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1 2016 Nature of Knowledge Lecture

1.1 Miriam Solomon. The Historical Epistemology of Evidence-Based Medicine

Since the early 1990s, evidence-based medicine has come to be a model of objectivity
in medical research and practice. This paper explores how evidence-based medicine
responded to earlier accounts of objectivity in medicine (such as expert consensus),
and how the recent developments of translational medicine, personalized medicine,
and precision medicine are responses to the shortfalls of evidence-based medicine.

2 Plenary Lecture

2.1 Hasok Chang. Pragmatism, Humanism and Integrated HPS

The integration of history and philosophy of science follows naturally if we take a hu-
manist view on science, seeing science as a pursuit of knowledge that human agents
engage in. Among existing philosophical traditions, pragmatism is the best expression
of such humanism. As I interpret it, pragmatism is a well-rounded empiricism: a full re-
alization of the idea that whatever science learns can only be learned from experience.
There are two aspects of pragmatism that I want to stress, taking my lessons espe-
cially from John Dewey and Clarence Irving Lewis. First, “experience” is not merely
the propositional reports issuing from the “five senses”, but the full lived experience
of purposeful agents (individuals and groups) living in the world and learning about it.
Second, the methods of science develop through the process of scientific inquiry itself.
If philosophy of science concerns itself with the methods of science, then it can only
function properly by following the history of science. And if the acquisition and develop-
ment of knowledge is placed fully in the realm of human life, the rationale is diminished
for any kind of history of science that separates out the content and context of science.

3 Perspectivalism session

3.1 Arianna Borrelli. The emergence of “particle resonances”: concept formation and
the materiality of theory

My paper will discuss the emergence of the concept of “resonance” in particle physics
(ca.1950-60), using this fascinating historical process to demonstrate a heuristic ap-
proach to the integrated historical and philosophical study of concept formation which
focuses on the representational strategies associated to a scientific notion, regarding
them as constituting its intrinsic material and performative dimensions. My aim is not to
propose some new theory of concepts and meaning, but rather to extend to the study
of physical-mathematical notions the insights achieved primarily in the investigation of
experimental practices - results showing the importance of exploring knowledge con-
struction in its material, performative and representational aspects.

Scientific concepts are accessible to historical and philosophical analysis only insofar
as they are expressed and communicated in specific ways in situated contexts, and
as such possess a material and performative component which can only be neglected
at the risk of analysing not scientific practices, but their idealized, disembodied re-
constructions. While in the last decades the intimate link between concept formation
and the material, performative and representational aspects of knowledge production
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has been recognized for notions with a closer link to experiment, conceptual prac-
tices involving physical-mathematical formalisms are still usually approached as if they
were disembodied, or as if their representations were epistemically contingent. Yet all
modes of scientific representation are embodied and have special epistemic relevance
because of their variety (symbols, words, images, formulas, measurement units, in-
struments, standard procedures) and interconnectedness: a concept emerging within
a specific experimental set-up can come to be expressed in words or formulas, and
eventually regarded as embedded in other instrumental practices. The border between
experimental and theoretical concepts dissolves between modes of representation,
and so a focus on the “materiality of theory” may help redress the balance between
the study of conceptual developments in theoretical and experimental practices and
further explore the epistemic role of concepts in the interplay of the two not-so-distinct
domains.

Since the “practical turn” in science studies, attempts at reconstructing the formation
of physical- mathematical notions like “electromagnetic field” or “electron” have been
undertaken primarily as case studies to develop some general theory of concepts and
meaning.While this goal is of course a thoroughly valuable philosophical focus, the in-
tegrated historical and philosophical study of the formation of physical-mathematical
concepts cannot be limited to it. Scientific concepts, and in particular those which ap-
pear most abstract, are a fundamental actors’ category in past and present scientific
practices, and thus it is important to investigate their development and epistemic signif-
icance without having to commit to some theory of meaning valid beyond the situated
context of a study. At the same time, to avoid falling back into “whiggish” historiography,
the investigation should be brought forward in a philosophically reflective way, regarding
the formation of abstract concepts as a cultural process embedded in specific historical
constellations, and not as the progressive sharpening of timeless, disembodied ideas
about nature. Finding a balance between the two extremes is a challenge, but I will ar-
gue that the history of physical-mathematical concepts can be fruitfully approached by
regarding the material and performative variety (and occasional incoherence) of their
representations not as a hindrance to be removed or ignored, but as the best entry-
point for reconstructing and contextualizing their significance for historical actors, and
for comparing epistemic constellations situated in different times or cultures.

I will illustrate my statements by discussing how the concept of “resonance” emerged
in particle physics through the formation of a “pidgin” network involving verbal, mathe-
matical, numerical and visual expressions. In the early 1950s newly-built particle accel-
erators made pion-nucleon scattering experiments possible: their results appeared in
form of number tables and plots, and physicists were challenged with the task of finding
some means (numbers, formulas, verbal statements, diagrams...) capable of matching
them. Since the “high theories” of the time, notably quantum field theory, delivered no
concrete connection to these data, some (mainly young) theorist turned to theoretical
strategies from previous decades: the Breit-Wigner formula for nuclear resonances,
the term “isobar” and its qualitative features from certain theories of nuclear forces, the
spin-inspired structures of spectroscopic multiplets and some simple group-theoretical
formulas. A tentative, but iconic match of theory and experiment was first achieved
in form of the ratio 9:2:1 and, to test and expand it, new modes of mediation were
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employed, among them the first computer- aided data analyses in particle phyiscs,
performed on Los Alamos’ MANIAC computer, and hybrid verbal-mathematical argu-
ments based on a notion of causality. Eventually, the term “resonance” came to be
seen as representing a new physical phenomenon about whose existence and features
physicists however widely disagreed. Yet the various representations of “resonances”
mediated between specialized knowledge areas, transforming a disciplinary borderline
into a conceptually new research field. Eventually, the simple label of the first reso-
nance, I(3/2, 3/2), became a key template for a new particle concept.

3.2 Melinda Fagan. The operon model and scientific explanation

There are multiple accounts of scientific explanation on offer in philosophy of science,
which variously locate explanatory power in fundamental processes, general laws,
counterfactual dependencies, detailed causal mechanisms, unifying principles, sim-
plified minimal models and more besides. Jacob and Monod’s operon model of gene
regulation (1961) has, at one time or another, been used as an example in support of
many of these accounts. How can one scientific case justifiably support such diverse
views of explanation? This paper takes an historical approach to the question, which
illuminates changing relations between philosophy and science. The results motivate,
for our current context, a pluralist stance toward scientific explanation.

Across the different philosophical accounts, the operon model itself is a constant.
Based on many years of experiments in Escherichia coli, the model schematically
represents relations between genetic and biochemical entities (structural genes, reg-
ulatory genes, DNA sequences, proteins, small molecules). These components and
relations comprise a genetic regulatory switch, on’ or off’ depending on the presence
or absence of small molecules in a cell’s environment. Briefly: a repressor protein
specifically binds a region of DNA (a regulatory gene) located near a protein-encoding
DNA sequence (one or more structural genes). The bound repressor prevents tran-
scription of the nearby structural genes. A specific small molecule, however, can also
bind the repressor, thereby preventing its binding to the regulatory gene. If this small
molecule is present, then transcription of the structural genes proceeds. The structural
genes encode enzymes needed to metabolize nutrients associated with the inducing
small molecules, completing the regulatory circuit.

All agree on the basics of this simple model. Similarly uncontroversial is the claim that
the operon model explains (in some sense of the term) regulation of gene expression.
But further analysis of this claim runs the full gamut of philosophical views on biological
explanation. The operon model has been interpreted as an instance of DN explana-
tion (Schaffner 1969), a step toward reduction of biological phenomena to physical
and chemical laws (Schaffner 1974, Kimbrough 1979), an “interfield theory” linking ge-
netics and biochemistry (Darden and Maull 1977), an example of anti-reductionism for
Mendelian and molecular genetics (Kitcher 1984), an illustration of highly abstract mod-
els of gene regulatory networks (Richardson 1996), one of a heterogeneous collection
of theories or mechanisms required to “cover the domain” in the absence of biological
laws (Beatty 1997), an example of mechanistic explanation supporting interventionism
over causal process theories (Woodward 2002, Craver 2007), an example of an ab-
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stract model that contradicts the basic mechanistic view (Levy and Bechtel 2013), and
an example satisfying general principles of biological organization (Bich et al 2015).
This compendium of uses suggests that the operon model is a mirror in which philoso-
phers see what they want to see, illustrating explanation by more fundamental laws,
by description of causal mechanisms, by abstraction, or by general principles, depend-
ing on who is looking. How can one scientific case justifiably support such a range of
views about explanation? What does this one-many’ relationship tell us about the rela-
tion between science and philosophy, and the status of any one philosophical account
of explanation?

The most incisive way to answer these questions, I propose, is to take a historical ap-
proach. Considered as a trajectory through conceptual space over time, the uses of
the operon model reflect not only the philosophical preoccupations of particular intel-
lectual contexts (reduction, laws of nature, mechanisms, computational modeling) but
also features of the relation between science and philosophy.

This approach yields several interesting results. For one, it indicates that rejection of
the traditional association of explanation and theory-reduction was the upshot of careful
critical reflection. No other explanatory accounts of the operon have been decisively
rebutted in this way. The historical approach also highlights a key shift in relations
between science and philosophy. As philosophers of biology were reaching an anti- re-
ductionist consensus in the 1980s, biologists were extolling the virtues of reductionist
approaches. That is, what came to be the prevailing philosophical view tacked against
dominant scientific ideas of the time. This oppositional tendency is no longer in ev-
idence by the turn of the millennium. Recent uses of the operon model are closely
aligned with the prevailing views of particular fields of biology.

These two points lead to a third, which is the main focus of this paper. The traditional
reductionist account excepted (for reasons noted above), the operon model supports
diverse accounts of scientific explanation: causal mechanisms, interventionism, multi-
level systems models, and more. Supporters of each can make a good case for their
favored account of explanation. The operon model can be construed as a basic mech-
anism of gene regulation, grounded in experimental successes of molecular biology.
Its relations include specific causal processes and a wide variety of difference-making
relations, which afford fine-grained prediction and control over systems to which it ap-
plies. The model can also be construed as an abstract circuit, a regulatory genetic mo-
tif, or a multilevel systems model. Each of these accounts focuses on a single aspect of
the operon model, identifying it as the source of explanatory power. Each can appeal
to norms and standards of explanation in particular fields of life science: molecular
biology, biomedicine, or systems biology. Taken together, these diverse philosophical
uses of the operon model support pluralism about scientific explanation.

Moreover, the operon model’s interpretive inclusivity is, in our current intellectual en-
vironment, an explanatory virtue. It is a familiar point that science is increasingly in-
terdisciplinary perhaps unavoidably, with increasing specialization and accelerating
technological change. So, going forward, more and more significant scientific explana-
tions will require contributions from multiple fields and disciplines. In such a context,
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a model supporting different styles of explanation is a valuable resource - a versatile
point of contact between fields with diverse explanatory aims and commitments. The
view of the operon model that emerges from considering its philosophical uses in his-
torical perspective, is well-suited to our current interdisciplinary context. Monism about
scientific explanation is an artifact of a limited, ahistorical approach. This is, at least,
what the operon case suggests.
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3.3 Doreen Fraser. Formal analogies in the development of electromagnetism and the
Higgs model (cancelled)

A heuristic for theory development in physics is to draw formal analogies to theories
applied in different physical domains. Perhaps the first use of this strategy in the his-
tory of physics was William Thomson’s use of formal analogies to Fourier’s theory of
heat in his development of a mathematical theory of electrostatics in the 1840s. Since
then, there have been many examples in which formal analogies have been the basis
for developing a theory in one physical domain by applying a mathematical framework
articulated in the context of a theory applied in a different physical domain. This paper
will consider the example of analogies to theories of low- temperature superconduc-
tors in solid state physics that were the basis for the development of the Higgs model
in particle physics in the 1960s. I will briefly argue that the development of electromag-
netism by Thomson and James Clerk Maxwell (among others) in the nineteenth century
and the development of the Higgs model in the twentieth century are both examples
of the successful application of the heuristic strategy of drawing formal analogies to
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theories in different physical domains. I will focus on two respects in which this illu-
minates the Higgs model case study: (1) the analogy with superconductivity does not
supply a physical interpretation for the Higgs field or the Higgs boson in the same way
that the analogies with theories of fluids and mechanical systems did not underwrite
a physical interpretation of a luminferous ether in electromagnetism, and (2) formal
analogies were useful in developing both electromagnetism and the Higgs model be-
cause physicists lacked physical intuitions about the subject matter of the theories. The
electromagnetism case study is better understood than the Higgs model case study,
in part because historical distance allows philosophers, historians, and physicists the
benefit of hindsight and because there has been more opportunity for analysis. This is
why integrated HPS is a fruitful approach to understanding the Higgs model.

Maxwell’s investigations of electromagnetism leading up to his formulation of Maxwell’s
equations were inspired by Thomson’s analogies. His early work on electromagnetism
introduced a model of an incompressible fluid ([1856] 1890, 155); in later work he de-
veloped a mechanical model for electromagnetism that employs molecular vortices in
an ether connected by idle wheels ([1861] 1890, [1873] 1954). Maxwell did not be-
lieve any of these models accurately represented the mechanism for the production of
electromagnetic phenomena, but he did take his models to be a sort of proof of con-
cept’ that there is some mechanical model that represents the production of electro-
magnetic phenomena (Maxwell [1873] 1954, 416-7; Harman 1998, 118-9). Similarly,
when contemporary physicists are pressed to explain the Higgs mechanism to their
students or the general public they often rely on analogies to a condensed matter sys-
tem (e.g., Miller 1993). The historical basis for these explanations is the analogies to
models of superconductivity that introduced spontaneous symmetry breaking into par-
ticle physics. The order parameter in models of superconductivity is the analogue of
the order parameter in the Higgs model. The analogue of the Higgs field is the con-
densate wave function, which represents the collection of superconducting electrons.
Based on an analysis of physical disanalogies, I argue that the same conclusion we
reached about the physical interpretation of electromagnetism also applies to the phys-
ical interpretation of the Higgs mechanism: we should not invest the successful formal
analogies with physical significance. There is no mechanical ether; the Higgs field is
not the same kind of entity as a collection of superconducting electrons and the W and
Z bosons do not acquire mass by a similar physical mechanism to the gain of effective
mass in superconductors.

If one inclines towards one of many variants of scientific realism, one might worry that
the success of formal analogies is inexplicable if they are not underwritten by physical
analogies. In the course of presenting his early model of the force as lines of incom-
pressible fluid, Maxwell offers the following insight: The substance here treated of...is
not even a hypothetical fluid which is introduced to explain actual phenomena. It is
merely a collection of imaginary properties which may be employed for establishing
certain theorems in pure mathematics in a way more intelligible to many minds and
more applicable to physical problems than that in which algebraic symbols alone are
used. ([1856] 1890, 160)

This insight also applies to the Higgs model case study. Formal analogies to super-

8



conductivity were useful because solid state physicists had a much clearer physical
interpretation of the physics underlying superconductivity phenomenology than parti-
cle physicists did of that underlying particle phenomenology. Having an intuitive picture
that goes along with a mathematical formalism can aid with manipulating the mathe-
matical formalism. Ultimately, the intuitive fluid and mechanical models were aban-
doned, but the lessons about the abstract Maxwell equations were retained. Similarly,
the intuitive picture of the physical processes in superconductivity is inapplicable to
particle physics, but was still helpful in enabling physicists to grasp the range of conse-
quences of the mathematical formalism (e.g., the possibility of massive gauge bosons).
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3.4 Casey McCoy. Epistemic Justification and Luck in Inflationary Cosmology

In this paper I present a recent case in theoretical cosmology, and argue on its basis
that explanatory considerations can play a crucial role in epistemically justifying the-
ory choice. Much of the philosophical debate over whether explanatory power is an
epistemic theoretical virtue has centered on general philosophical considerations, for
example underdetermination arguments and whether inference to the best explanation
(IBE) is a generically valid form of reasoning (especially for its applicability to the scien-
tific realism debate). Attending to the specific roles that explanation plays in scientific
methodology, especially the way it structures discourse in a discipline and coordinates
exemplars, reveals the possibility of justifying explanatory power as an epistemic virtue
in specific scientific cases, without reliance on general philosophical arguments based
on IBE or underdetermination. This kind of argument naturally requires close attention
to the historical development of a theory and its applications. Inflationary cosmology, I
claim, offers just such a compelling, concrete example.

Inflation is a cosmological scenario that was originally proposed in the early 1980s by
Alan Guth. It was widely accepted in the community immediately after its introduc-
tion, and remains a central pillar of the contemporary standard model of cosmology,
the ?CDM model. Inflationary theory is based on the supposition that the very early
universe underwent a brief period of accelerated and exponential spatial expansion.
Proponents claim that the effect of inflation is to flatten the spatial geometry of the uni-
verse and make its contents more uniform. (One may usefully compare it to the inflation
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of a balloon, which decreases the curvature of the balloon’s surface and smooths small
irregularities.) This mechanism is thought to operate for a short period in the very early
universe, giving rise to the conditions that eventuate in the present spatial flatness and
uniformity, conditions which we infer today from observations of the cosmic microwave
background (CMB) radiation. Proponents also claim that the old standard cosmological
model, the well-known hot big bang (HBB) model, suffers from fine-tuning problems.
Earman and Moster?n have emphasized that these fine-tuning problems are not prob-
lems concerning the HBB model’s consistency or empirical adequacy, since the model
is capable of explaining the present flatness and uniformity of the universe; rather the
problems appear to raise concerns over the kind of explanation given by the model
for certain physical features of the universe which are accessible to observation. In
particular, only explanatorily-definicient special initial conditions can give rise to these
presently- observed conditions within the context of the HBB model. Since uniformity
and flatness are thought to be natural outcomes of inflation, the previous paradigm’s
fine-tuning problems are apparently solved by inflationary theory, thus leading to the
claim that inflationary models represent real theoretical progress over the HBB model.

Although inflation was widely acceptedostensibly on the basis of such fine-tuning ar-
gumentsduring inflationary theory’s early history, at present the best argument for in-
flationary theory is not that it (allegedly) solves these problems; instead it rests on
the striking empirical confirmation in the 90s of quantum mechanical predictions de-
veloped out of the inflationary framework, specifically of a very precise spectrum of
anisotropies of the cosmic microwave background (CMB). If this latter, empirical argu-
ment is successfuland it at least appears to be taken as such by most contemporary
cosmologiststhen inflationary theory should reasonably be considered an empirically
successful theory whose predictive successes go beyond the HBB model, and there-
fore represent progress over it. Yet it is important to note that these predictions were
unforeseen at the time of inflation’s proposal and initial acceptance. How then is it, that
a theory, seemingly unjustified on any of the commonly accepted epistemic grounds,
should later find itself strikingly confirmed observationally? The case appears to be one
of extraordinary epistemic luckroughly, epistemic success achieved through a method
no more effective than guessing. Yet supposing it so is quite implausible, for epistemic
luck in the confirmation of central scientific theories would severely threaten intuitive
notions of scientific progress and rationality. The alternative to such skepticism is to
consider that inflation’s rapid and early acceptance among cosmologists was some-
how epistemically justified prior to any observational support, and on grounds other
than observational support or solving theoretical inadequacies in the Standard Model.
Therefore the case of inflation shows us that a view of epistemic justification based
solely on the simple and familiar criteria of empirical adequacy and theoretical con-
sistency (in particular as employed by Earman and Moster?n in their assessment of
inflation) is inadequate.

I claim that the epistemic justification of inflationary theory (before its observational con-
firmation) rests instead crucially on explanatory considerations, considerations which
may be seen to arise from its approach to solving the HBB model’s fine-tuning problems
and explaining presently observed cosmological conditions. One might wonder, “How
can solving such mere explanatory problems represent progress towards an empirically
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successful theory?” Insofar as scientific progress may be gauged by solving scientific
problems ( la Kuhn or Laudan), one has, I claim, an explanatory story linking infla-
tionary theory’s putative success at solving the HBB model’s fine-tuning problems with
the later confirmation of its observational predictions. Roughly speaking, one might
say that by solving the HBB model’s conceptual problems, inflationary theory proves
itself to be a progressive research program suitable for further development and em-
pirical test. This viability depends on a certain kind of “meta-empirical” confirmation.
Although, certainly, there is no guarantee that its predictions will be borne out, one’s
confidence in the theory is justified by its past problem-solving success. The viability
of some such story of course depends however on whether inflation does in fact solve
the HBB model’s fine-tuning problems in some sense, but this argument sketch makes
considerably more sense of the historical development of inflationary theory than an
impoverished view of empirical justification in science can.

3.5 Wayne Myrvold. What Happened to Phlogiston? Reconsidering the Chemical “Rev-
olution”

In this talk, I take a look at the so-called “Chemical Revolution”, the transition in the late
18th century from a phlogiston-based chemistry to something more closely resembling
modern chemistry, with an eye to the question of whether the shift can be regarded
as one based on rationally defensible grounds. I will argue that the answer is affirma-
tive; the shift can be seen as one warranted by experimental evidence, once we are
clear about what the shift consisted in. As recent historiography has emphasized, it
was not a matter of a near-unanimous sudden conversion of the chemical community
to the Lavoisian system; acceptance of the new system of chemistry took some time,
and reactions to it were diverse. I will argue that a key to understanding the shift is
the recognition that it was a piecemeal shift. Though the transition involved rejection of
the central tenets of phlogistic chemistry as it had earlier been conceived, there were
also central tenets of the Lavoisian system that failed to gain widespread acceptance.
What emerged was a theoretical and experimental structure that selectively retained
elements of both the Lavoisian system and the phlogistic tradition.

The Lavoisian “revolution” in chemistry was multi-faceted. It involved a rejection of
some previously accepted theoretical propositions and acceptance of new ones, a
change in some aspects of experimental method, a reform of terminology, and a re-
evaluation of some of the aims of the science. Hasok Chang has argued that philo-
sophical attempts to explain the shift have so far been unsuccessful. Part of the prob-
lem, as Chang demonstrates, has been that philosophers have been operating with the
wrong explanandum; they have attempted to account for a sudden, near- unanimous
shift. I will argue that another obstacle to successful explanation is the fact philosophi-
cal attempts to explain the shift have tended to be holistic, regarding the choice facing
scientists at the time as a choice between two rival package deals, be they Kuhnian
paradigms or, on Chang’s account, “systems of practice.” A holistic approach of this
sort, I claim, cannot do justice to the shift. The components of the Lavoisian package,
though interconnected, are not bound together by ties of logical necessity; it is possible
to accept some, but not all, of the components of the package, and, indeed, this is what
happened.
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For a key component of the new chemistry, there was something like a crucial experi-
ment. This was Lavoisier’s work on the calcination and reduction of metals, and in par-
ticular, his most convincing experiment, using mercury. I will argue that Lavoisier made
a strong experimental case for the conclusion that, in calcination, some component of
ordinary air combines with the metal, that this component is released upon reduction,
and, moreover, this component is what Priestly had identified as dephlogisticated air
and for which Lavoisier proposed the term oxygen. Acceptance of this conclusion was
widespread, even among proponents of the phlogiston theory. However, acceptance of
this conclusion by no means entails acceptance of the entire Lavoisian package, and,
in particular, does not require rejection of the existence of phlogiston. It does, however,
require at the very least a revision of the then-current phlogistic account of calcination
and combustion, according to which these processes involved a release of phlogiston
into the air, without any component of the air entering into the combustible material.
Proponents of phlogistic chemistry could, and did, maintain a role for phlogiston in cal-
cination and combustion, while acknowledging a role for oxygen. However, on such
a theory, phlogiston plays a less central role in calcination and combustion, and the
question becomes possible, within the phlogistic framework, of whether phlogiston is
actually required for these process to take place. This paved the way for the eventual
abandonment of phlogiston in anything that is much like its original conception.

What was defended by phlogiston theorists in the wake of Lavoisier’s experiments on
calcination and reduction was not the original phlogistic theory of these processes; in
its place were proposed a variety of revised phlogistic accounts. Moreover, what was
advocated by the anti-phlogistic camp was not, in all cases, the full Lavoisian pack-
age; there was, for example, considerable skepticism about Lavoisier’s proposal that
all acids were compounds containing oxygen, and also about his detailed account of
combustion, which required the presence of oxygen in gaseous form.

All of this, I clam, makes sense if we reject holism about theory assessment in place
of a more piecemeal approach. At any point in the history of science (including the
present), one can distinguish between propositions that are well-established on the
basis of experimental evidence, and more speculative claims. About the more spec-
ulative aspects of prevailing theories there is room, among reasonable, well-informed
researchers, for differing attitudes, and, indeed, a plurality of attitudes is healthy.

3.6 Johanna Wolff. Why did additivity cease to be the central element in the founda-
tions of measurement?

In the key writings on the foundations of measurement from the late 19th to the early
20th century (e.g. [1],[2],[3]), additivity was the central criterion for establishing ap-
propriate axioms for measurement. While authors disagreed about which axioms of
additivity were relevant, and how best to implement these axioms in the foundations
of measurement, there was little doubt that additivity was a necessary condition for a
property to count as measurable, or at least for its measurement to count as a fun-
damental measurement, and for the property to count as an extensive quantity. This
changed fairly abruptly around the middle of 20th century, and today the most com-
prehensive treatments of the foundations of measurement have relegated additivity to
secondary status. A key figure in bringing about this shift in attitude was S.S. Stevens,

12



whose article on the “scales of measurement” [1] became hugely influential in shaping
what we now think of as the foundations of measurement.

My question in this paper is why and how this change came about. In what sense,
if any, can this change in the foundations of measurement be regarded as a Kuhnian
paradigm shift?

Stevens’ own dismissal of additivity provides a good starting point: “Too much measur-
ing goes on where resort can never be had to the process of laying things end-to-end
or of piling them up in a heap.” (Stevens, 1946, 680). An account of the founda-
tions of measurement based on axioms of additivity turns out to be too restrictive to
capture everything one might want to call measurement in science, and should hence
be abolished. Stevens’ alternative suggestion is that we should adopt a wide notion
of measurement, and put restrictions only on the statistical inferences we may draw
based on the data arrived at through different measurements. Stevens’ position ap-
pears as that of a pragmatic social scientist, who has to defend the methodology of his
discipline against (dogmatic) physicists. For Stevens’ paper is not merely a method-
ological reflection for its own sake, it is a response to disagreements among physicists
and psychologists in a committee set up to debate whether sensation was measure-
able. What we have here, then, is a direct confrontation between different scientific
research fields over fundamental issues of methodology.

One prominent member of the committee on the side of the physicists was Norman
Campbell, who had written a fairly comprehensive treatment of measurement in physics
in the early 1920s based on axioms of additivity [3]. A closer look at both Campbell and
Stevens points to a second reason, not purely pragmatic this time, for why additivity lost
out. Even Campbell himself had already recognized that some quantities fail to meet
the requirements of additivity and only allow for ordering. His response had been to
relegate those quantities to derivative status. Stevens’ strategy instead employs differ-
ent mathematical tools, notably group theory, to display the differences in status. The
second reason for the disappearance of additivity might hence be the availability and
use of more modern mathematical tools, which had either not been available during
previous work on measurement, or which in any case had themselves seemed insuffi-
ciently secure.

So far then we have pragmatic reasons and the availability of alternative formal tools
to account for the change in the importance of additivity. But while the tools employed
by Stevens provided a reason to think that a looser notion of measurement might be
feasible, it wasn’t until the discovery of conjoint measurement that additivity could be
dropped as a necessary condition even for extensive quantities. The development
of conjoint measurement demonstrated that three suitably related attributes could be
shown to have continuous quantitative structure even in the absence of any concate-
nation relation that could be interpreted as addition [5]. The possibility of conjoint
measurement seemed to show conclusively that additivity was not a necessary condi-
tion for the measurement of extensive quantities.
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I conclude that additivity fell out of favor as a necessary condition for measurement on
the one hand because new scientific disciplines demanded a relaxation of apparently
overly restrictive standards applicable to physical quantities, and on the other hand
because new formal techniques were developed that allowed for a characterization of
extensive quantities not based on the axioms of additivity.

This episode in the history of measurement theory is philosophically interesting in many
respects. It shows how a conceptual changein our understanding of the concept of ex-
tensive quantityis accomplished not through new data or empirical results, but arises
from new demands in emerging scientific fields, and the development of new formal
methods. In this way the switch from axioms of additivity as a basis for foundations of
measurement meets Kuhnian conditions for paradigm shifts: a new paradigm, in this
case new formal tools, has to be available before the shift can be completed. A result
of this change, a sociological shift in science occurs as well: the foundations of mea-
surement emerge as their own field of research, after having been regarded firmly in
the domain of physics. In another respect the shift is remarkably un-Kuhnian, however:
since measurement concerns not just a single discipline, it would be misleading to
characterize the shift in understanding of measurement and quantities as a paradigm
shift within a single field of research. Instead we see the emergence of an independent
area of research out of the conflicting demands of different scientific disciplines.

[1] v. Helmholtz, Hermann. (1987) ”ZŁhlen Und Messen, Erkenntnistheoretisch Betra-
chtet.” In Philosophische AufsŁtze. Leipzig: Fues’ Verlag.

[2] Hölder, Otto. (1901) “Die Axiome der QuantitŁt und die Lehre vom Mass”, Berichte
über die Verhandlungen der königlich-sŁchsischen Akademie der Wissenschaften zu
Leipzig Math. -Phys. Classe 53: 1-64.

[3] Campbell, Norman Robert. (1920) Physics: The Elements. Cambridge University
Press.

[4] Stevens, Stanley Smith. (1946) ”On the Theory of Scales of Measurement.” Science
103, no. 2684: 677-680.

[5] Luce, D. and Tukey, J. (1964) “Simultaneous Conjoint Measurement: A New Type of
Fundamental Measurement,” Journal of Mathematical Psychology 1, l-27.

4 General session

4.1 Massimiliano Badino. Stability and Scientific Realism: Perturbation theory coming
of age

A sophisticate form of scientific realism claims that one’s epistemic commitment should
go on those elements of our mature and robust theories which actually play a truly ac-
tive role in explaining the world. This thesis is supposed to meet the challenge of the
pessimistic meta-induction according to which, since theories in the past have been
regularly superseded by other theories and this is likely to happen to ours, no real-
ist commitment on current science can be rationally justified. At a 0irst glimpse, the
pessimistic meta-induction appears as unquestionable: theories of the past have cer-
tainly been replaced by other theories. However, the realist retorts that one does not
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need to accept theories as an undifferentiated package: “It is enough to show that
the theoretical laws and mechanisms which generated the successes of past theories
have been retained in our current scienti0ic image” (Psillos 1999, 103). It is those still
valid and useful parts of the past theories that capture something of the external reality.

It is clear that this realist program requires a substantial support from history of science.
Take, for instance, the concept of “mature theory”. According to Anjan Chakravartty, “a
mature theory is one that has survived for a signi0icant period of time and has been rig-
orously tested, perhaps belonging to a discipline whose theories typically make novel
predictions” (Chakravartty 2007, 27-28). Only concrete historical analysis can tell us
whether the survival period of a theory was signi0icant and whether the tests it passed
were rigorous. Analogously, concepts such as “success” or the distinction between idle
and effective elements of a theory, both mentioned in Psillos’ quote above, become
meaningful only in historical perspective. However, the integration of philosophical and
historical research is a notorious bone of contention. On the one hand, narratives
driven by the necessity of tracing a sequence of successes seem simply bad histori-
ography. On the other, a philosophical program based on historical cases is always
exposed to the accusation of descriptivism.

In this paper, I claim that history can signi0icantly help the cause of scienti0ic realism
by investigating the strategies used by scientists to “stabilize” their theoryi.e., to pro-
duce what philosophers call a mature and successful theory. These strategies include,
but are not limited to, the interrelation of a theory with other, already stable, portions of
science, the use of more and more severe testing procedures, the generalization and
simpli0ication of the formal structure of the theory, and the improvement of the sym-
bolic notation. The common denominator of these strategies is to improve the control
on the theory and to distinguish artifacts from genuine information on the world. In
this way, the process of theory stabilization produces theoretical claims and scienti0ic
practices on which it is rational to place a realist commitment.. More importantly, this
philosophical perspective can also produce novel and interesting historical narratives. I
explore some of these strategies in a concrete historical case, that is the development
of perturbation theory in the 18th century and the early treatments of the problem of
stability of the solar system. My argument relies on two main points.

First, contrary to the common wisdom, stability was not a object of scienti0ic research
from the very beginning, but it emerged as a scienti0ic problem only when perturbation
theory reached a level of sophistication that allowed mathematicians to solve it. For
Newton, Leibniz, and Euler, the stability of a solar system is no physical and mathe-
matical question. Instead, it is mentioned only as part of a more general theological
discourse hinging on the nature of God and the place of man in nature. There is no
definition of what gravitational stability means, there is no attempt to lay down condi-
tions of solutions, and, in the physical astronomy of the first half of the 18th century, the
stability of the solar system is oftentimes taken for granted. Rather than with global sta-
bility, mathematicians since Newton were concerned with more practical local stability
issues, i.e., the secular inequalities of the Moon (secular acceleration and precession
of the apsides) and of the Jupiter-Saturn system.
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However, in the early 1770s, Lagrange, partly supported by Laplace, undertook a pro-
gram of stabilization of perturbation theory. The methods used by Euler in the late
1740s were too erratic and prone to produce artifacts, such as the strange secular
terms. Lagrange wanted to polish perturbation theory of all its imperfections and turn it
into a reliable tool for physical astronomy. It was by developing the mathematical prac-
tices of perturbation theory that Lagrange, in 1782, eventually posed, and solved, the
general problem of the stability of the solar system. His results were extended shortly
afterwards by Laplace to the treatment of the two remaining anomalies (the lunar ac-
celeration and the motion of Jupiter and Saturn; the precession of the apsides had
been solved by Clairaut in 1749).

Second, in stabilizing perturbation theory, Lagrange and Laplace adopted a variety of
strategies. Lagrange’s approach focused on generalizing the theory and thus making
it less dependent on procedures tailored for speci0ic problems. His use of the integrals
of motion or the so-called Lagrange coordinates are clear examples of this approach.
Further, he tried to simplify the formal manipulation of the equations of motion by intro-
ducing the perturbing function. Most of these strategies could be regarded as ways of
improving the robustness’ of the theory. On his part, Laplace concentrated on applying
perturbation theory to the anomalies of Jupiter and Saturn and the Moon. His way to
stabilize the theory was to test it in concrete cases and to develop techniques to 0ind
in a faster and more reliable way the sizable terms generating the inequalities. I argue
that these methods aimed at making perturbation theory more mature’ and success-
ful’. More importantly, both sets of strategies produced enduring results: the Lagrange
coordinates, the perturbing function, the role of resonance in stability, to mention only
a few examples, are still part of modern perturbation theory.

4.2 Joe Dewhurst. Cybernetics, Computationalism, and Enactivism: Lessons from a
Forgotten Past

In this paper I will identify the shared ancestry of two opposing paradigms in contem-
porary cognitive science, and argue that we can draw on this ancestry to help reconcile
the two paradigms. The two paradigms are the computational and enactive approaches
to cognitive science, and their shared ancestry is the cybernetics research program of
the 1940s and 50s. I will first present the two paradigms and describe their contem-
porary opposition to one another, before exploring the cybernetic foundation that they
both share. This, I will argue, contains much of the intellectual resources required in
order to enable a fruitful reconciliation between the two paradigms. I will not attempt to
fully articulate that reconciliation here, but I will conclude by suggesting a few promising
avenues for future research.

The computationalist paradigm that is currently dominant in the cognitive sciences,
and especially in cognitive neuroscience, takes as its foundational assumption the idea
that the primary function of the brain and nervous system is to perform computations
(Piccinini 2012). Explanations of cognitive phenomena are given in terms of the per-
formance of computations, and whilst there is some disagreement about the form that
these computations take, it is agreed that the positing of computational mechanisms
is a central feature of cognitive scientific explanation. Paradigmatic examples of this
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approach include Marr’s theory of vision (1982), Fodor’s language of thought hypothe-
sis (1975), and more recently, connectionist and Bayesian interpretations of cognitive
computation.

Since Varela, Thompson, & Rosch (1991), the minority opposition to the computation-
alist paradigm has typically been referred to as “enactivism”. The term really covers
a family of distinct but related views (Villabos & Ward 2015), and here I extend its
usage to include dynamicist and embodied approaches more generally. What these
approaches all have in common is that they reject the primacy of computational expla-
nation in favour of explanations that emphasise the role played by non-computational
factors such as the environment (both physical and social) and the body. Some of these
approaches also deny that the brain or nervous system computes at all, although, as
I will try to show, this is not essential to the definition of enactivism (just as a denial
of bodily or environmental contributions to cognition is not essential to the definition of
computationalism).

Both the computational and enactivist approaches to cognitive science owe their ex-
istence to the cybernetics research program of the 1940s and 50s. This grew out of
interdisciplinary connections made during the war, and solidified in and around the
Macy Conferences from 1946-53 (Dupuy 2009: 71- 5). At the heart of the program
was the computational modelling of the brain pioneered by McCulloch & Pitts (1943)
and popularised by Von Neumann (1958), but it also included insights such as the
application of control systems analysis to living organisms (Wiener 1948), circularity
and feedback as a source of natural teleology (Rosenblueth, Wiener, & Bigelow 1943),
and the idea of biological homeostasis embodied in Walter’s various robotic creations
(1950, 1951). This era was the dawn of cognitive science as we know it today, and one
of its most interesting features is the fruitful collaboration between what would go on
to become the core principles of computationalism and enactivism: internal computa-
tional structure on the one hand and embodied interaction with the environment on the
other.

This collaboration was possible because computation was not yet conceived of as a
primarily representational phenomenon. Following Turing (1936), there was a lively
interest in the abstract philosophical and mathematical understanding of computation,
but for many working in cybernetics computation’ was still primarily an engineering
notion, and a computer was a very real and very physical entity. This allowed for ex-
periments such as those conducted by Walter, which were more concerned with the
interaction between a simple computational system and its environment than with the
cognitive capacities of computation in the abstract (Walter 1953; Pickering 2010: 37-
90). It was not until the philosophical work of Putnam and Fodor in the 60s, 70s, and
80s that computationalism came to be primarily concerned with an abstract and repre-
sentational computational theory of mind (see e.g. 1967a, 1967b; Fodor 1975, 1981).
Perhaps not coincidentally, it was also at this point that cybernetics as a distinct re-
search program began to collapse, due in no small part to the pressures of carrying
out interdisciplinary research in an increasingly compartmentalised academic environ-
ment (Pickering 2010).
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There need not be any fundamental dichotomy between the enactivist and computa-
tionalist programs in cognitive science. Recent work in philosophy of computation has
led to the emergence of distinct theories of physical computation, and in particular Pic-
cinini’s mechanistic account provides a promising non-representational foundation for
reconciliation with the enactivist program (Piccinini 2007, 2015). There are some re-
maining issues that will need to be resolved before such this reconciliation can take
place, such as whether mechanistic explanation can be understood without any no-
tion of teleology (Dewhurst forthcoming; Piccinini 2015: 100-17), and how the enactive
notion of functional closure can best be applied to computational systems (Dewhurst
2016) but there is no in principle reason why this should not be possible. More posi-
tively, a reconciled approach to cognitive science would have a lot to offer to precisely
those issues that cybernetics originally focused on such as the interaction between
perception and action and the emergence of natural teleology from environmental and
social feedback. These are issues that remain central to contemporary cognitive sci-
ence, as demonstrated by the recent emergence of the action oriented predictive cod-
ing framework (Clark 2016) and developments in social cognition that emphasise the
role of participatory sense- making (De Jaegher & Di Paolo 2007). Here there are im-
portant lessons to be learnt from our forgotten cybernetic past, which not only provides
a demonstration that computation and environmental interaction need not be in oppo-
sition, but also contains intellectual and explanatory tools that can be reclaimed and
put to good use. Without returning to this history and considering how we got to where
are today, we may never truly be able to move forwards.
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4.3 Jeroen van Dongen and Sebastian de Haro. Can we understand the black hole
information paradox by studying its history?

In 1976, following his earlier result that black holes evaporate, Stephen Hawking pro-
posed that they also introduce a fundamental non-unitary evolution of quantum states.
This claim was generally well received, until a substantial number of articles in the mid-
1980s began disputing it. Their authors were primarily at home in quantum field theory
rather than general relativity, while relativists appeared to side with Hawking’s perspec-
tive. Hawking, meanwhile, in 1982 formulated a formal version of his non-unitary evo-
lution scenario, as particle physicists quickly claimed that this produced problems with
energy conservation. The debate was gridlocked for an extensive period, even though
it gained prominence and attracted an ever greater number of discussants. Can we un-
derstand the gridlock if we view both sides as at home in different paradigms in which
translation problems and a lack of shared theoretical values prevailed? Yet, what may
then explain the motion towards consensus that the last decade has shown? And can
we identify principle’ vs. constructive’ approaches in attempts to resolve the issues?
In this talk, we will try to see if the quantum black hole problem, a typical borderline
problem’ in which general relativity, quantum theory, and thermodynamics meet, can
be enlightened by the studying the dynamics of its history. At the same time, this will
show how various fundamental principles and practices are weighed differently in dif-
ferent communities of theoretical physics.

4.4 Kate Dorsch. Seeing is Believing: A Historical Perspective on the Ontological Sta-
tus of UFOs

This paper will examine the ontological status of unidentified flying objects as it per-
tains to a series of Cold War United States Air Force investigations into unidentified
aerial phenomena (also referred to as unidentified flying objects, or UFOs). Between
1947 and 1969, the USAF directed a number of projects meant to reveal the actual
nature of UFOs. Project SIGN, the first of these inquiries, sought to discover whether
or not these reported observations represented a national security threat. The answer
being no,’ in the many projects thereafter UFOs became objects of scientific interest.
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Expert scientists from nearly every field of science were contracted for their assis-
tance on identifying the true cause of the observation. Out in the world, the scientific
community split into roughly three camps over the nature and existence of unidentified
flying objects: there were the hard skeptics and non-believers; the cautiously curious;
and the “true believers” who, in UFO witnessing, sought evidence of extraterrestrial
intelligences. But within the boundaries of the sanctioned, federally-funded UFO inves-
tigations, scientists searched for all possible explanations for UFO phenomena, from
the physical to the psychological. In over 80% of the tens of thousands of cases the Air
Force programs reviewed, physical phenomena were accounted for as the cause but
this leaves nearly 20% for which the conclusion was rendered Unknown.’

The question about the existence of a source for observed phenomena was always
at the foreground of the investigations. In a majority of cases, actual phenomena fuel
UFO reports; whether it was airplanes, meteors, meteorological phenomena, or the
planet Venus, real physical objects account for a vast majority of reports. But what
of those reports ultimately classed as unknown’? In his report-cum-expos of early Air
Force investigative efforts, The Report on Unidentified Flying Objects (1956), former
Project Blue Book director Captain Edward J. Ruppelt writes, “The hassle over the
word proof’ boils down to one question: What constitutes proof?... There are certain
definite facts that can be gleaned from [a report]; the pilot did see something and he
did shoot at something, but no matter how thoroughly you investigate the incident that
something can never be positively identified.” Some sightings might be psychological,
as with hallucinations; but surely, Ruppelt argues, not all of them are. Likewise, in a
set of anonymous survey interviews conducted by astronomer J. Allen Hynek in 1952,
Astronomer R argues that as late as 1800 meteorites were thought impossible and that
it would be folly to suggest that “a century and a half later all the physical phenomena
that exist have been discovered.” Status report after status report supports the position
that reported observations, in a gross majority of cases, are being generated by real
phenomena. (And the reports in which this is not the case are easily identifiable, based
on the character of the witness.)

Historians of science are often quick to suggest ways in which their case studies and
methodologies can be better applied to critical issues in the philosophy of science.
But here, I attempt to work in the other direction, demonstrating how philosophical
questions about the ontological status of scientific objects shapes methods of scientific
inquiry and assumptions about observers and witnessing. (These assumptions work in
multiple directions, as lay observers make claims on scientific authority based on their
understanding of the importance of the empirical in the practical sciences.) Drawing on
Hacking, Cartwright, and discussions around scientific realism, I will demonstrate how
philosophical concerns about theoretical and un-seeable’ objects do not pertain only to
the problems of the microscopic world. Furthermore, I will discuss how understanding
these central philosophical questions on real versus immaterial objects is crucial to un-
derstanding, in this case, the UFO problem more broadly. The UFO case study allows
us to see philosophy of science in action. It is a case of applied philosophy of science.

Additionally, I hope to demonstrate that, in these histories of “fringe” science, an inte-
grated approach is necessary for a truly productive analysis. Historical concerns are
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entwined with philosophical ones; a straight-laced historical analysis will miss the criti-
cal ontological and epistemological concerns that lie at the heart of these little-studied
historical moments, while a purely philosophical inquiry may fail at demonstrating the
importance of these “weird” events in the larger historical context. Philosophical po-
sitions lay at the heart of practical decision making, on a scientific and political level,
while a historical narrative illustrating the change of those positions over time can help
illuminate how those questions shaped and were shaped by outside forces. This paper
is part of a larger project that both recovers the history of USAF studies on unidentified
aerial phenomena and explores knowledge creation, classification, and distribution in
the face of ontologically-unsound phenomena.

4.5 Donald Gillies. Causality in Medicine and the Streptomycin Case

In discussions of causality in medicine at the moment, there is a considerable debate
between proponents of what is called the Russo-Williamson Thesis (or RWT) and its
critics. One version of the RWT can be stated roughly as follows. In order to es-
tablish a causal claim in medicine, it is necessary to integrate two different types of
evidence. The first is statistical evidence about human groups. This can either be from
observational studies, as in much of epidemiology, or from interventional control trials.
The second is evidence of mechanism, which usually comes from laboratory work of
various kinds. The critics of the RWT are often associated with the evidence based
medicine movement (EBM). They regard statistical evidence (particularly randomised
control trials) as more important than evidence of mechanism; and, in particular, hold
that mechanistic evidence is not required to establish causal claims.

In this paper, I examine this controversy in the context of a particular historical case
study. This is the discovery of the first successful cure for tuberculosis. The first step
was the discovery in the USA of a substance (streptomycin), which strongly inhibited
tubercle bacilli in vitro. This led to the first ever randomised control trial (RCT) of a po-
tential medicine, which was conducted in England by Austin Bradford Hill over a period
of 6 months. The result of this RCT was that the patients who received streptomycin
showed a remarkable improvement over the control patients, and this improvement
was statistically significant.

This result seemed to indicate that streptomycin was indeed a satisfactory cure for tu-
berculosis, but Austin Bradford Hill was cautious because of some evidence of mecha-
nism. The streptomycin took a long time to kill the tubercle bacilli, and this suggested
that some tubercle bacilli might become resistant, and, in due course, cause a relapse
among those patients who had improved dramatically in the first few months. Unfor-
tunately this proved to be the case. To overcome this problem, it was decided to give
patients not streptomycin on its own, but two different drugs together, namely strepto-
mycin and PAS. This cocktail’ of drugs was the first successful cure of tuberculosis.

This example shows that exclusive reliance on statistical evidence even on high quality
RCTs cannot be satisfactory in medicine. It would have led to the wrong conclusion
regarding streptomycin on its own as a cure for tuberculosis. This therefore constitutes
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a strong argument in favour of the RWT.

4.6 Marco Giovanelli. The Reichenbach-Einstein Debate on the Geometrization of the
Electromagnetic Field

The 1958 English translation of Reichenbach’s Philosophie der Raum-Zeit-Lehre (1928)
was missing the long, technical Appendix entitled Weyl’s Extension of Riemann’s Con-
cept of Space and the Geometrical Interpretation of Electromagnetism’. The only de-
tailed analysis of the text was provided in the late 1970s, by Coffa, who read it exclu-
sively as a critique of Weyl’s 1918 attempt to unify gravitation and electromagnetism
in a common geometrical setting. Letters between Reichenbach and Einstein suggest
that the Appendixdespite its somewhat misleading titleshould be read more broadly.

In the spring of 1926, Reichenbach, after making some remarks on Einstein’s newly
published metric-affine theory, sent him a typewritten note offering what looked like his
own attempt at a unified field theory. Reichenbach’s note turns out to have been an
early version of 49 of the Appendix, on which he was working at the time. Einstein’s
objections and Reichenbach’s replies reveal that criticism of Weyl’s theory was only
part of the story. Reichenbach intended to provide a philosophical reflection of the very
notion of geometrization’ in physics.

At the time, many believed that, after general relativity has geometrized the gravita-
tional field, the obvious thing to do was to geometrize the electromagnetic field. To
challenge this view, Reichenbach constructed a toy-theory establishing a connection
between geometry and electricity which, he argued, was just as good as the connection
that general relativity established between gravitation and geometry. Differently from
general relativity, however, Reichenbach’s theory did not lead to new results. Thus,
Reichenbach could provide evidence that the geometrization of a physical field can-
not be regarded in itself as a physical achievement. As soon as Einstein understood
the ironical’ nature of Reichenbach’s enterprise, he immediately agreed with him. As
Lehmkuhl has recently shown, it was in this correspondence with Reichenbach that
Einstein pointed out, for the first time, that general relativity had not geometrized the
gravitational field.

This paper suggests that the geometrization issue was not just a spin-off of Reichen-
bach’s 1928 monograph, but possibly the core message of the book. The paper will be
structured as follows:

After providing the context in which Reichenbach, in March 1926, decided to send
Einstein a typescript on the geometrization of the electromagnetic field, the paper will
provide a reconstruction of its content. The note shows how it is possible to concoct
the general relativistic equations of motion in a way that charged particles, under the
influence of an electromagnetic field, are not deflected by a force, but follow their nat-
ural path’ defined by a non-symmetric affine connection. In the latter the straightest
lines (defined via parallel transport of vectors) in general do not coincide with lines of
extremal length. Charged mass points of unit mass move along the straightest lines,
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and uncharged particles move on the straightest lines that are at the same time the
shortest ones.

The paper will reconstruct the Einstein-Reichenbach correspondence of March/April
1926 concerning the note. Einstein initially reacted skeptically to what he believed to be
Reichenbach’s attempt to a unified field theory, raising several technical objections. In
particular he pointed out thatdifferently from the gravitational charge-to-mass ratiothe
electrical charge-to-mass-ratio e/m varies from particle to particle; thus Reichenbach’s
equations of motion are valid only for one type of particles with a characteristic value
of e/m. Re- ichenbach defended his theory, insisting that his equations of motion are
valid for unit masses of arbitrary charge. However, he warned Einstein that he should
not have read the theory as a serious physical proposal, but as a toy-theory intended
to show that the geometrization of a physical field is more a matter of mathematical
ingenuity than of physical insight. Reichenbach’s philosophical point clearly resonated
with Einstein.

The paper will show the difference between the unpublished note and its published
version. In May 1926, Reichenbach gave a talk in Stuttgart based on the note, which
eventually became 49 of the Appendix of Philosophie der Raum-Zeit-Lehre. As a letter
to Moritz Schlick reveals the latter was already finished by the end of 1926, even if it
was put into print at the end of 1927. The published 49 is for the most part identical to
the note, but Reichenbach might have realized the seriousness of Einstein’s objection:
if one wants to have all charged particles moving on geodesics under the influence of
the electromagnetic field, Reichenbach has no other way than to introduce for each
value of e/m a separate affine connection.

In a four-dimensional setting the price to pay for imposing a geodesic equation of mo-
tion to describe a non-universal force is extremely high. Surprisingly, Reichenbach
decided that the price was worth the message he intended to convey: The geometrical
interpretation of gravitation is merely “the visual cloak” in which the gravitational field
can be dressed; with some sartorial skills, one can dress’ the electromagnetic field in
an equally nice geometrical cloak, without reaching any physically significant result.
It was precisely this message that Einstein endorsed in his own 1928 review of Philoso-
phie der Raum-Zeit-Lehre. After showing that this apparent convergence actually hides
a somewhat complicated dialectic, the paper concludes that the Reichenbach-Einstein
correspondence might be interesting from two points of views:

From a historical standpoint, the Einstein-Reichenbach debate inaugurated an impor-
tant philosophical reflection about the role played by geometric considerations in phys-
ical theories. Reichenbach’s 1928 monograph should be read against this background
as an attempt to present general relativity as a physicalization of geometry, against the
prevailing opinion that it marked the beginning of the geometrization of physics. The
decision not to include the Appendix in the 1958 English translation of the book is prob-
ably the reason why this issue has been neglected, despite Einstein’s endorsement.

Reichenbach’s toy-theory might be, however, also interesting from a systematical
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point of view. Pace Reichenbach, the theory shows the intrinsic limitations of any
attempt to impose a geodesic equation of motion to a non-universal interaction in a
four-dimensional setting. Similar attempts made around 1970s present the very same
drawbacks of Reichenbach’s theory.

4.7 Stefan Guttinger. Far Western blot: a step too far?

The methods that biologists use to study cellular and molecular phenomena are in
permanent flux; new methods are constantly being developed and existing ones are
revised or abandoned. In all this flux there are differences both in persistence and in
uptake, meaning a) that some methods have a longer lifespan than others within a par-
ticular field and b) that some methods are valued as successful’ or powerful’, whereas
others are seen as a failure and hence don’t find much use.

What makes a method in the life sciences successful and persistent are two important
(and difficult) questions. In general one might intuitively assume that there is a close
link between success and persistence, i.e. that those methods that persist are those
that are seen as successful’ by biologists, whereas the ones that are short-lived are
those that are deemed to be failures.

In this talk I will analyse the history and current context of a cluster of closely related
methods used in the life sciences that contradict this intuitively appealing picture. The
cluster of methods I will discuss can be classified as blotting’ techniques (as its key
members are the Southern blot, Northern blot, Western and Far Western blot). Study-
ing the case of these blotting techniques will show that highly successful methods (such
as, for instance, the Northern blot) can be short-lived in their success whereas meth-
ods that are generally seen as failures (such as the Far Western blot) can persist for a
long time (albeit at a low level).

Importantly, the complex picture of the dynamics and evaluation of methods that this
case study offers will allow us to draw some interesting conclusions about how meth-
ods become seen as success or failure in the life sciences and how such judgements
hang together with basic metaphysical assumptions that underpin experimental biol-
ogy. This insight into the interplay between methodology and metaphysics will also
show how the metaphysical assumptions themselves are shaped and/or strengthened
by the methods employed in basic research. The blotting techniques, it turns out, can
be used as a powerful window into the entanglement between methodology and ontol-
ogy in the life sciences (or so I will claim).

In the first part of the talk I will introduce the basic principle that unifies the different
methods and discuss the interrelated history of the blotting techniques (with the South-
ern blot as founding member’ and the Far Western blot as the youngest in the line).

I will then present an analysis of citation records that gives some insight into the preva-
lence of the different methods over time. Such a citational analysis will of course only
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in part capture the use biologists make of the different assays, but I will argue that it
can nevertheless serve as a good proxy for the popularity of the assays and how it
developed over time. This analysis will in particular show how the Southern and North-
ern blots reached their peak in the mid and late 1990s, whereas the Western blot has
seen a constant increase in use ever since its invention. Interestingly, the Far Western
blot stands out in this analysis, as it failed to make a breakthrough similar to the other
blotting techniques; it was always there and never vanished, but it never had any sig-
nificant uptake.

This lack of uptake could easily be explained if the assay were a highly specialised
method only applicable to a small set of questions or systems/phenomena. But this is
not the case. On contrary, the Far Western blot is an assay that is designed to study
one of the most basic aspects of any biological system, namely protein-protein inter-
actions. As such it has even found its way into collections of protocols such as the
“Methods in Molecular Biology” series or the journal Nature Protocols.

This will then lead me directly to the key question that I want to address in the second
part of the talk: how come that a method can 1) be a member of a highly successful
family of assays, 2) be around for a long time, 3) be acknowledged in key protocol col-
lections, yet fail to get any significant uptake in the scientific community? Why did the
Northern or the Western blot have such success but not the Far Western blot? Was it
simply a step too far?

One of the key problems of the assay, I will claim, is that it was (and still is) seen by
many biologists as an assay that cannot be trusted. The analysis of the reasons behind
this lack in trust will show that it is directly linked to metaphysical assumptions biologists
have been making for the majority of the 20th century about the nature of proteins: I will
argue that the structure-function paradigm, which has dominated protein biology until
about 10 years ago, had a crucial impact on how the scientific community assessed
the goodness’ of the Far Western blot. It was, in the end, the clash with this paradigm
that has kept the Far Western blot from becoming a valid and widely accepted method
in the molecular life sciences.

But this suppression’ was not complete, as the assay has been used by some re-
searchers over many decades. This low-level persistence of the assay makes sense
and becomes even more interesting in light of the recent discovery of the omnipres-
ence of disorder in functional proteins, which has led many protein biologists to aban-
don the structure-function paradigm and re-think the nature of proteins. This change
in paradigm, I will show, invalidates earlier criticism of the Far Western blot and might
well lead to its rehabilitation as a valid method in protein biology.

I will end by discussing how changes in methodology were instrumental in bringing
down the structure-function paradigm and how the story of the blotting techniques in
particular can help us gain a deeper understanding of the entanglement between meta-
physical assumptions and methodology in the life sciences.
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4.8 Robin Hendry. Structure in Chemistry: A Case Study of Cumulativity and Retention

In this paper I tentatively explore the historical evidence for a bold claim: that theories of
molecular structure have, since the 1860s, developed through a series of conservative
extensions, despite some apparently radical theoretical and conceptual change during
this time. A conservative extension of a theory is one where its inferential content be-
fore the extension (i.e. that which determines its explanatory and predictive power) is
a proper subset of its inferential content afterwards. This will happen when a theory
is extended or reinterpreted so that inferences can be made concerning phenomena
about which no inferences were previously made.

As a body of theory, molecular structure presents a number of apparent difficulties for
historians and philosophers of science. Firstly, it was presented via a diverse range of
visual representations. The visual nature of these interpretations makes it difficult to
specify the predictive and explanatory content of the theory. Secondly, it was presented
amid considerable controversy concerning the reality of atoms, and whether hypothe-
ses about structure at the atomic scale could have any legitimate role in chemical
explanation. This has meant that the interpretative caution of contemporary chemists
has sometimes been misunderstood by historians and philosophers as a blanket form
of instrumentalism. These difficulties can be addressed by paying careful attention to
the inferential uses to which the various visual representations are put, which reflect
sophisticated interpretative stances that the chemists took towards their representation
schemes. I examine three key developments in structural theory.

1. Structure in organic chemistry (1860s)
Although presented via a diverse range of representational media (e.g. Kekul’s sausage
formulae, Hofmann’s glyptic formulae’ and the chemical graphs of Crum Brown and
Frankland), structure in organic chemistry has long been interpreted by historians as
a relatively unified body of theory (see Alan Rocke 1984, 2010). Like many contem-
porary chemists, Edward Frankland was careful to point out that structural formulae
were intended to represent neither the shape of the molecules, nor the relative posi-
tion of the constituent atoms’. This caution is sometimes mistaken for instrumentalism,
but I argue that it reflects instead an awareness that the use of structural formulae in
chemical explanations required inferences to be made concerning only the order of the
connections between the atoms. The shapes of the molecules and the relative posi-
tions of the atoms played no more part in the representation than the particular colours
chosen to represent the different kinds of atoms in Hofmann’s glyptic formulae.

2. Stereochemistry (1870s)
The explanatory scope of the structures in (1) were soon extended so that inferences
could be made about the relative positions of their constituent atoms. In 1874, Jacobus
van’t Hoff explained why there are two isomers of compounds in which four different
groups are attached to a single carbon atom by supposing that the valences are ar-
ranged tetrahedrally (the two isomers are conceived of as mirror images of each other).
Adolf von Baeyer explained the instability and reactivity of some organic compounds
by reference to strain in their molecules, which meant their distortion away from some
preferred structure (see Ramberg 2003, Chapters 3 and 4). These stereochemical the-
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ories were intrinsically spatial, because their explanatory power depended precisely on
their describing the arrangement of atoms in space. The extension of the theory did
not require a wholesale revision of the structures that had previously been assigned
to organic substances. Hence I argue that stereochemistry constituted a conservative
extension of the earlier structural theory of the 1860s.

3. Structure in motion (1920s onwards)
The structural formulae of the nineteenth century are sometimes described as static.
This could be misleading. Nineteenth-century chemists clearly entertained the thought
that matter must be dynamic at the atomic scale, but they had no means to make reli-
able inferences about any such atomic motions. Hence they made no such inferences.
The structural formulae may have been static, but they were not interpreted as repre-
senting molecules to be static. This caution began to change in the twentieth century.
In 1911, Nils Bjerrum applied the old’ quantum theory to the motions of molecules
and their interaction with radiation, potentially explaining their spectroscopic behaviour
(see Assmus 1992). From the 1920s onwards, Christopher Ingold applied G.N. Lewis’
understanding of the covalent bond as deriving from the sharing of electrons to give
detailed insight into reaction mechanisms: how, when chemical reactions occur, the
structure of the reagents transforms into the structure of the products (see Goodwin
2007). I argue that these developments were conservative extensions of the structures
in (2), allowing inferences to be made about their motions, and various spectroscopic
and kinetic phenomena explained.

I conclude the paper by considering the prospects for extending my argument into the
era of quantum mechanics. This might seem like a hopeless task: surely the quantum-
mechanical molecule is radically different from the classical one! But this is too quick:
firstly, classical’ chemical structures are not classical in any way that has any connec-
tion with physics. They involve no application of (for instance) classical mechanics or
Boltzmann statistics. Secondly, when quantum mechanics did come to be applied to
molecules, the resultant theory was a synthesis of classical’ structure and quantum
mechanics. At first the classical structures were preserved by simple inclusion. Only
later did quantum-mechanical facsimiles of them become available.
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4.9 Catherine Herfeld. Imagination Rather Than Observation in Econometrics: Ragnar
Frisch’s Hypothetical Experiments

Thought experiments are conducted for multiple reasons in the natural sciences, the
social sciences as well as in philosophy and have been characterized in the philosoph-
ical literature in multiple ways (Brown 2014). One well-established view is that thought
experiments are primarily used in disciplines in which observation and experimentation
is difficult to realize. One such discipline is economics, where the methodological value
of thought experiments is frequently justified by referring to the difficulty to conduct ac-
tual experiments. It has also been argued that there thought experiments serve other
functions, such as establishing causal facts, isolating tendencies, justifying social insti-
tutions and their persistence, or bridging the gap between mathematical models and
reality (Maas 2014; Reiss 2012).

In this paper, I suggest that thought experiments have long had yet another function
in economics. Looking more closely at the function of thought experiments in econo-
metrics, I argue that they have been employed to bridge the gap between theoretically
established relationships and their empirical testing via establishing and operationaliz-
ing unobservable economic concepts. More specifically, in economics thought experi-
ments have allowed for explicating and operationalizing psychological concepts, such
as utility. They allowed for the justification of the major postulates of human decision
making that are used as first principles in economic theories. As such, they allowed
for measurement of the major variables indicating human behaviour in economics and
quantifying the major laws in economics without actually requiring actual experimenta-
tion into human psychology. While observation is often not only impossible to specify
such psychological concepts, it is frequently also not necessary in order to use them in
empirical testing.

In support of my argument, I will offer a historical case study, namely the “hypothetical
experiments” of the Norwegian economist and Nobel laureate, Ragnar Frisch (1895-
1973). As I will show, Frisch used this specific kind of thought experiments to justify
his axioms of the traditional theory of consumer choice in his paper Sur un Problme
d’Economie Pure (1926), as well as in a series of lectures that he delivered in the early
1930s. By drawing upon such experiments, Frisch aimed at eliminating the method
of introspection, which was a vestige of the Austrian school and from metaphysical
commitments through the use of psychological concepts such as subjective utility that
hindered economics from becoming a scientific enterprise according to Frisch. At the
same time, he sought to equip economic theories with acceptable behavioral founda-
tions from which quantitative economic reasoning could be derived (see e.g. Frisch
2010 [1930], p. 82 f.).

In so doing, Frisch followed in the tradition of Irving Fisher and Vilfredo Pareto. While
impressed by their developments of utility analysis, Frisch aimed at taking one step
further towards freeing consumer choice theory from psychological concepts, such as
utility, while nevertheless arriving at quantitative measurements of utility. Towards this
end, Frisch used thought experiments to justify the set of choice axioms he introduced
into consumer choice theory. Thereby, Frisch circumvented the problem of directly
observing utility via actual experiments without purging the concept of utility from eco-
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nomic theory altogether. As such, those thought experiments helped Frisch empirically
support the theory’s most important implications, such as the laws of demand and sup-
ply, without the input of new empirical findings.

By demonstrating the merits of thought experiments in econometrics, this case study
not only allows us to draw some more general conclusions about the nature and pur-
pose of thought experiments. It also enables us to engage in a more general debate
about the justifications of behavioral principles in economics, which exists in economics
the latest since John Stuart Mill’s introduction of the homo economicus and to dis-
cuss the usefulness of psychological theories for economics. Economists have for a
long time been concerned with the question of how they should think about the be-
havioral principles as constitutive elements of their most influential theories about the
economy. Thereby, they have always abstained from including psychological findings
into economic theories and models or from testing their principles of human behav-
ior themselves. Contrary to the presuppositions of many contemporary critiques of
the axiomatic method in economics, the argument is that axioms of rationality, which
nowadays constitute the conceptual heart of economics were not primarily aimed at
adequately representing the actual thought processes of the human agent. In contrast,
critics of this procedure were, and still are, particularly concerned when principles of
rational behavior became axiomatized; first by Frisch and later by John von Neumann
and Oskar Morgenstern.

The case of Frisch’s hypothetical experiments helps us clarify the position of the economists
in this debate, analyze the status of the rationality axioms in economic theories, and
- against this background - discuss the recent advances in behavioral economics, i.e.
the attempts to introduce a psychologically more adequate theory of human behav-
ior into economics; to conduct experiments on human behavior in economics; and to
draw extensively on psychological concepts and findings. In their function to bridge the
gap between theory and data, Frisch’s hypothetical experiments offer us a case that
enables discussion of the question how much psychology is actually needed in eco-
nomics.
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4.10 Lina Jansson. Newton’s Methodology Meets Humean Supervenience about Laws
of Nature

Earman and Roberts [2005a,b] have argued that in order to be realists about laws of
nature and hold that we can have empirical access to the laws of nature, we have to
accept Humean supervenience. Let T and T? be identical theories apart from T taking
some propositions to be laws that T? merely takes to be true. The key premise argued
for in Earman and Roberts [2005b] is that we can never have empirical evidence that
favours T over T? (or vice versa) if Humean supervenience is false. I will make use
of the work of Harper [2011] and Smith [2002, 2005, 2012] on Newton’s methodology
in the Principia to argue that the premise above is false. Smith has detailed the role
of subjunctives in Newton’s method of proceeding via approximations, and how this
method is crucial to Newton’s success. Harper has similarly argued for the crucial role
of counterfactual considerations in understanding, for example, how Newton identifies
the force keeping the moon in orbit with gravity.

I will argue that the ability to support counterfactual reasoning of the kind in the Prin-
cipia makes it possible to have empirical evidence favouring T over T?. Roughly, my
key claim is that we can have empirical evidence that our counterfactual reasoning is
successful. If we also grant that supporting counterfactual reasoning is a distinguishing
feature of laws, then we can also have evidence favouring T, and that some proposi-
tions are laws, over the alternative T?, and that the propositions are merely true.

The case of Newton’s identification of the force keeping the celestial bodies in orbit
with the force of gravity is a particularly striking example of reasoning where it is crucial
that we take certain propositions to be laws. They need to support reliable reasoning
across counterfactual suppositions that we use in order to reason by successive ap-
proximations. Moreover, the success of such reasoning is not guaranteed. If we simply
pick any collection of true propositions (even of universal conditional form, etc.) and
elevate them into laws within our theory, then we generally expect that reasoning by
approximations will fail. After all, we typically do not take mere accidents to be reliable
guides for reasoning counterfactually. Moreover, any success had will typically be of an
approximate nature. We need to be assured of the reliability of the approximate rea-
soning in the following sense; if we have, at least approxi- mately, identified a law, then
we can expect the reasoning to assure the approximate holding of the consequences.
Yet again, Smith [2002] has identified this requirement in Newton’s methodology.

As Newton’s reasoning in the Principia illustrates, it is typically not enough to have one
law in place. To carry out the reasoning we often require several laws and several
working assumptions. Yet, when we do manage to carry out the research program
through successive approximations, we have a piece of empirical evidence: the em-
pirical success of our method (so far). Let me call this evidence S. This evidence is
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clearly part of the Humean base. It is simply noting that a research program so far
has been successfully carried out. It could, of course, simply be a coincidence that the
method was successful. However, if we hold that the likelihood of T on S is higher than
that of T?that is, Pr(S—T) ¿ Pr(S—T?)then we can have empirical reason to prefer
T to T?. As long as we allow that it is a distinguishing feature of laws that they sup-
port counterfactual reasoning, it is reasonable to take P r(S—T ) to be greater than P
r(S—T ?). Both Humeans and non-Humeans generally take this to be a distinguish-
ing feature of laws.1 Newton’s reasoning in the Principia provides an example of how
non-Humeans (as well as Humeans) can have empirical evidence favouring T over T ?.
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4.11 Sabina Leonelli and Rachel Ankeny. Repertoires: A Post-Kuhnian Perspective on
Collaborative Research

In this paper we propose a framework to describe and explain the conditions under
which scientific communities do collaborative research, particularly within large- scale,
multidisciplinary projects. A vast body of scholarship in the historical and social studies
of science underscores the critical role of collaboration in the development of scientific
knowledge. Many forms of scientific collaboration have been documented and ana-
lyzed, including co-located and dispersed, short and long- term, virtual and in-person,
large and small scale, and even voluntary and involuntary. Collaboration often involves
individuals with different skills, training, and goals, who are not co-located and who,
even when working toward common goals, are subject to diverse institutional, cultural,
and financial pressures, particularly in the contemporary context of big science’ car-
ried out through multidisciplinary projects occurring within international networks. It
is clear from existing scholarship that research communities have variable degrees of
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continuity, longevity, and durability, depending on their relation to existing knowledge,
materials, technologies, and institutions, as well as on the social dynamics within and
beyond their boundaries. Furthermore, it is evident that the organization of research
communities, and the ways in which they are constructed and managed, has a major
impact on the quality and types of outputs that are produced. Hence the organiza-
tion of research has been a crucial topic of interest to philosophers of science. Some
philosophers have analyzed the mechanisms that underlie collaborative work, focusing
particularly on the division of labor involved, the typologies and patterns of epistemic
dependence characterizing interdisciplinary work which include group learning, nego-
tiation, and integration, and the use of theories, models, and tools as conduits to com-
munication and integration. However, there is still relatively limited philosophical work
on what constitutes a research community, how communities change over time, and
how the development of collaborations relates to the production of knowledge within
the various social, cultural, institutional, and economic environments in which scientific
research occurs. Existing characterizations of communities in terms of shared theories,
which in turn constitute a discipline or field, have greatly enhanced our understanding
of the dynamics of scientific change and how to conceptualize research progress’ (e.g.,
Kuhn 1962; Toulmin 1972; Shapere 1977; Darden and Maull 1977). However, these
accounts have limited value for making sense of multidisciplinary efforts, where suc-
cessful collaboration involves the harmonious merging of different types of expertise
and disciplinary training. They also fail to account for the critical roles played by social,
political, and economic factors in the development and outcomes of scientific research
practices. In this paper, we propose an alternative framework for analyzing the emer-
gence, development, and evolution of collaborations in science that we believe will
facilitate philosophical exploration of critical questions around the functioning, flexibil-
ity, durability, and longevity of research communities. We are particularly interested in
tracing the material, social, and epistemic conditions under which individuals are able
to join together to perform projects and achieve common goals, in ways that are rela-
tively robust over time despite environmental and other types of changes, and can be
transferred to and learnt by other communities interested in similar goals. We refer to
these conditions, which include specific ensembles of skills and behaviors as well as
related methods, materials, resources, participants, and infrastructures, as repertoires.
We argue that the creation or adoption of one or more repertoires has a strong influ-
ence on the identity, boundaries, and practices of research communities, whether their
individual members explicitly recognize this impact or not. At the same time, not all
research communities have a repertoire, and many creative and innovative scientific
initiatives grow at the margins of, or in outright opposition to, the most long-lived reper-
toires.

This argument builds on empirical insights by historians and philosophers of science on
practices within contemporary research communities in the experimental life sciences,
as well as cases drawn from social and historical studies of other sciences including
physics, psychology, and medicine. We analyze the parallels and dissimilarities be-
tween our approach and philosophical discussions of scientific change, and discuss in
detail the characteristics, composition, and performative nature of repertoires. We then
reflect on what it means for a repertoire to be resilient and transferrable, the relationship
between repertoires and research communities, and the significance of the alignment
of repertoire components in terms of their success (or failure). Finally, we discuss the
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scope of repertoires and their potential utility as methodological frameworks for philoso-
phers to reconstruct and compare scientific strategies and developments across time,
space, cultures, and disciplines.
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4.12 Alan Love. Physics, genetics, and investigative reasoning in developmental biol-
ogy

Approaches to understanding ontogeny that involve physical factors such as flow or
deformation have intrigued biologists for more than a century. Wilhelm His (18311904)
favored explanations of developing chick embryos based on analogies with mechani-
cal phenomena exhibited by non-living materials, such as the folding of rubber tubes
(Hopwood 1999). D’Arcy Thompson (18601948) generated iconic examples with hy-
pothetical changes in morphological shape derived from cartesian coordinate transfor-
mations based on differential growth rates (Olby 1986). Another famous example is
Alan Turing’s model of spatially constrained reaction-diffusion mechanisms producing
pattern formation, such as differential coloration of epithelia or periodic repetitions in
leaf structure (Turing 1952).

In all of these cases, the explanatory reasoning is analogical. If physical forces or
mechanisms generate specific morphologies in viscoelastic or chemical materials, then
similar morphologies in living species could be explained sufficiently by physical forces
or mechanisms operating on similar materials in the developing embryo.

The living medusa has a geometrical symmetry so marked and regular as to suggest
a physical or mechanical element in the little creature’s growth and construction ...we
seem able to discover various actual phases of the splash or drop in all but innumerable
living types of jellyfish ...[these] indicate, at the very least, how certain simple organic
forms might be naturally assumed by one fluid mass within another, when gravity, sur-
face tension and fluid friction play their part (Thompson 1942).

It is suggested that a system of chemical substances, called morphogens, reacting
together and diffusing through a tissue, is adequate to account for the main phenom-
ena of morphogenesis ... certain well-known physical laws are sufficient to account for
many of the facts (Turing 1952).
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Although physical explanations never disappeared completely, they were eclipsed to-
ward the end of the 20th century due to dramatic experimental successes from molecu-
lar genetic approaches that transformed experimental embryology into developmental
biology (Fraser and Holland 2000). The sentiment was captured in a NIH proposal
review from the 1990s: “The physics of how embryos change shape is neither an im-
portant nor an interesting question” (quoted in Keller 2002). “For some researchers,
development can now be reduced to the interplay of cell-cell signaling and transcrip-
tional regulation” (Gerhart 2015).

Despite this eclipse, a new dawn of developmental inquiry about physical forces has
recently emerged: “There has been a renewed appreciation of the fact that to un-
derstand morphogenesis in three dimensions, it is necessary to combine molecular
insights (genes and morphogens) with knowledge of physical processes (transport,
deformation and flow) generated by growing tissues” (Savin et al. 2011; cf. Miller and
Davidson 2013). In light of history, what accounts for this new dawn? Why, after all
this time, is physics (seemingly) gaining a place at the high table of developmental bi-
ology? I argue that one major factor is the use of physical approaches for investigative
rather than explanatory reasoning. The capacity of experimental practice to manipulate
physical forces surgically, on par with standard genetic approaches, is relatively new.
As has been argued elsewhere (Waters 2004), scientific knowledge is structured by
investigative strategies as much as theoretical explanations. The explanatory potential
of physical approaches to understanding ontogeny has not changed dramatically in re-
cent years; what has changed is the precision of physical manipulations to investigate
properties of developing systems. This has increased practical knowledge about how
changes in the values of physical variables affect embryogenesis and created evalua-
tive knowledge about what kinds of physical manipulations exhibit fecundity for ongoing
inquiry.

I illustrate this situation with two examples: fluid flow in vertebrate cardiogenesis and
bioelectricity in planarian regeneration. The former demonstrates how investigative
reasoning using physical approaches yields practical knowledge through experimen-
tal manipulation on analogy with mutational analysis in the genetic approach (Hove et
al. 2003). Explanatory analogies between physical and living systems largely fell on
deaf ears; investigative analogies between physics and genetics turned out to be deci-
sive. The latter examplebioelectricity exemplifies a novel form of evaluative knowledge:
how physical variables (e.g., voltage gradients) can be manipulated using the genetic
approach (e.g., via altered expression of ion channel genes) to yield diverse morpho-
logical outcomes (Beane et al. 2013). I close with remarks on how this alignment of
investigative reasoning between physics and genetics is nurturing new controversies
about the purported genetic control of ontogenythe predominant form of explanatory
reasoning in developmental biology (Levin 2014).
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4.13 Kate MacCord. The Enamel Knot: At the Intersection of Historicity and Epistemol-
ogy

As of 2015, the enamel knot is widely recognized as the morphogenetic control center
of the tooth; that is, it directs and shapes the outgrowth of the developing tooth. The
enamel knot thus currently plays a role in explaining how teeth gain their characteristic
forms. During the century since it was discovered, it has moved from an explanatory
role for tooth development to a marginalized and even contested entity throughout a
majority of the 20th century, and now is a central scientific object within developmental
evolution tooth research. How did this happen? That is, how did a scientific object
that is central to a modern scientific paradigm, such as the enamel knot, undergo such
upheaval? And, what does this story tell us about the way in which scientific objects,
as actors, play a role in their own history? This paper combines historical and philo-
sophical perspectives to highlight the historical contingency of a scientific object and
the dynamic tension between a scientific object and its epistemic setting.

In this paper, I dissect the relationship between a scientific object (the enamel knot)
and five historical epistemic settings, i.e. the theoretical and methodological commit-
ments of the researchers in which the scientific object was understood. In order to
characterize the epistemic setting of each historical case, I ask two simple questions.
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First, what do the researchers take development to be? And, second, what was the
process by which they characterized development? The five historical cases are:

1. Hans Ahrens, 1913. Ahrens was concerned with gross morphology; through depict-
ing the changing dimensions of tissues and structures, mediated by his creation of wax
models, Ahrens discovered the enamel knot and understood it to play an active role in
shaping the tooth.

2. Erwin Reichenbach, 1926/1928. Reichenbach adopted an understanding of tooth
development mediated by histology and the internal biomechanics of tissues. Tooth
development and morphogenesis to Reichenbach were best explained through de-
scribing the forces and active properties of the developing tissuesi.e. cell populations
that were dividing and moving. The enamel knot held no explanatory role in tooth de-
velopment.

3. Erich Blechschmidt, 1953. Blechshmidt’s concept of development hinged on his
“theory of biodynamics”, in which anatomy and morphogenesis had to be explained by
focusing on the movement of elements, whether they be molecular, cellular, or other-
wise. The enamel knot held no explanatory role in tooth development.

4. Tadao Kirino and Tetuo Nozue, 1971/1973. Development for Kirino and Nozue is
understood through chemical factors signaling for the expansion and outgrowth of tis-
sues. The enamel knot is posited as a signaling center, but no one followed up on this
research.

5. Jukka Jernvall, 1994. Jernvall began to uncover the genetic signalling properties of
the enamel knot. His theory of development understood morphogenesis as the inter-
action of physical phenomena, such as differential cell proliferation and cell movement,
in combination with genetic signaling. The enamel knot becomes the morphogenetic
control center of the toothmediating morphogenesis of the surrounding cells and tis-
sues.

As I move through and unpack the epistemic setting of each historical case, I also high-
light the ways in which the properties of the enamel knot interacted with each of these
settings. There are six properties of the enamel knot that have intersected with this
scientific object’s epistemic settings in interesting ways:

1. Position: The enamel knot resides within the enamel epithelium, in close proximity
to the dental mesenchyme.

2. Inert: The cells that compose the enamel knot do not divide.

3. Static: The cells that make up the enamel knot form a solid, dense ball which does
not move.
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4. Pre-patterns: The non-dividing cells of the enamel knot direct the tooth to form
cusps and then it disbands before the cusps actually form.

5. Signaling: The enamel knot signals to surrounding cells to proliferate.

6. Transient: The enamel knot appears and quickly disappears during early stages of
tooth development.

We will see as we move through the cases that the way each researcher character-
ized the developmental process (particularly the way that they understood the process
of morphogenesis), and the methods that they used to interrogate tooth development,
colored the way they interpreted their data and understood the properties of the enamel
knot. This in turn affected the enamel knot’s role in explaining tooth development and
its status as a scientific object.

By telling the history of the enamel knot from the role of the object itself within the
scientific process, that is, how the object interacts with the methods and theories of
an epistemic setting, I demonstrate that the history of scientific objects is governed
by the ways in which their properties interact with the epistemic commitments of the
experimental systems that house them. This is a story about how the properties of
a scientific object are an integral part of that object’s uptake and role within science.
This is also a story about how theories of development, particularly morphogenesis,
shifted throughout the 20th century in important ways. In this light, this paper begins
to address the history of developmental biology and highlights ways of understanding
and framing development that are alternative to the molecularized narratives that have
dominated the history of this topic and time period.

4.14 Teru Miyake. The Structure and Growth of Evidence about the Earth’s Deep Interior

Integrated history and philosophy of science has its most direct roots in the work of
Kuhn, Lakatos, Laudan, and others, whose work was mainly directed towards under-
standing the large-scale structure of scientific knowledge, at the scale of decades and
even centuries. If there is one thing that philosophers of science have come to know
since then, however, it is that the growth of scientific knowledge at such scales is an
extremely complicated affair.

The aim of this paper is mainly methodological. If we carefully examine the long-term
growth of evidence in certain sciences, we see that the structure of this evidence, and
its evolution, is extremely complicated–so complicated that it is quite difficult to grasp
in its full complexity. Thus, we might be led to examine only manageable bits of it at
a time. Yet, we might also think that an overview of the entire structure of evidence
and its evolution would be quite useful. One advantage that we now have over Kuhn,
Lakatos, and Laudan is that we might have better tools for examining complex phenom-
ena. Whatever the usefulness of the theory of complexity as an explanatory theory, it
might provide new resources for representing very complicated phenomena. An exam-
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ination of such resources, and how they could be applied towards understanding the
growth of scientific knowledge in particular cases, is worthwhile from a methodological
standpoint.

As an example of the large-scale growth of scientific knowledge, I will consider the
growth of evidence about the earth’s deep interior. This is a good case to start with
because it is limited in scope and its development is relatively easy to understand. Yet,
the structure and growth of evidence even here is extremely complicated. Almost all
of our knowledge about the earth’s deep interior comes from observations of seismic
waves that are detected at the earth’s surface. An earthquake occurs when a slippage
occurs along a fault buried deep within the earth. Seismic waves generated from this
seismic source then travel through the earth’s interior, and are picked up by seismome-
ters at the earth’s surface. The seismic waves that are detected at the earth’s surface
contain information about both the seismic source and the earth’s interior. Seismic
waves can thus be used to answer the following questions: (1) What happens at the
seismic source? (2) What are the structure and properties of the earth’s deep inte-
rior? These two questions are intertwined, because a better answer to (1) would give
us better means for answering (2), while a better answer to (2) would give us better
means for answering (1). The ability to answer these questions is also dependent on
developments in the theory of elastic dislocations and elastic waves that would help
us formulate models of both the seismic source and propagation. It is also dependent
on developments in applications of such theories–ones that, for example, enable the
calculation of properties of the earth’s deep interior from travel times of seismic waves.
It is also, of course, dependent on the development of new observational techniques.

A careful examination of the structure of evidence and its evolution in this particular
case shows that there are at least four strands that are intertwined. The first strand is
the development of a mathematical theory of waves in elastic media, the foundations
of which were established in the mid-nineteenth century. The second strand is the de-
velopment of applications of this theory to seismic phenomena, such as work on the
propagation of waves through elastic media, or the theory of seismic sources. The third
strand is the development of what I will call ”constructions from data”. These are ideal-
ized models with parameters that have been estimated from data. Paradigm examples
of such constructions from data are detailed models of the mechanical properties of the
earth’s interior. The fourth strand is the development of observational techniques, such
as seismometers. We might also include here developments in computing such as the
Fast Fourier Transform, which revolutionized the spectral analysis of seismic waves.

These strands are not entirely distinct from each other, and the evolution of each of
these strands is interdependent on the others in complicated ways. We might wonder
whether there could be ways in which we can represent the growth of evidence about
the earth’s interior that does justice to the complexity of this evidential structure and its
evolution, yet is genuinely informative.

The aim of this paper is to examine some preliminary questions: Exactly what should
be represented? What kinds of representations would allow us to accomplish this?
What representational resources are available to us from, say, research on complex-
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ity? Answers to these questions will be sought through an examination of the growth of
evidence about the earth’s deep interior. The hope is to take some steps towards new
ways in which we might represent, and examine, the structure and growth of evidence
in science at a large scale.

4.15 Nadia Moro. Between mechanics and the a priori Sensation in Hermann von
Helmholtz’s physiology

“In any area of active science which moves at the border of the unknown, there is no
such thing as doing science without philosophy”. Hatfield’s claim (2003) concerning
recent approaches to the study of colour perception applies equally to 19-century in-
vestigation into sensory perception and especially to organic physics. This research
programme consisted of establishing scientific physiology by introducing mechanical
concepts such as matter and force and using physical methods of investigation and
experimentation. Organic physics was pursued, among others, by Johannes Müller’s
pupils Ernst Brücke, Emil du Bois-Reymond and Hermann von Helmholtz. Helmholtz
succeeded, for instance, in measuring the conduction velocity of the nerve impulse and
proved the temporal dimension of sensation, which challenged the common view of
sensation as something immediate (Schmidgen 2002). Presuppositions, goals, meth-
ods, and achievements of organic physics have been widely discussed in historical
literature and STS (e.g. Dierig; Finkelstein; Heidelberger; Holmes; Hörz; Leiber; Kre-
mer; Olesko; Rotschuh). Argumentative strategies and explanatory models have been
reconstructed (De Kock, Lenoir; Mann; Turner). Likewise, the profound impact of phys-
iological investigation and discoveries upon philosophical, psychological, and aesthet-
ical theories of perception has been analysed (Bailhache, Hatfield, Hui, Steege, Vogel).

The overall aim of this paper is to use original 19th-century physiological literature
and secondary bibliography to discuss the relationships between metaphysical con-
ceptions, epistemological issues, and physical methods in the theories of perception
developed by Hermann von Helmholtz. The result will be an explanation of the meaning
and function of the a priori in Helmholtz’s physiology and philosophy of perception and
the assessment of its epistemological relevance. In order to investigate the processes
of objectification in Helmholtz’s theories of perception, descriptive methods, mechani-
cal models, and theoretical results (esp. the resonance theory of consonance) of his
psychoacoustic research are compared. This comparison is aimed, firstly, to identify
the complex nature of sensation in Helmholtz’s accounts and, secondly, to prove the
extent to which, using Cassirer’s phrase (1944), “perception expands the particular da-
tum,” involves the integration of sensation into a “total experience,” and is “an objective
factor in knowledge.” Helmholtz shared the conviction that the domain of sound stays
in a close connection with “pure sensation” and can be made intelligible through a “sci-
entific foundation.” This meant for Helmholtz primarily to adopt mechanical models of
explanation (Lenoir 2006), which was his strategy to account for the complexity of per-
ception (Steege 2013), and prove objective processes in the experience of sound.

The paper has four sections. Firstly, the main aspects of organic physics are schemat-
ically presented, so as to show the methodological transition which took place in 19th-
century physiology. The scientific status of physiology was progressively defined on
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the borderline between autonomy and mutual dependence upon physics, psychology,
and philosophy. Decisive contributions concerning methodology, experimental practice
and epistemological considerations in physiology were made by Müller and his younger
colleagues du Bois Reymond, Brücke, and Helmholtz. Sense physiology, i.e. the study
of the nervous system and perception, was at the core of their investigation, which was
aimed at explaining sensibility an issue philosophers had failed to appropriately settle
and which was now tackled by scientists.

In the second section, the focus will be on the notion of “specific nerve energy” which
was central in the making of sense physiology and the explanation of sensory qual-
ities. The paper reconstructs the development of the idea of specific nerve energy,
which was introduced by Müller in 1826, in order to explain the emergence of sensa-
tion and sensory qualities, and to distinguish sense modalities (hearing, sight, taste,
etc.) from one another, based on methodological and philosophical premises. A con-
siderable debate revolved around specific energies for almost 80 years and involved
numerous German-language researchers including Helmholtz, who put forward an ex-
tended version of the theory of specific energies as well as prominent French and
British physiologists.

The third section analyses and compares Helmholtz’s multiple references to Kant,
Müller, and the a priori within his physiological works and popular lectures. The aim
is to discuss the meaning and role of the a priori in Helmholtz’s theories of perception
and to assess the epistemological relevance of his references to Kant in the context of
sense physiology. I argue that, whereas Helmholtz’s mechanical modelling helps him
identify objective structures in perception, references to the a priori in his public lec-
tures have often a rhetoric function. Moreover, Helmholtz’s references to the (Kantian)
a priori are often connected with the idea of specific nerve energies and coincide with
explanatory deficits from a physiological and epistemological perspective.

The final section discusses some epistemological implications of the problematic sta-
tus of the a priori in Helmholtz’s physiology of perception. On the one hand, as Ernst
Cassirer observed, late 19th-century theories of perception reveal the tendency to ob-
jectivity which is implicit in perception in terms of invariance and transformation. On
the other hand, perception only achieves rudimentary levels of objectivity. As a con-
sequence, it becomes impossible for psycho-physiological research to devise a full
explanation of sensory processes. In his theory of perception, Helmholtz was con-
fronted with this difficulty, which he tried to solve by resorting to the a priori. I will show
why this solution was not coherent and raise the question of whether the impossibility
of a full physiological explanation of sensory processes was merely a historical matter
or represents a limit of science.

The paper integrates historical and philosophical analysis of science both in object and
method. The general thesis that philosophical reflection is essential to the development
of scientific research is reflected historically in the complex argumentative strategies
used in Helmholtz’s theories of perception. Here physical methods, empirical obser-
vation, and epistemological models are intertwined in order to explain the emergence
of sensory qualities. Methodologically, the historical reconstruction of Helmholtz’s re-
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search strategies implies an epistemological assessment of the status of sensation
and sensory qualities which calls for a philosophical discussion on the boundaries of
science.

4.16 Raphael Scholl. Spot the difference: Causal contrasts in scientific diagrams

Scientific diagrams have received little attention from integrated history and philosophy
of science. Yet our discipline should be acutely interested in them: Diagrams are a
prominent feature of actual scientific practice, appearing copiously in laboratory meet-
ings, conference talks and almost all published papers. Moreover, they are connected
to some of the core issues in the philosophy of science, such as discovery, confirma-
tion, explanation and representation.

In this talk, four brief case studies from the life sciences are used to examine one of the
key functions of diagrams: identifying causal relationships. This commonly relies on vi-
sual contrasts that highlight the effects of specific difference-makers. The case studies
cover a wide range of approaches, from experimental to observational and even purely
theoretical studies. They show that causal contrasts can be expressed in starkly differ-
ent formats, including photographs of complexly visualized macromolecules as well as
line graphs, bar graphs, or plots of state spaces. However, despite surface differences
there is a measure of conceptual unity among such diagrams. In empirical studies
they generally serve not only to generate understanding of specific causal claims, but
also as evidence for them. Frequently, some of a studys key data is given nowhere
except for the diagrams. Many diagrams show multiple causal contrasts in order to
demonstrate both that an effect exists and that the effect is specific that is, to narrowly
circumscribe the phenomenon to be explained. In all cases examined here, causal
contrast diagrams can be shown to reflect the core epistemic project of the research
reports in which they appear. This explains a piece of informal advice that most sci-
ence students receive from their advisors: when reading a paper, start with the figures.

The conclusions give an overview of how integrated history and philosophy of science
can use its unique strengths to explore scientific diagrams further. By asking appropri-
ate conceptual questions of detailed historical case studies, we can begin to connect
the diverse functions of diagrams in a systematic, historically insightful account.

4.17 Dana Tulodziecki. The Zymotic Theory of Disease: Lessons for &HPS

In this paper, I will argue that neither realist nor anti-realist accounts of theory-change
can account for the transition from zymotic views of disease to germ views. I trace
this failure to the way the realism-debate is set up, and argue that approaching the
zymotic case through either the realist or anti- realist lens obscures some of the most
interesting features of this transition features that can only be understood by taking an
integrated HPS approach to this episode, which leaves behind many of the features of
the current realism-debate.
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I begin by discussing in some detail the example of the 19th century zymotic theory of
disease, one of the most sophisticated and popular versions of the mid-nineteenth mi-
asma theory. The zymotic theory drew on some of the most successful science at the
time, such as Liebigs chemical theories, thereby allowing it to propose highly detailed
mechanisms about the exact manner of disease causation. According to the zymotic
theory, diseases occur as a result of introducing into the body various zymotic materi-
als, either through direct inoculation or through inhalation after being dispensed in the
air. Essentially, these zymotic materials were thought to be putrefying organic matter
that would communicate its process of decomposition to pre-existing materials in the
victims blood where it would act in a manner similar to ferment, thus causing disease.

After explaining the basics of the zymotic theory, I then show (i) that the zymotic theory
and its successor, the germ theory, are strikingly different in almost every respect and
(ii) that, despite the fact that the zymotic theory was so different from its successor, it
was highly successful. Moreover, I show (iii) that this is so even according to the re-
alists own, more stringent, criterion of success as consisting of use-novel predictions.
Some examples of such use-novel predictions were the zymotic theorys predictions
about what geographical regions ought to be affected by diseases to what degrees,
and, strikingly, a number of numerically very precise predictions resulting from Farrs
so-called elevation law of 1852, relating cholera mortality and the elevation of the soil.
Other novel predictions concerned the course and duration of epidemics, the relation
between population density and disease morbidity and mortality, the relation between
mortality rates and different occupations, and relations between mortality from various
diseases and age. I argue, however, that despite the zymotic theorys successes, re-
alists cannot account for the zymotic case. According to selective realists, precisely
those parts that were indispensable to a theorys genuine success are the ones that
ought to be retained; yet, as I show, there is no discernible continuity between the zy-
motic theory and the germ theory: the zymotic theory had an entirely different ontology
and structure from that of the germ theory, and it was also radically conceptually differ-
ent in other ways, such as in its focus on processes of decay as opposed to pathogenic
entities. Thus, there were no stable or invariant elements that were carried over from
the zymotic to the germ theory: neither its entities, nor its mechanisms or laws, nor its
processes, or even the structure of diseases themselves was retained.

However, as I will show, it is not clear how anti-realists could account for this case, ei-
ther: there was no switch or conversion from the zymotic to the germ view, but, instead,
a slow evolution through a series of complex views that, while initially purely zymotic,
gradually became more and more germ-like, until, eventually, there were hardly any of
the original zymotic constituents left. Moreover, I will argue that this progression was
not linear, but a somewhat chaotic mixture of different elements from a large number
of views being combined, assimilated, discarded, and re-invented in myriad ways. The
specific examples I use to make my case are (i) the changing views about the media
of disease transmission, (ii) the changing views about the nature of zymes, and (iii) the
change from chemical views of disease to biological ones.

I then show that approaching the zymotic case from either a realist or anti- realist per-
spective obscures what is most interesting about it: the fact that, despite the mess,
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the change from zymotic to germ views was a success- ful one. Examining this tran-
sition highlights that there are distinct HPS- questions that cannot be answered by
either purely philosophical or purely historical approaches alone, even when those ap-
proaches are highly sensitive to each other. The zymotic case brings out very clearly
that even traditional philosophical questions questions that appear purely epistemo-
logical, such as questions about what constitutes (scientific) justification, for example
can only be answered, or even coherently asked, by an integrated HPS approach. I
end with some illustrations of this last point.

4.18 Holly Vandewall. In Praise of Erroneous Models

Most historians of science have a favorite example of a now-discarded model whose
errors themselves offered a fundamental insight. These are not mere cases of im-
perfect models, in the way that Copernicus model held almost as many inaccuracies
as insights, which were refined by later thinkers who nonetheless gave Copernicus
credit for getting the fundamentals correct. Instead, these are models that have since
been resoundingly overturned, but not before something really fundamentally useful
had been wrung out of the mistake. This is especially true of the many and varied
“subtile fluid” theories of the 18th and 19th centuries the electrical fluid, the aether
theory of light, the caloric theory of heat. Kuhn described the Leyden jar in this way a
groundbreaking instrument first developed because it was believed that electricity was
a fluid why else would you build a jar to put it in? Traditionally, these examples have
been mined by philosophers of science when considering the metaphysical status of
models and the realism instrumentalism debate. In my work, however, I focus instead
on the heuristic and epistemic value of examining and teaching these erroneous mod-
els because they provide both insight into

1. What kinds of models we most easily and successfully manipulate

2. The background assumptions we bring to our model and theory construction

I focus on two examples, first, the work of Sadie Carnot. Carnot seems to have been
somewhat agnostic about Lavoisiers caloric, but made extensive use of that “fluid of
heat” theory, vividly describing the “flow” around the engine. Caloric was already a
theory on the decline when Carnot published his “Reflections on the Motive Nature of
Heat” in 1824. But the metaphor of a fluid only “falling” naturally from a higher place to
a lower one, creating work not by being consumed but by its transfer of location was a
such a significant leap forward that Carnot is usually credited with the formulating the
second law of thermodynamics. In my own teaching I have found that the caloric theory
has considerable heuristic value in understanding the science of thermodynamics its
profoundly intuitive, being functionally macroscopic, and much closer to our experience
than statistical mechanics. Indeed, the main difficulty of teaching the caloric theory of
heat is assuring that the students dont end the semester convinced of its truth!

A second, more contemporary example, is that of the all-pervading emphasis on home-
ostasis in ecosystem ecology in the 1960s and 70s. This tendency for biological sys-
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tems to resist change and to remain in a state of equilibrium was stressed in all the
best-selling textbooks of the period. Stability was regarded as a “central dogma” of the
field. The presumption that a system in equilibrium will remain in equilibrium unless
acted upon by an outside force led directly to the development of quantitative methods
of calculating material and energy cycling through the trophic levels of a system. While
faith in ecosystem stability has been steadily undermined in the last 50 years, calcu-
lating movement of energy and material through trophic levels remains fundamental to
the discipline. The epistemic value of examining homeostatic models is that they tell
us what systems ecologists wanted from a model, what they assumed was true about
the world, and how much scientific “fashion” can influence model development.

We could consider these examples merely lucky breaks, isolated incidents that in ret-
rospect happened to yield a useful insight that could be reimagined and redesigned to
fit into a “new and improved” theoretical conception. It is possible, too, that they are
merely a remnant of Whiggish tendencies in the history of science, of highlighting the
“correct bits” of quaint old theories in light of modern answers. But I want to argue
that the existence, and prevalence, of these examples suggests that erroneous models
offer something more valuable alternative lenses with which to focus on problems, or
alternative metaphors to spark our imagination or improve our teaching. By consider-
ing these examples in more detail I will suggest that we ought to give our erroneous
models more epistemic significance than they are usually accorded.
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