relate gasses’ pressure, temperature, and volume. After presenting a few of
the equations I will discuss several lessons that I’d like to get out of the example. First: the early
versions of the equations leave out a several parameters that were known at the time to be
relevant (hence the name Ideal Gas Law); despite this the mathematics can be very useful.
Second: one of the later iterations contains a variable which, so-thought the equation-creators,
had no physical significance but was merely a useful change that better matched the
mathematical curves with data; it turned out, though, that the variable does have physical
significance.

𝑷𝑷𝑷𝑷 = 𝒏𝒏𝒏𝒏𝒏𝒏
The Ideal Gas Law (IGL) was first proposed in 1834.35 P is the pressure; V the volume; T
the temperature; n the number of molecules in moles; and R is the “universal gas constant”. This
equation is useful only for high-temperature, low-pressure gasses; in lower-temperature, higher34 Clearly it won’t be a subset if some parameter was found to not correspond to anything in the world and was
abandoned in the successors—I say “subset” only for convenience.
35 I use ‘law’ here only as part of the name given to this equation. At this point I would like to leave any discussion of
“laws”, or their relationship to models and theory, to the side.
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pressure gasses other parameters become causally relevant to a degree that make results of using
the IGL inaccurate.
And so we progress to the Van der Waals (VdW) equation, published in 1873:

𝑷𝑷 =

𝑹𝑹𝑹𝑹
𝒂𝒂
− 𝟐𝟐
𝑽𝑽 − 𝒃𝒃 𝑽𝑽

In addition to the parameters from the Ideal Gas Law: a is an adjustable constant to
account for the attraction between molecules; b is an adjustable constant to account for the finite
volume, or “size”, of molecules (though molecules can attract each other with electrostatic forces
they can only get so close—they will eventually repel as they approach due to other forces). This
equation is useful in a much wider range of cases than the IGL, and for compressible fluids in
general rather than just gasses. Above the critical temperature—the temperature above which no
increase in pressure will result in the gas becoming a liquid—and for low temperatures in the
liquid and gaseous states, the VdW equation is a significant improvement over the IGL.
Otto Redlich and Joseph Neng Shun Kwong proposed in 1949 a change to the Van der
Waals equation:

𝑷𝑷 =

𝑹𝑹𝑹𝑹
𝒂𝒂
−
𝑽𝑽 − 𝒃𝒃
𝑻𝑻𝑽𝑽(𝑽𝑽 + 𝒃𝒃)

Only the denominator below ‘a’ has been changed, though it produces significantly more
accurate results over a wider range of temperatures and pressures than the VdW equation.
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Redlich and Kwong (RK) constructed their equation by, as they saw it, simply introducing a
mathematical modification, a “tweak” that produced results that better matched data, that
increased accuracy. They were explicit that they did not appeal to any considerations from
established theory (i.e. to any of the hypotheses of chemistry or physics): “we omit a detailed
discussion [of our reasons for introducing the modification] because the reasoning is
circumstantial and by no means rigorous. The equation is therefore essentially empirical. Its
justification rests mainly on the degree of approximation obtained by comparatively simple
means” (Redlich & Kwong, 1949). Or even more blatantly, “there is no really good theoretical
justification for the two changes in the denominator of the a-term but the agreement with
measured data is considerably improved” (Redlich, 1976, p. 48). They were mathematically,
pragmatically, motivated, not motivated by anything in established theory. Further modifications
to the equation by Redlich, Kwong, and others, it turned out, kept the (V + b) term, or some
variation thereof that includes b in the denominator below ‘a’ (e.g. the Soave-Redlich-Kwong
Equation (Soave, 1972)). Why? Because despite the initial hypotheses to the contrary it was
recognized that there is structure relating the “size” of molecules (the b parameter), the attractive
forces between them (the a parameter), and the temperature ‘T’ that was not represented in the
VdW equation. The related theory was appropriately modified—their “tweak” became part of
established theory.
According to most: the Ideal Gas Law is a false model. It uses a small number of
parameters when we know that many are relevant to the physical behavior of gasses, and it can’t
be applied to all gasses on all domains or achieve perfect accuracy for any gas on any domain—
clearly, they say, the IGL is a terrible representation of the world. If the IGL were intended to
represent everything about some particular gas on all possible domains of application, or to
output exactly correct results, then I would agree that the IGL is a terrible representation and
58

bad model! And I would also find it deeply mysterious that any successful prediction could be
made using this equation. But if it’s false, or such a poor representation, then how is it that it is so
useful, let alone sometimes very useful?
According to the Structure-Representation account: the IGL is a medium in a model
representing the structure relating only the parameters described above. It is a very good (maybe
exact?) representation of that structure. So it isn’t actually mysterious that, within the appropriate
domain of application (high-temperatures, low-pressures) it is successful, and produces accurate
results. I endorse the following claim: all models that are successful on some domain are so in
virtue of using representations of actual structure.
There are various ways in which a domain of applicability might be broadened by
modifying one model to form another. Which modifications are appropriate will depend on the
details of the case. Incorporating new parameters is common, as occurred in the move from the
IGL to the VdW equation. So is representing more or different structure using the same
parameters, as occurred in the move from the VdW equation to the RK equation. In all cases it
will be a matter of representing more actual structure.
To reemphasize my claims about the lack of “badness” of successful models: first, it’s not
the case that because no model represents all structure in the world, no model is truly “good” or
no model does a good job representing; they might be exactly right about the structure they
purport to represent relating the hypothesized causally relevant parameters on the domain. And
second, that some models do represent more, and more successfully, structure than others on
some domains does not entail that they are “more true”, or “more right”, than the others. RK
represents more structure than IGL and applies on a much larger domain—that doesn’t mean
that RK is “more true” than IGL. Successive models can certainly be better in a pragmatic sense
on some domains, but that’s not the same sort of claim.
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The case of the equation change by Redlich and Kwong is particularly interesting to me
because I think it nicely shows how easily the Structure-Representation Account accommodates
even uncommon model and theory modification. First of all: some of the structure of the model
was included not because it was hypothesized to match with the target, but merely because
results proved more accurate; subsequent testing revealed that the greater accuracy was due to
the fact that the structure does exist in the target. And second: it is an example of theory being
modified, the structure that was hypothesized changed, based on results from a model that didn’t
match theory. With the understanding of the model-theory relationship from the SRA, none of
this is surprising.
The first point, in which accuracy-increasing structure was added to the model, is akin to
the practice of “curve fitting”. That is the practice wherin there is a standard canon of equations
that can be adjusted in various minor ways (adjusting constants, etc.) to “fit” the results to
measured data—the equations seem to be able to “fit” myriad phenomena. These canonequations are not thought by the fitters to have any special connection to the particular target
data—it needn’t be the case that the fitter believe that terms in the equation denote anything in
the world, or that the parameters have a certain relationship to each other—similarly to how we
don’t expect a flat head screwdriver to have a special connection to a particular screw. It matches
up appropriately and so serves as a useful tool. According to the Structure-Representation
account, of course, they are wrong: the usefulness of the medium, and the resulting model, is due
to a special connection.
The modification made by Redlich and Kwong differs from simple curve fitting in a
couple of ways. It starts with preceding equations that were created specifically to represent
structure relating parameters of gasses. More importantly, though, the “fitting” was done by
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changing the medium, not simply choosing a medium and altering parameter values as is done in
curve fitting, and representing structure that wasn’t represented in the earlier mediums.
The latter, that it is an example of theory being modified based on results from a model
that didn’t match theory, is important because it illustrates an under-discussed fact about models:
their role in scientific methodologies is not always a passive one. Models are created from theory,
but testing on modified models, models that have incorporated new hypotheses [or other more
fortuitous changes], can result in changes to the theory that served as their basis. Models do not
merely mediate between theory and the world, a claim that I’ll elaborate on in chapter 3.

3.

Models, Theories, the PMI, and Scientific Realism

The history of science is replete with hypotheses and theories that have been superseded.
Some might have sounded plausible given the accepted theory of the time, but yielded no
successful results; those were likely quite simply “false”, and are not the ones I’m concerned with
here. Others, now known to be partially mistaken/false in one way or another, did lead to
successful results and progress in science. Some of these are cases of what I earlier called
“mistaken semantics”: important terms simply failed to refer. Others were simply too ambitious
with their hypothesized domains: Newton’s gravitation is not “universal”, but on a restricted
domain (i.e. slow medium-sized objects) it is still useful enough to be used by practicing scientists.
Nancy Cartwright popularized a version of the problem of apparent falsity in scientific
models and theories in her How the Laws of Physics Lie (Cartwright, 1983) and many subsequent
publications. There she argues, roughly, that if the laws of physics are true then they must be
exceptionless; since they’re not exceptionless—she suggests what she takes to be examples of
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exceptions from several areas of physics—they’re not true.36 They can’t be exceptionless, she
argues, simply because the world is much more complicated than any law, model, or theory
could accommodate.
Threads of her arguments still regularly weave their way into the models discourse. In
particular, there is a widespread acceptance of the view, almost taking it for granted, that the use
of approximations/idealizations/etc. entails falsity; since all models use approximations, it’s
thought that all models must be false. (Wimsatt, 2007), for example, doesn’t even begin by stating
that “models are false”—it seems to be taken as given that they are. The first mention of models
is when he says that certain views have lead “most writers to ignore the role that false models can
have in improving our descriptions and explanations of the world” (p. 23).
Using the tools of the Structure-Representation Account I think that we can get away
from these assumptions and conclusions of model-falsity, and thereby better understand the
issues with the modeling accounts that make use of them, by showing that it’s not true that
models are false as these philosophers believe.
Cartwright’s arguments were concerned with scientific “laws”; Laudan’s PMI, discussed
below, was concerned with scientific theories; here I’m focusing on models. The purported
problems for realism from an apparent failure of science-world correspondence, however, turn
out to be exactly the same. I believe that that’s a result of there being no universal usages of any
of the relevant terms (‘law’, ‘theory’, and ‘model’ in particular). Also, and more importantly,
there is an incredibly tight relationship between models, theories, and “laws” (whatever those last
are). Whatever the reason: the arguments from the purported falsity of “laws”/models/theories
By ‘law’ Cartwright means statements that “describe what regularly and reliably happens” (Cartwright, 1997).
Often, for her, this means that individual equations are laws. One of her favorite examples, for example, is Newton’s
Law of Universal Gravitation: F=Gmm/r^2. By ‘exceptionless’ she means something like can be used to make true
predictions without using any other equation to compensate for observed deviation from prediction. So we can translate her claim into
something like: if an equation used by physicists is true then can be used to make true predictions without using any other equation to
compensate for observed deviation from prediction; etc..
36
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to the conclusion that scientific realism must be false are not distinguished elsewhere, and in this
section I will continue with that tradition. The idea is the same for each.

3.1

The Referential Failure of Theoretical Terms

For the purposes of the debates in the modeling literature, terms can fail to refer in a
theory in two significant ways. The first is that there might simply be nothing in the world that
corresponds to what the referent is supposed to be or do, nothing that matches the term’s
associated description or its purported causal role; ‘faery’ and ‘round square’ would suffer from
this problem. The second is that while there might not exist something that matches the term’s
associated description, there might exist something that does fulfill the causal role.
If a term fails to refer in the first manner then, according to the Structure-Representation
account, removing the parameter(s) and structure corresponding to that term from a model that
incorporates them could result in a more successful model (depending on the representational
success of the other parameters and structure of the medium).
If a term fails to refer in the second manner then, although nothing in the world fits the
associated description and the model possibly also has false accompanying assumptions, if there
does exist some set of parameters and structure that fulfill the attributed causal role, at least in
some limited domain, then that original model can still lead to successful science. These
successes, though limited, are tantalizing enough to scientists to have led to a great deal of
work—good work—on/with now-defunct models and theory.
This might be more complex than simply replacing an associated description. The term
‘phlogiston’ and its associated description were not simply replaced with ‘oxygen’ and its
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associated description. Oxygen filled more or less the causal role of dephlogisticated air, the
absence of phlogiston.
An interesting consequence of the SRA, I think, is that scientific “revolutions”, while
conceptually revolutionary, are not necessarily revolutionary in all practical senses. The shift
from Newtonian Mechanics to Relativistic Mechanics was conceptually difficult and important;
some of Newton’s hypotheses (“assumptions” to Newton of the serious sort, now of the fictional
sort) were false. But we still use Newton’s mathematics a lot. Some have claimed that in such
cases the theories and their successors are incommensurable, that theoretical terms that might
seem to have survived the transition actually haven’t (e.g. the famous massNewtonian and massRelativistic).
But this kind of Kuhnian story is stuck with explaining why these succeeded theories are
successful, how they served as the groundwork for post-revolution theory (when their central
terms are supposed to have referred to different things), and why they often continue to be
regularly used in post-revolution calculation and theorizing. For Newtonian Mechanics, as is
well-known: once the domains of the relevant Relativistic models are restricted to medium-sized
objects and low speeds then the mediums of Newtonian mechanics pop out. They still
successfully represent actual relevant structure on the appropriate domain of application.
The Structure-Representation Account easily accounts for the overlap, in ways discussed
above in the sections on multiple models. General Relativity’s additional parameters and
structure simply aren’t causally significant on the restricted domain, in the same way as the
additional parameters and structure of the Redlich-Kwong equation aren’t causally significant
for high temperature, low pressure gasses—the medium of the IGL is sufficient for accurate
predictions. It would be surprising and interesting if the equations of Newtonian Mechanics
weren’t derivable from those of General Relativity on the restricted domain. Though the leap in
the complexity of the representational mediums between Newtonian Mechanics and General
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Relativity is large compared to that between the IGL and RK, in principle it is the same
phenomenon. The domain of applicability of the later models is larger, so more structure relating
more parameters is represented in the mediums, but the structure on the restricted domain
simply is what it is—if the models are both successful on overlapping domains then they must
represent some of the same structure. The discussion of VB and MO in chapter 3 will elaborate
on this issue.

3.2

The Pessimistic Meta-Induction

The “traditional” accounts of scientific realism seem to, or are at least often understood to,
commit themselves to the successful reference of all of the terms in successful theories. Larry
Laudan’s Pessimistic Meta-Induction (PMI) is the claim that since in the history of science
many/most terms have failed to refer, and thus related theories have turned out to be false, we
shouldn’t expect future success or truth. In other words: our past inductions have been
unsuccessful, so so will our future ones be, and Realism about science is untenable. (Laudan,
1981) claims that “radical” theory changes, such as the abandonment of aether or caloric, can’t be
accommodated while holding on to something like the “no miracles” argument: that “realism is
the only philosophy that doesn't make the success of the science a miracle” (Putnam, 1975, p. 73).
There have been a variety of replies offered by a variety of realists. Some have simply
insisted that now-abandoned terms typically did, in some sense or another (approximately,
partially, etc.), refer. However, Laudan had such replies in mind; he cites (Putnam, 1975), (Boyd,
1973), (Newton-Smith, 1981), and others whom he understands to have made them. I have
sympathy for some versions of this reply to Laudan, but I don’t want to reiterate them here.
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I’m going to begin this section with a summary of the PMI, and follow with a discussion
of a popular contemporary reply: structural realism. I’ll then reject the structural realist position
and distinguish it from my account of models. I’ll conclude the section with a reply to the PMI
using the Structure-Representation Account.
Laudan considers what he takes to be the realist claims from both directions: first, if the
central terms in theories successfully refer, that theory will be empirically successful; second, if a
theory is empirically successful, then its central terms must refer.
Regarding the first claim, that “a theory whose central terms genuinely refer will be a
successful theory” (Laudan, 1981, p. 23), Laudan says that “the realist's claim that we should
expect referring theories to be empirically successful is simply false” (p. 24). I wholeheartedly
agree that that claim is false, though I question whether or not any realist ever held it. He cites as
purported counterexamples several theories that were not [initially] successful: 18th century
atomic theory; the Proutian theory that the atoms of heavy elements are composed of hydrogen;
and the Wegenerian theory of continents. Parts of these theories did turn out to be parts of
successful theories, of course. What Laudan has identified as a problem is simply that a term
might refer but be put into false hypotheses. Consider: cars move by harnessing the power of hamsters in
hamster wheels, located in their engine bays. We could expand this to include as much more detail as we
might want for this to be a part of a theory. The hypothesis would be false, and the theory
often/always unsuccessful, despite all of the central terms referring. There are cars, hamsters,
hamster wheels, etc.. This is not an interesting result; the first “Realist” claim is not one that
anyone should endorse.
The second, that “if a theory is successful, we can reasonably infer that its central terms
genuinely refer” (p. 23), is the more interesting, plausible, and purportedly problematic claim.
This claim is taken as the basis of the “no miracles” argument, still consistently cited as a sort of
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rival to the PMI and sometimes as “the most powerful intuition motivating realism”
(Chakravartty, 2011). It refers back to Putnam’s claim that “the positive argument for realism is
that it is the only philosophy that doesn't make the success of science a miracle” (Putnam, 1975,
p. 73). It’s this second claim that I’ll focus on for the rest of the chapter.

3.3

Structural Realism

A relatively new Realist strategy, dubbed “Structural Realism”, attempts to avoid PMIlike issues by eschewing realism about “object” referents (e.g. “electrons”, etc.) in favor of realism
about “structure”, about relations. Though, as I discuss below, I don’t accept structural realism,
is it thought by some to be a promising route to realism. It might also seem, prima facie, like a
position I’m committed to. For those reasons I discuss it here.
Ladyman distinguishes two sorts of Structural Realism, epistemological and ontological
varieties. The central claim of the former is that “we should believe in the structural content of
theories as an epistemic constraint” (Ladyman, 1998, p. 411), that what we know about is
structure and not objects like electrons and atoms. The latter is stronger, “taking structure to be
primitive and ontologically subsistent” (Ladyman, 1998, p. 420). The details of how objects are to
be understood is debated among Structural Realists, but this is a theme for all of them;
(Ladyman, 2014) identifies seven different flavors of this eliminativist tactic.
As an example, it has been suggested that “the distinction between objects and relations
(or properties in general) is not to be regarded as an ontological one, as usually assumed, but only
as a conceptual one, anchored in our thinking and language” (Esfeld & Lam, 2011). Ladyman
calls his own version “a kind of neo-positivism” (Ladyman, 2007), in that it aims to eliminate
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references to unobservables. Such accounts of scientific theories aren’t obviously susceptible to
the PMI because, Structural Realists claim, with no commitment to possibly problematic termreference, the PMI simply doesn’t apply. At the same time, structure can be largely preserved
through radical theory change. John Worrall’s seminal paper on the position claims that it is “the
only available account of the status of scientific theories which holds out realistic promise of
delivering the best of both worlds: of underwriting the ‘no miracles’ argument, while accepting
the full impact of the historical facts about theory-change in science” (Worrall, 1989).

3.4

The Structure-Representation Account is Not a Version of Structural Realism

I do not share the Structural Realist’s inclination to abandon theoretical terms or their
success in referring. This isn’t the place for an in-depth argument against Structural Realism; for
me it is enough that they must abandon belief in, or at least knowledge of, so many things that I
would like to, and think we can, hold on to. In this subsection I only intend to differentiate my
own position.
While my Structure-Representation Account does rely on the representation of structure in
the world, and so seems to be committed to realism about some sort of structure (though
probably not in any sort of metaphysically substantive sense) that may or may not be like what
Structural Realists have in mind, it’s also important to my account that some terms do refer to
particular entities (electrons, etc.). That is, that parameters do correspond to aspects of the world.
I do think that there exist very small entities, and I do think that we can know about them, even
if they are not directly observable and even if our associated descriptions are not exactly right.
Further, I think that the claims of the Structure-Representation account commit me to both
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existence and knowledge, in at least some cases. That alone is enough for me to dismiss
Structural Realism.
Ladyman suggests that “what is needed [to sanction belief only in those parts of theories
that have been or will be retained in cases of radical theory change] is a principled way of
distinguishing those parts of theories that will be retained from those that may be abandoned, so
that a non-ad-hoc differentiated attitude towards theories can be advocated” (Ladyman, 1998, p.
413). That, I think, is simply not true. Which parts of a theory ought to be retained between
iterations is simply an empirical question, not one that must be universally accommodated by
some account. In the jargon of the Structure-Representation Account: sometimes hypothesized
parameters will be retained and hypothesized structure altered, sometimes hypothesized structure
retained and hypothesized parameters altered, often there will be some combination of the two.
Scientific investigations of the usual sort will decide.

3.5

The SRA and the PMI

The understanding of models and approximations given by the Structure-Representation
Account provides a new opportunity for a reply to the PMI. What I’d like to add to the standard
replies is that it’s not merely, or even most importantly, term-reference that’s at issue. The
relationship between theory and world, as we’ve seen, is more complex, or at least subtler, than
that. Theoretical terms can and do often successfully refer, but the success of the theory via its
models depends primarily on the success of representing structure relating parameters, only some
of which are referred to by the terms in question. A theoretical term failing to refer is not a deathknell for a theory. It could merely mean that some non-existent structure is incorporated—that
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the model was worse than it would be without the parameter, or that the actual structure relating
that parameter to others is different than in the medium.
It’s common for supporters of PMI attacks on scientific realism to add ‘central’ to ‘term’,
as though there are certain terms in a theory that are vastly more important than others. But,
viewed through the lens of the SRA, there’s nothing that makes any particular parameter more
special, more “central”, than another. And the theoretical description associated with a
parameter can be strictly-speaking-false without resulting in unsuccessful models; if much of the
structure in the relevant mediums successfully represents actual structure then the models will be
successful. If there’s some (but not extensive) misrepresentation (as there will be in discarded
theory) then the domain of application over which usefully accurate results will be small, but
that’s no more interesting than a contemporary scientist deliberately restricting a modern model for
computational reasons.
Let’s consider a case of a discarded theory that Laudan held up as paradigm for the PMI:
the case of caloric. “Heat” was thought by many scientists in the 18th century to be a fluid—an
actual physical, particulate, if invisible and weightless, substance. It was thought to flow from hot
bodies to cold bodies; its accumulation in a body is what increased the temperature of the body.
The fluid was called caloric.
Caloric was listed by Lavoisier as an element on the first published, non-Aristotelian list of
elements (Scerri, 2007).37 Real progress, technological and scientific, was made using caloric
theory. Carnot developed the hypothetical Carnot Heat Engine that still serves as the idealized
theoretical basis for heat engines, and which led directly to the first insights into what eventually
became the second law of thermodynamics. Fourier (and others) developed mathematics to

Many of the features attributed to caloric, however, had a lot to do with the remnants of ancient Greek physics still
taught at the time.

37
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calculate heat transfer in solids, Lavoisier and Laplace developed mathematics to calculate
quantities of heat in calorimetric experiments, variations of which are all still used today. These
are prominent examples of the success of caloric theory, but there are other examples too. There
is, of course, no such substance as caloric. Nothing meets the description I outlined above; no
particular physical thing exists that fills the causal role.
Stathis Psillos has argued that “there is a clear-cut sense in which the caloric theory of
heat was approximately true,” and that “the well-confirmed content of the theory was retained in
thermodynamics” (Psillos, 1994, p. 160). He identifies as a worry that even if he’s right that this is
true in the case of caloric, to be a generalizable response to the PMI we’d need to be able to
somehow identify these retained aspects of discarded theory. But, he points out, “eminent
scientists do the required identification all the time” (Psillos, 1999). So, according to Psillos, since
much of discarded but successful theories are retained even through radical scientific change,
those discarded theories must be seen to have been “approximately true”. Psillos also argues that
since, as it turned out, the term ‘caloric’ was not “indispensable in the derivation of predictions
and in the well-founded explanations of phenomena” (Psillos, 1999, p. 124), the term was not
actually “central” to the theory (despite its being in the name). Since it wasn’t central, he says,
“realists should not be required to show how it can possibly be referential” (ibid, p. 125). As I
noted above: in principle there nothing about any parameter that makes it more special, or
“central”, than any other.
Hasok Chang has taken issue with nearly every historical point that plays a role in Psillos’
argument. He concludes that “the real history of the caloric theory does support Laudan’s
pessimistic induction” (Chang, 2003, p. 910). However, he then goes on to consider what does
typically get preserved through theory change in general. First: observational data. Second: what
he calls “phenomenological laws”, “which represent the data into convenient mathematical
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relationships without specifying causes, mechanisms, and far-reaching theoretical principles”
(ibid, p. 911). Third: “techniques of representation and reasoning, including certain
mathematical methods” (ibid). Finally: “deep-seated metaphysical commitments, such as the
desire for a conservation principle” (ibid). Chang claims (but does not attempt to argue) that none
of these things help the realist case in resisting the PMI.
I’m not sure what, exactly, Chang means by that last item in the list. But I’d like to
quickly consider the other three in terms of the Structure-Representation Account. Observational
data are measurements of values of parameters. It’s not a surprise that recoded values don’t
change, of course; but it is significant that which parameters are worth measuring can be wholly or
largely preserved. It would be a surprise if the successor to a theory that got it all wrong, or a
successor to one that should be discarded in its entirety because a “central” term failed to refer,
were to continue to require measurements of the same parameters. That parameters are
preserved through theory change, even if associated descriptions were mistaken and some related
structure was misrepresented, seems to me to be good evidence that the discarded theory had
latched on to a great deal of actual structure. That, according to the SRA, explains the limited
successes of discarded theory.
“Phenomenological laws”, as Chang calls them—mathematical relationships—are simply
mediums. These are equations that successfully represented actual structure relating
parameters—parameters that, very likely, will be preserved through theory change.38 The third
item in the list is, for the SRA, the same as the second. It simply opens the door to nonmathematical mediums as well.

As I point out in chapter 1, though, some mediums are simply conducive to representing structures on very
different domains.
38
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In short: what Chang thinks is preserved, for which the caloric theory serves as an
example, is parameters and the representations of their relationships in mathematics. Parameters
and structure. Even if Chang is right that Psillos’ arguments that appeal to historical facts about
caloric theory fail, the Structure Representation Account very naturally accommodates what
Chang thinks is preserved. And if it is actual structure that’s represented in the
“phenomenological laws” of discarded successful theories, then discarded successful theories are
not the sorts of things that will serve to help anti-realists to make a pessimistic meta-induction.
Yes, sometimes terms, even ones that seem important or “central”, will turn out to fail to refer.
But that is not evidence that other aspects of successful theory are false/mistaken/etc.. In fact, if
the SRA is the right account of scientific models: when a theory is successful, and some aspects of
the theory are found to be wrong, that’s evidence that other aspects of the theory are right. There
must be some successful structure-representation for success in prediction.

4.

Conclusion

The primary purpose of this chapter was to consider, in a variety of ways, the claim that
scientific models are somehow false. I clarified my terminology and introduced a discussion of
approximations and assumptions. I considered four distinct cases of what I called multiple models,
and used the cases to discuss inter-model and theory-model relationships. As a secondary
purpose, I defended scientific realism against arguments from the not-quite-right-ness of theories,
such as the PMI. I concluded that the SRA provides the tools for understanding the discussed
relationships, and for defending scientific realism from the PMI.
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Chapter 3
The Case of VB and MO

As I discussed briefly in chapter 2, there exist two main theoretical frameworks for
modeling molecular bonding and geometry: Valence Bond Theory (VB), and Molecular Orbital
Theory (MO). In this chapter I will consider the two in some depth.39 I will have two purposes
for the discussion of the case: illustrating and elaborating on the distinction mentioned in chapter
2 between approximations and assumptions, and considering the plausibility of two common
anti-realist claims.
The two claims in question are raised about scientific theories by anti-realists in the
modeling literature. I will use the case of VB and MO as a counterexample. First: that theories
are about models and not the world, and so play merely some sort of passive role in scientific
practices. And second: that since scientists often successfully use mutually-theoreticallyinconsistent models, truth can’t play a role in the success of models or theory. I will argue, with
appeals to the Structure-Representation Account, that both of these are mistaken.

1.

Valence Bond Theory

39 It’s worth noting up front that I will be presenting the earliest, simplest forms of VB and MO. Though both
successful in their time, VB does not come out looking very good—modern versions are much more sophisticated.
However, this chapter is not intended to be an apology for one theory over the other. The presentation is intended
only to raise and illustrate the issues central to this chapter; that the theories have since evolved isn’t relevant.
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1.1

A Short History and Introduction to VB

In what follows I’m going to present models for a very simple case: the hydrogen
molecule, H2.40 I’ll first show a model using VB, since it came first historically and is in many
ways conceptually simpler, and then go through a model using MO. I will skim over many
details, as not all of them are of philosophical interest here.
The origins of VB lie in the work of Gilbert Lewis, whose molecule-diagrams with little
dots as electrons we’ve all drawn in school. In his (Lewis, 1916) he introduced, among other
thing, two important (if not quite right) ideas. First, the “octet rule”: the rule of thumb that the
“shells” around atoms and molecules can be occupied by a maximum of eight electrons, and that
much bonding that occurs is a result of atoms and molecules “trying” to fill their outer shells.
And second, electron-pair bonding: the idea that where there is a covalent bond “between”
atoms, there will be at least one pair of electrons, and never a lone electron.
Shortly after Lewis’ publication came the birth of quantum mechanics. Walter Heitler
and Fritz London (HL), after visiting Erwin Schrödinger, proposed a new method for calculating
bonding in molecules; it is their method that I’ll focus on in this chapter.41 It is in essence a
quantum mechanical account of Lewis’ account of bonding with shared electron pairs, though it
isn’t clear that HL knew of Lewis’ work.
Their original work in (Heitler & London, 1927) also suggested the existence of a
phenomenon they called “resonance”, though the concept was developed by Linus Pauling in
While a more complex molecule would be more interesting in certain ways, it would also be vastly more complex
and not illuminating about the features I intend to highlight. Water (H2O) might seem only slightly more complex,
with only one more atom, but that isn’t so. See, for example, a VB calculation in (Peterson & Pfeiffer, 1972) and an
MO calculation in (Ellison & Shull, 1955). Only the very simplest molecules can be considered with any brevity.
41 The HL method does not explicitly account for spin, an unknown concept at the time since it was popularized and
formalized the same year in (Pauli, 1927). Modern VB approaches usually do rely on spin, but for my purposes here
it doesn’t matter.
40
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(Pauling, 1928) and his publications over the following few years. It was based on a related idea
in spectroscopy introduced by (Heisenberg, 1926), an analogy to a phenomenon observed in
coupled oscillators that resonate with a characteristic energy resulting from their interaction.

Figure 3.1.1
(a), (b), and (c) are Lewis diagrams of permissible electron configurations of the
carbonate ion, CO3-2; each is a resonance structure. (d) is a weighted average of the resonance
structures, a resonance hybrid.

Each of (a), (b), and (c) in Figure 3.1 is called a resonance structure. They are configurations of
the electrons that are permissible under the rules of Lewis diagram and resonance structure
construction.42 Not all molecules have resonance structures; sometimes there is only one possible
electronic configuration. (d) is called a resonance hybrid, a weighted average of all of the resonance
structures.43 However, resonance structures aren’t actually found in nature; (Havenith, Lenthe,
Jenneskens, & Engelberts, 2006) show that “the one-to-one correspondence of valence bond
structures to Lewis-structures, with localised, independent bonds is absent.” It’s only

42 They’re sometimes also called resonance contributors, canonical forms, and canonical structures. The rules of their
construction aren’t philosophically relevant here.
43 The weighting is determined algorithmically. Again, the rules are not philosophically relevant here.
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configurations like those in the diagrams of the resonance hybrids that are observed. The hybrid
configuration is more stable than the others—it has a lower total energy than any of the
resonance structure configurations.
The bonding energy of the molecule, the amount of energy that would need to be put
into the system to break the bond, is a measure of the strength of the chemical bond. VB uses a
concept called resonance energy to account for this value, a characteristic energy resulting from a
sort of interaction of the individual resonance structures. Resonance energy is the difference
between the actual, measured bond energy and the calculated bond energy of the most stable (i.e.
lowest energy) of the resonance structures. Pauling says that “the difference in energy is
interpreted as the resonance energy of the molecule among several electronic structures, and its
existence in a given case provides strong evidence that more than one structure is contributing to
the normal state of the molecule, the number and importance of the contributing structures
being indicated by the magnitude of the resonance energy” (Pauling & Sherman, 1933).
However, as noted above: the individual structures aren’t found in nature. Further, there is no
evidence of a resonance phenomenon, any sort of fluctuating among electronic structures that
would amount to contributions from each to this energy. I’ll discuss this a bit more below.

1.2

Example VB Calculation: H2

The hydrogen molecule H2 has two atoms of hydrogen with one proton each, of course,
and one electron per proton. The VB method begins by pretending that the separation between
the two atoms is infinite. This way the wavefunctions can be constructed for each electron
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separately, considering only its interaction with the proton to which it’s “attached”. The wave
equation χ for a single ground-state hydrogen atom is:

𝜒𝜒(𝑟𝑟) =

1

𝜋𝜋𝑎𝑎! !

𝑒𝑒 !!/!!

I will denote the two nuclei with wavefunction subscripts ‘A’ for one and ‘B’ for the other,
the two electrons with ‘1’ and ‘2’, and the wave equation for (for example) A and 1 separated by
a distance r with χA(r1).44 Since the two electrons are indistinguishable, we can’t “label”/“tag”
them tell them apart, there is no difference between the sates with 1 on A and 2 on B and vice
versa. So with the nuclei infinitely far apart we could have either:

or

𝜒𝜒! 𝑟𝑟!   and  𝜒𝜒! (𝑟𝑟! )
𝜒𝜒! 𝑟𝑟!   and  𝜒𝜒! (𝑟𝑟! )

giving us two new molecular wavefunctions ‘a’ and ‘b’

and

φ! (𝑟𝑟! , 𝑟𝑟! ) = 𝜒𝜒A

𝑟𝑟1 𝜒𝜒B 𝑟𝑟2

φ! (𝑟𝑟! , 𝑟𝑟! ) = 𝜒𝜒A

𝑟𝑟2 𝜒𝜒B 𝑟𝑟1

I will ignore the fraction for normalization at the beginning for the rest of this overview—it doesn’t play a relevant
theoretical role.
44
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a simple product of the two atomic wavefunctions. Heitler and London constructed the
wavefunction this way because the location-probabilities of each individual electron in this case
are independent. For any two independent events, the probability of both event E1 and event E2
occurring is P(E1& E2)=P(E1)P(E2). In principle this applies to any quantum mechanical
probabilities related to non-entangled quantum states. Because of the electron
indistinguishability, the final wavefunctions have to incorporate both of the above—either
electron could be in either state, but since they’re fermions they can’t be in the same state. When
we bring the two nuclei and two electrons together as molecular hydrogen (H2) we have:

Φ!!" 𝑟𝑟! , 𝑟𝑟! = φ! 𝑟𝑟! , 𝑟𝑟! + φ  ! (𝑟𝑟! , 𝑟𝑟! )

and

Φ!!" 𝑟𝑟! , 𝑟𝑟! = φ! 𝑟𝑟! , 𝑟𝑟! − φ  ! (𝑟𝑟! , 𝑟𝑟! )
which are superpositions of the earlier molecular wavefunctions, one symmetric (+) and one
antisymmetric (-).
However, it’s not the case that the energies associated with the two wavefunctions are
equal. The Hamiltonian operator for the molecule with some inter-nuclear distance R is:45

𝐻𝐻!! = −

45

1 !
1
1
1
1
1
1
∇! + ∇!! −
−
−
−
−
−
2
𝑟𝑟!! 𝑟𝑟!! 𝑟𝑟!! 𝑟𝑟!! 𝑟𝑟!! 𝑅𝑅

Using atomic units for compactness.

79

We must solve the Schrödinger equation to find the expectation value of the energy E of
the resulting bond for both of the above, where a * indicates the complex conjugate, and the
wavefunction has been normalized:

𝐻𝐻!! Φ!!" = 𝐸𝐸Φ!!"
𝐸𝐸!!" =

𝐸𝐸!!" =

𝐻𝐻!! Φ!!" = 𝐸𝐸Φ!!"

Φ!!"∗ 𝐻𝐻Φ!!" 𝑑𝑑𝑑𝑑 =  < Φ!!" 𝐻𝐻 Φ!!" >
Φ!!"∗ 𝐻𝐻Φ!!" 𝑑𝑑𝑑𝑑 =  < Φ!!" 𝐻𝐻 Φ!!" >

It can be shown that E- > E+. The plots have roughly the following shape:

E
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Figure 3.1.2

Plot of 𝐸𝐸!!"

and 𝐸𝐸!!" ; the latter is greater than the former.
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3.5

R

Further, consider these plots of the probability densities from Φ!!" and Φ!!" :

Figure 3.1.3

Plots of the probability densities for H2.46

The summed wavefunctions of Φ!!" have an increased probability density between the

two nuclei; the subtraction in Φ!!" results in a zero probability of finding electrons between the

nuclei, a planar “node”.47 The result is that Φ!!" and Φ!!" are also known as bonding and

This is a public domain image found at: http://2012books.lardbucket.org/books/principles-of-general-chemistryv1.0m/s13-03-delocalized-bonding-and-molecu.html
47 There has been debate—for many decades among physicists and chemists, more recently among philosophers—
about how to interpret this increased density between the nuclei. Michael Weisberg, for example, has claimed that it
“eliminates the possibility that bonds are a molecule-wide phenomenon” (Weisberg, 2008). Hinne Hettema, in reply,
thinks that Weisberg makes too much of this aspect of VB, and that “The existence of electron density between the
two atomic centres, while a consequence of the Heitler–London approach, is not its most interesting conclusion”
(Hettema, 2008). But when not speaking carefully, claims like Weisberg’s are not uncommon. For example, David
Griffiths, in his very widely used textbook Introduction to Quantum Mechanics, says that “a covalent bond occurs when
shared electrons congregate between the nuclei, pulling the atoms together” (Griffiths, 2005). This is a topic well
worth further exploration, but it’s too far from the focus of this dissertation for development here.
46
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antibonding wavefunctions. The former, with a lower overall energy that Φ!!"   and increased
probability density between the nuclei, results in bonding; the latter does not.

For more complicated molecules, involving more than two atoms, there is also the
question of molecular geometry—where the nuclei in the molecule are in space relative to each
other. I don’t need these details here, so I’ll leave them to the side.

1.3

Some Distinguishing Features of VB

The features most unique to VB are resonance and its related ideas: resonance structures,
resonance hybrids, and resonance energies. These features are also the most problematic. As I
noted above: there don’t seem to exist resonance structures, or any phenomena of resonating
between states to produce a resonance hybrid or resonance energies.
The electronic structure of a given molecule in VB is determined by first considering the
orbitals of the individual atoms in isolation from each other (and everything else), and then
combining these individual orbitals under the assumption that they’re both non-interacting and
associated with only one of the nuclei. The bond strength is then proportional to the amount of
“overlap” of the individual atomic orbitals; the greater the overlap, the stronger the bond. This is
balanced by the repulsion of the nuclei. This is sometimes known as the principle of maximum overlap.
The result is the curve in figure 3.1.2, which shows a minimum energy (and so maximum
stability) at some particular distance between the nuclei.
There are some conceptual difficulties for VB with what might seem like basic cases.
Consider H2+, which has two protons and just one electron. There can’t be overlap of orbitals
because there’s only one occupied orbital. This is the problem of odd-electron bonding, when there is
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just one electron in the outer/valence shell. In such cases the theoretical treatment is to consider
the “overlap” of the two possible resonance structures: the electron near A, and the electron near
B. If there are no actual resonance structures in nature, though, as even the VB theorists
acknowledge: it is theoretically/metaphysically problematic, to say the least, to require them to
account for some cases of bonding.
Calculation problems arise in various circumstances. For example: any molecules that
have significant ionic components to their total bond energy—the Heitler-London method, as I
noted above, neglect ionic bonding entirely. There are also several notorious cases of VB failures.
(Shaik & Hiberty, 2004) make note of several; they also take great pains to emphasize that most
or all of these are popularly believed and taught, though not really failures. Where there are
really failures they are a result only of the limitations of very early VB theory (which is what I
have presented so far).48

1.4

An SRA Model with VB

Representational medium: Equations, plots/diagrams
Target: Structure relating position, kinetic energy, and potential energy of electrons and
protons.
Interpretation instructions:49 The domain of application is two protons separated by
roughly 0.074nm, with two electrons roughly 0.053nm from the nucleus with which each
Not all of their explanations are convincing. For example: they blame the failure of VB dealing with C5H5+ on “a
failure of simple resonance theory, not of VB”(Shaik & Hiberty, 2004). Resonance theory is the heart of VB; it’s hard
to understand what it would mean for resonance to fail and VB to succeed. (Note that these are practical failures,
failures in the sense I advocated in chapter 2, not merely theoretical failures.)
49 Here and below, where I outline an SRA model for MO, it should be understood that included in the
interpretation instructions are all of the related disciplinary norms, understood tacit information, and any
background theory that is necessary.
48

83

electron is associated. The calculated minimum energy should be interpreted to be the
bond energy of actual H2 molecules.

2.

Molecular Orbital Theory

2.1

A Short History and Introduction to MO

At roughly the same time as VB was being developed—the late 1920s into the 1930s—
Robert Mulliken, Friendrich Hund, John Lennard-Jones, Erich Hückel, and others were all
working on developing aspects of what would become MO. Much of its early history, up to
before Heitler, London, and Pauling, is also the same—there’s no need to repeat section 1.1.
Though the roots of VB are more obviously in Lewis’ theory and diagrams than those of MO,
Mulliken interestingly claims that “it was at first thought that valence bond (VB) theory, in which
electron pairs are formed by the exchange interaction of odd electrons of two atoms or radicals
which come together, is the proper counterpart of Lewis's pair theory. However, VB theory lacks
the flexibility that MO theory has, and which Lewis's theory also possesses, in accounting for
pairs of electrons in polar molecules” (Mulliken, 1970).
Where those who would head along the VB-route and those along the MO-route parted
ways was, among other things, in whether to consider electrons to be in orbitals that are
attributable to particular nuclei, or in orbitals of the molecule as a whole. VB does the former,
MO the latter. The seminal paper by Lennard-Jones is thought to be the first to give a
quantitative presentation of this idea (Adam, Lennard-Jones, & Hückel, 1934), and is written
with reflection on the work of Heitler and London, Heisenberg, Pauli, Mulliken, Hund, and
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others (Lennard-Jones, 1929). Lennard-Jones endorsed a method involving bringing in one
electron at a time to the molecule and placing it into the appropriate orbital, so that the result
[generally speaking] is the lowest energy combination of orbitals. This and other ideas proposed
in that paper were expanded on over the next few years, in particular by Douglas Hartree
[(Hartree, 1928a), (Hartree, 1928b), (Hartree, 1928c)] and Vladimir Fock (Fock, 1930)50. Among
other innovations, the Hartree-Fock method uses the assumption that the electrostatic repulsion
felt by each electron can be calculated as a simple mean of the charges of the nuclei and other
electrons. This provides an enormous calculational advantage over trying to simply use the
many-body Schrödinger equation, especially for large nuclei and molecules, because it gets
around having to consider every individual particle interaction. As noted earlier, that calculation
cost increases exponentially.
In what follows I will again be looking only the very simple H2 molecule, so the HartreeFock innovations won’t come into play. I will, however, consider them briefly later when I discuss
approximations and assumptions.

2.2

Example MO Calculation: H2

The MO method for H2, like the VB method, begins with a wavefunction for atomic
hydrogen, with the electron a distance r from the nucleus:

𝜒𝜒(𝑟𝑟) =

50

1

𝜋𝜋𝑎𝑎! !

A translation can be found in (Fock, 2004).
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𝑒𝑒 !!/!!

We then consider, similarly to VB above though for a single electron, the wavefunction
for the two nuclei at an infinite separation, so that the electron is near either one or the other
nucleus, giving us:

and

𝜒𝜒! (𝑟𝑟! ) =

𝜒𝜒! 𝑟𝑟! =

1

𝜋𝜋𝑎𝑎! !
1

𝜋𝜋𝑎𝑎!

!

𝑒𝑒 !!! /!!
𝑒𝑒 !!! /!!

The significant calculation difference from VB, though, begins immediately. The next
step is to consider the molecular wavefunction for the one electron near the nuclei after they’re
brought together, which is the molecular hydrogen ion H2+. Rather than taking a product of the
atomic orbitals as we did for VB, we start with a linear combination, a superposition: this is
typically called the linear combination of atomic orbitals (LCAO). For nuclei A and B we once again
have symmetric and antisymmetric wavefunctions:

and

φ!"
𝑟𝑟! , 𝑟𝑟! = χ! 𝑟𝑟! + χ! (𝑟𝑟! )
!
φ!"
𝑟𝑟! , 𝑟𝑟! = χ! 𝑟𝑟! − χ! (𝑟𝑟! )
!
We then place a second electron in the next “free” orbital location, in this case the same

orbital. This gives us four possible permutations for combining the symmetric and antisymmetric
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wavefunctions, which I’ll label with ‘++’, ‘+-’, ‘-+’, and ‘--’. For any relatively small internuclear
distance, the latter three wavefunctions yield energies higher than that of ++; only ++ will give
us a bond, so I will leave the others to the side for the time being. With reasoning and
assumptions about the independence of probabilities related to finding the electrons at particular
locations, we get a wavefunction for H2 (again using ‘1’ and ‘2’ for the electrons):

!"
!"
(1, 2) = φ!"
Φ!!
! (1)φ! (2)

The procedure and equations for VB and MO seem very similar. However, if we expand
!"
Φ!!
and Φ!!" , the end results of the superpositions and multiplications of wavefunctions, we can

make an interesting comparison:

!"
Φ!!
= χ! (1)χ! (2) + χ! (1)χ! (2) + χ! 1 χ! (2) + χ! (1)χ! (2)

Φ!!" = χ! (1)χ! (2) + χ! (1)χ! (2)

!"
!"
are the same as Φ!!" . The latter two of Φ!!
have, in the first
The first two terms of Φ!!

case, the two electrons near A, in the second case, near B. These can be interpreted as ionic

components to the bond, one H atom with an extra electron and negatively charged and the
other free of electrons and positively. We could write it as:

!"
Φ!!
= Φ!!" + Φ!!"#
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While this might seem like an improvement on VB, it introduces a bit of a difficulty for
!"
seems to have the covalent and ionic components each with a
MO if not treated correctly. Φ!!

50% influence on the overall bond energy; that can’t be right. There is no reason to expect the

mutually repelling electrons to spend any significant amount of time both near a single H atom in
H2. Though I didn’t write them in above, there are coefficients for each term that weight the
contributions; these will minimize ionic components in the case of H2.
The equations for the Hamiltonian and energies is the same in general form, so I will skip
those details:

!"
𝐸𝐸!!
=

!"∗
!"
!"
!"
Φ!!
𝐻𝐻Φ!!
𝑑𝑑𝑑𝑑 =  < Φ!!
𝐻𝐻 Φ!!
>

!"
While the values for energy are somewhat different for 𝐸𝐸!!" than for 𝐸𝐸!!
, they produce

curves of the same general shape and both predict bonding at essentially the same values of
internuclear distance.

2.3

Some Distinguishing Features of MO

Where VB considered the orbitals of “isolated” individual atoms and tried to combine
them, MO attempts to consider the orbitals of the molecule as a whole. The “overlap” of atomic
orbitals is not to be interpreted quite so literally in MO; instead, it can be seen “as a measure of
the bonding power of a MO” (Mulliken, 1970). The nature of bonding is, for MO, a quantum
mechanical phenomenon rather than a more classically based, Lewis-style electrostatic attraction
as in VB. The overlap of orbitals increases bond strength because of the constructive interference
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of the wave-natures of the electrons; in antibonding orbitals there is destructive interference.
Further, as noted above: electrons don’t need to come in pairs, as VB requires in some
circumstances.
The delocalization of electrons over the whole molecule, rather than associating them
with particular nuclei as VB does, allows for easier explanation of certain phenomena. For
example, “why some compounds are colored and others are not, why some substances with
unpaired electrons are stable, and why others are effective semiconductors” (Averill & Eldredge,
2011). The interaction of electrons with other particles in the molecule, as noted above, is treated
as each electron interacting with a mean of the rest of the charges.
Resonance is not required in MO, and “its use has been decried by some MO theorists as
an unnecessary fiction” (Healy, 2011). The analogy suggested by Heisenberg and used by some
VB theorists doesn’t seem to be a good one. ‘Resonance’ at least seems to imply some sort of
“resonating”, either in the form of repeating/cyclic switching between states or an increase in
energy in certain characteristic circumstances. Neither of these is the case. In fact, the idea is that
resonance “contributes” to a decrease in overall energy, “increasing” the stability of the
molecule.51 Though the phrase “resonance energy” is still common, it is now often called
delocalization energy because of the confusion with the original term.

2.4

An SRA Model with MO
Representational medium: Equations, plots/diagrams
Target: Structure relating position, kinetic energy, and potential energy of electrons and
protons. [Electrostatic charge, for the ionic component?]

The interpretation was questioned very shortly after Pauling’s initial publications. For example, (Burawoy, 1943)
lists four empirical observations that contradict it.

51
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Interpretation instructions:52 The domain of application is two protons separated by
roughly 0.074nm, with two electrons roughly 0.053nm from the nucleus with which each
electron is associated. The calculated minimum energy should be interpreted to be the
bond energy of actual H2 molecules.

3.

Assumptions and Approximations

In chapter 2 I outlined a distinction between approximations and assumptions; I will now
explore this in more depth using the examples of MO and VB. Approximations, as I’ve said
elsewhere, are the results of choices of what hypothesized structure and/or which hypothesized
parameters to include (or exclude) in a model; what they are and do is fairly straightforward.
Assumptions, on the other hand, come in several varieties and are sources of confusion. They
are, in short, extra-theoretical reasons for approximations, very much like the term would be
used in the context of a logical derivation: supposing that A were true—assuming A—what would follow?
There are also the standard non-scientist, “folk” usages of both terms—the terms are often used
those ways, too, but I leave them to the side where possible.
Though I suspect that it’s common that a particular individual will use the two terms in
fairly distinctive ways, there is no uniformity between individuals in the use of either term or how
they’re distinguished; I’ll give some examples below. My purpose in this section is primarily to
suggest particular usages, not to analyze the usages of others. Since my use of ‘approximation’
appeals to the Structure-Representation Account, I can’t expect that its usage would be the same
for anyone else. However, the basic distinction between “approximation” and “assumption” that
52 Here and below, where I outline an SRA model for MO, it should be understood that included in the
interpretation instructions are all of the related disciplinary norms, understood tacit information, and any
background theory that is necessary.
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I will suggest, and which I’ll get to next, can be made without the SRA (though I won’t be careful
to do so).
The easiest way to distinguish between the two terms is in when in modeling methodology
they are used. Assumptions come before the modeling begins; approximations, in a sense, are the
modeling process. Consider the VB and MO methodologies above. The two make use of the
same parameters to be applied in the medium, but the represented structure is different.
Before choosing/creating a medium for a model (equations, in the cases of MO and VB)
there need to be reasons to choose which structure is to be represented and which parameters are
to be included (or excluded). In general, and for the most part for a given model, this information
will come from established theory.53 When not part of established theory, they are assumptions.
For example: VB makes use of assumptions such as that electrons are associated with particular
nuclei, and that the location-probabilities for electrons are independent. MO makes use of
assumptions such as that a molecular orbital can be created by linear combination of atomic
orbitals due to wave interference, and that electrons electrostatically interact with a mean of the
charges of the other particles in the molecule. None of these are part of established theory, theory
that we believe to be true of the world, but all are used in motivating the construction of the
models.
The confusion comes in—in philosophy of science, in metaphysics, in the sciences—when
it’s not clear which assumptions are to be taken seriously as hypotheses, as candidates for
addition to established theory, and which ones are merely a sort of “excuse” for calculational
expediency or other convenience.54 This is not the place for an extended discussion on the topic,
Though as I discussed in chapter 2: established theory can be tested by creating models that deliberately don’t
conform in various ways and observing the results of tests on the model.
54 The latter, strictly speaking and in principle, need not even be voiced. That these assumptions are typically made
explicit must be due to some fact about our psychology and desire for explanation—an interesting phenomenon, but
well beyond the scope of this dissertation.
53
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but theorizing (or philosophizing) with the wrong sort of assumptions as premises will typically
lead to the drawing of false metaphysical conclusions. For both of these examples for VB and
MO: the first is an assumption that was probably taken seriously by the theory creators; the
second certainly was not. No distinction was made between them. I will call assumptions that
should not be taken seriously expediential assumptions; I will call assumptions that should be taken
seriously theoretical assumptions.
The issue isn’t always in reasoning from expediential assumption to false metaphysics,
however. In chapter 2 I noted the example of Redlich and Kwong, and their claim about their
modification to the van der Waals equation that “there is no really good theoretical justification
for the two changes in the denominator of the a-term but the agreement with observed data is
considerably improved” (Redlich, 1976, p. 48). They believed that their assumption was of the
expediential variety, and shouldn’t be taken metaphysically seriously, so much so that in their
original paper they “omit a detailed discussion [of their reasons for introducing the modification]
because the reasoning is circumstantial and by no means rigorous” (Redlich & Kwong, 1949).
However, they were wrong. Their modification introduced to the representation new structure
relating the size of molecules, the temperature, and intermolecular attraction—relationships we
now know to exist. What used to be merely a “tweak” to the medium to help with calculation
efficiency is now part of established theory.
As I said above: there is no generally accepted distinction between the use of
‘approximation’ and ‘assumption’. I’ll now show several examples. First two different uses of
‘approximation’ to mean what I’m calling assumptions. Then a use of ‘assumption’ to mean
roughly what I’m calling approximation.
For example, both VB and MO use what’s standardly called the Born-Oppenheimer
Approximation. This “approximation” is used to name two different, related things. First, that the
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total wavefunction for a molecule can be calculated by separating, and taking the product of, the
nuclear and electronic wavefunctions: Ψ!"! = 𝜓𝜓! 𝜓𝜓! . And second, that the total energy can be
calculated by separating and summing the nuclear, electronic, rotational, and vibrational

components: 𝐸𝐸!"! = 𝐸𝐸! + 𝐸𝐸! +𝐸𝐸! + 𝐸𝐸! . The Born-Oppenheimer Approximation is what I’m

calling an expediential assumption, as neither of these is thought to be true; they are not part of
established theory. The use of the term in the name is closely related to the standard “folk”
usage, meaning something like “close to the truth”.
Or consider this quotation: “The spin-Hamiltonian VB theory uses the same
approximations as the qualitative theory presented above to calculate the Hamiltonian matrix
elements […] Another simplification is the zero-differential overlap approximation, which means
that all overlaps are neglected in the formulas. Apart from these simplifying assumptions […]”
(Shaik & Hiberty, 2004). The use of ‘approximation’ is, again, what I’m calling an assumption;
but the use of ‘assumption’ agrees with mine. Here the terms are used interchangeably—this is
very common.
On the other hand, consider the following: “Now one can make the following
assumption: let the function 𝜓𝜓 𝑥𝑥 = 𝜓𝜓(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) depend only on the distance r from the nucleus.
Then the function 𝐺𝐺(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) will also depend only on r and one should seek the solution […]
which possesses the spherical symmetry” (Shaik & Hiberty, 2004). This is about which

parameters to actually include and which structure to represent—this use of ‘assumption’ is what
I’m calling an approximation. We could ask Shaik and Hiberty why should we let the function depend
only on r? They would reply with some reason, either some assumption or some established theory.
I believe that it would be extremely useful to clean up the usages of these terms. I think
the easiest way to do so would be by first adopting the SRA, which opens the door to a much
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clearer definition of ‘approximation’ than is otherwise available. But even the distinction from
the role in methodology, along with the further distinction for assumptions, would help in any
theorizing.

4.

Theory, Models, and Anti-Realism about Science

In this section I will consider two related anti-realist claims. First: that theories bear a
close relationship to models and models to the world, but that theories do not bear a close
relationship to the world. And second: that since scientists regularly use successful models with
apparently inconsistent theoretical bases, and theory is what describes models, it can’t be the case
that theory-truth has any bearing on the success of models.
Many of the criticisms of scientific realism focus on scientific theories, or aspects of
theories such as theoretical terms. The worries, in short, are about realists’ claims of
correspondence (of one sort or another) between theory and world: whether or not propositions
in theory are true, whether or not terms refer, etc., depending on the details of the realist
account.
It’s worth distinguishing between two sorts of anti-realism. The first is what we might call
strong scientific anti-realism, which has as its aim to conclude that all scientific theories, and their
contents, are false. Some forms of social constructivism fall into this category, for example. The
second is what we might call weak scientific anti-realism, which wants to conclude merely that in
some very strict sense scientific theories and their contents are false (or at least not true), but
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theories are still about the world and still have some sort of correspondence with it.55 The antirealists I will discuss here are of the weak sort: none of them want to reject all claims of truth or
correspondence between theories and the world. Ronald Giere, for example, has proposed
“constructive realism”; structural realists, whom I discussed in chapter 2, are another example.

4.1

Theories, Models, and the World

To avoid some of the attacks on stronger forms of scientific realism it’s common to adopt
views about models that distance theory from the world. That is, views that try to avoid any
explanatory appeals to the truth of theory. Since I mean something different by ‘model’ than they
do, having my Structure-Representation Account in mind, talking about other accounts is
somewhat confusing. In what follows I intend to use ‘model’ in whatever way the respective
author(s) intended—nothing that I say should depend on the SRA.
One such project, suggested first by Margaret Morrison (Morrison, 1997) and bolstered
by several authors in (Morgan & Morrison, 1999), tries to give a sketch of an account of models
that establishes them as “mediators” between theory and the world. As they see it, models
“occupy an autonomous role in scientific work”, since they are “partially independent of both
theories and the world” (Morgan & Morrison, 1999). They and [at least some of] their
collaborators take models to be independent to such a great degree from both theory and the
world that they allow room for models to be “constructed without the aid of theory” (ibid, p. 14).
This can’t be right. Suppose a “modeler” were to try to construct a model without any
theoretical guidance. Let’s grant that they have some idea of the phenomenon that they are
55 Others have distinguished between a strong and weak scientific realism ((Devitt, 1991), (Seager, 2009), and others).
Another way to define what I have in mind for strong/weak anti-realism would be that strong anti-realism rejects
even weak realism, and that weak antirealism rejects only strong realism.
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trying to model (though that is, of course, theoretically grounded); a molecule, for example. First
they must randomly choose a medium—there would be no reason to select one over another.
Then they would have to arbitrarily choose shared aspects of the medium and target. Without
theory there would be no reason to choose one parameter and not another, or this structure to
represent and not that.
Ronald Giere’s much-cited similarity account of models is another with goals similar to the
above. He claims that the subject matter of theories is models; “the equations [which are part of
what make up theories] are true, even necessarily true, for the model. For models, truth, even
necessity, comes cheap” (Giere, 1995). Models, in turn, are similar “in various respects and
degrees” to the world. He claims that “to claim a hypothesis is true is to claim no more or less
than that an indicated type and degree of similarity exists between a model and a real system. We
can therefore forget about truth and focus on the details of the similarity” (Giere, 1988). Further,
that “a ‘theory of truth’ is not a prerequisite for an adequate theory of science” (ibid).
Giere’s proposal seems, at least at first blush, to be less susceptible to the criticisms that I
offered to “models as mediators” position. He doesn’t emphasize “independence” of models from
theory and the world. It doesn’t fare any better, though—there is a bootstrapping problem in the
same vein as the one I suggested above. Suppose that we’re pre-scientific, without theory or
models.56 Where do we begin? We can’t simply begin hypothesizing theory; we have no models,
so there’s no subject matter for theory. We can’t (at least non-randomly) begin constructing
models, since we would need to at least be able to judge the “respects and degrees” of similarity
between models and the world. How would we know which similarities are important? Giere
notes very often that “anything is similar to anything else in countless respects” (Giere, 2004).

56

Never mind that it’s not obvious that this situation is possible.
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This is a problem in two ways, one simple one more serious. The simple is that we seem
to have no good way of beginning the construction of theory or models. However, it wouldn’t
seem to me totally implausible for Giere to reply that the first models were randomly constructed
and the relevant respects of similarity discovered over time. But even if this were so there is a
more serious issue: theory, given everything Giere says, just can’t be only about models. If
hypotheses—part of theory—can contain information about respects and degrees of similarity
between models and the world, as in the quotation above, then there must be terms in theory that
refer to the world. “This in the model is similar to that in the world.” If “that” doesn’t exist, or
“this” and “that” aren’t similar in the appropriate respect or to the desired degree, then truth
cannot be forgotten. And a “theory of truth” is a prerequisite for an adequate theory of science.
These sorts of issues seem to generically apply to accounts of scientific theories and
models that try to separate theory from the world. Yes, it would be convenient to have such a
separation for the sake of avoiding charges of theory falsity when we want scientific theory to be
true. But there can’t plausibly exist such a separation. Theory is, in part or in whole, unavoidably
about the world.

4.2

Theory-Truth and Theoretically Inconsistent Models

It seems prima facie that the theoretical bases of VB and MO can’t both be true. VB is
centered around concepts like resonance, resonance structures, resonance hybrids, resonance
energies; VB associates particular electrons with particular nuclei; VB attributes bond strength to
the overlap of atomic orbitals. MO theory attributes bond strength to the constructive
interference of the wave-nature of electrons; MO delocalizes orbitals over entire molecules; MO
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makes no use of any resonance-related concepts. Many of what seems to be the central claims
and concepts of the two are inconsistent; both, even in their earliest forms (as discussed above),
were very successful.
Anti-realists argue that if a scientific theory can be successful while not being true, then the
truth can’t be an important feature of scientific theories. If truth is not an important feature of
theory, then the realist claim that success is an indicator of truth is false. Cases such as MO and
VB, they claim, are examples of success without truth (since it seems that one or both of them
must be false), so success can’t be an indicator of truth.
If it were right that there existed cases of pairwise-inconsistent-yet-both-successful theories
then the anti-realists would, I think, have a case. I will now offer two reasons why there aren’t
really any such cases. First just a hand-wave at a reply based on what I’ve already said about
assumptions, then a more detailed reply using the tools of the SRA.
The apparent inconsistencies do not come from two different established theories—the
established theory to which VB and MO appeal is exactly the same—the inconsistencies are in
the assumptions (and, as a result, the models); for the most part they are in the expediential
assumptions, which are supposed to be understood as not true. There is no harm at all from these
“conflicting” fictions. For assumptions that are intended to be taken seriously: one or all of them
may very well be strictly speaking false. The discovery of which are true and which false is part of
the daily business of science.
Allowing false assumptions might seem to play into the anti-realist agenda, but in chapter
2 I explained why such falsity isn’t always a problem. And that is the real reply to this issue: VB
and MO are successful not because of any of their assumptions, but because the mediums for
each represent actual structure in the world. For all the differences that there seem to be between
!"
= Φ!!" + Φ!!"# . The VB medium is part of the MO medium—it is
the two, recall the following: Φ!!
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identical to the first term in this sum. Understood with the SRA we can see that the two are really
not so different. The success a of model, as I discussed in earlier chapters, is a pragmatic matter.
A model is successful when we can achieve acceptably accurate predictions on our desired
domain of application. Theory success is judged by the success of its models.57
VB and/or MO do not fully truly express in natural language the parameters and
structure in the world that they’ve successfully hooked in to. But the successes of their models
show that they have represented in their mediums some actual structure. Much of the same
structure, in fact, which should not be a surprise. This same thing will be true for any successful
but apparently theoretically inconsistent theories (and their associated models): even if in natural
language they seem to conflict, they will actually contain a great deal of overlap. When they use
models do represent different structure and use different parameters: the domains of application
over which they’re successful will also be different.
Models, remember, are sort of reencodings of information in theory—there’s nothing
new in models. And so I conclude that the apparent inconsistency in cases such as VB and MO
does not get the anti-realist the sort of example she needs. Theories do not play a merely passive
role in which their truth or falsity is irrelevant. Their truth is key to their success—it simply must
be understood in the right way.

5.

Conclusion

In this chapter we saw that VB and MO, which have similar origins, seemed to develop
along different trajectories that led MO to be more successful. After some simple tinkering with
57 It might not be obvious that some scientific theories have models by which their success can be measured, since we
don’t think of them as using mediums like equations—early evolutionary theory, for example. But we have to
remember that mediums come in many forms; all testable theory has models in one form or another.
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the MO equation we can actually see that MO is, if only in some mathematical sense, VB with
the added consideration of ionic contributions to bonding. In a theoretical sense: the two theories
seem to be inconsistent. They contain what seem to be claims about the way the world is such
that if one theory is true, the other must be false. This leaves open a question of great importance
to, especially, scientific realists: if it can’t be the case that both theories are true, how can we
understand and explain how both are successful?
After further discussing the distinction between approximations and assumptions, and
further differentiating between assumptions to be taken seriously and those made for mere
expedience or rationalization, I argued that the conflict was not as deep or significant as it first
seemed. The conflicting assumptions are of the sort that we aren’t supposed to take seriously. I
also claimed that both scientific and philosophical theorizing could benefit from being more
careful about being clear on which assumptions are of which sort.
In the final section I considered two anti-realist claims commonly found in the modeling
literature. First: that theories are about models and not the world, and so play merely some sort
of passive role in scientific practices. And second: that since scientists often successfully use
mutually-theoretically-inconsistent models, truth can’t play a role in the success of models or
theory. I argued, with appeal to the SRA, the distinctions of approximation and assumption, and
the examples of MO and VB, that both of these are false. Scientific realism, I argued, provides
the best basis for understanding actual scientific practices and success.
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