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Abstract: In Conceptual Space@ardenfors 2000), dimensions and their relatiprs/ide a topological
representation of a concept’s constituents and thede of combination. Consequently, as concepgts-ar
dimensional geometrical structures, conceptual ghadenotes the dynamic development of these
structures. Following this basic assumption, wehamoenceptual spaces to the dynamics of empirical
theories and show, in particular, that the termghektructuralist view of empirical theoriesan be largely
recovered. Based on the logically possible chamations which a concept’s dimensions can undergo
(singularly or in combination), we identify fourpggs of (increasingly radical) change to an emgirica
theory. The incommensurability issue as well as ithportance of measurement procedures for the

identification of a radical theory change are lyieliscussed.
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1. Introduction

The aim of this paper is to appgnceptual spaceas developed by Gardenfors (2000) to
give a new account of the dynamics of scientifeadttes. We shall compare this account
to thestructuralist viewof empirical theories (Sneed 1971, Stegmililler 18&Bzer et al.
1987, Moulines 2002). Using a reconstructiorNefwtonian Particle Mechanigd\NPM)

as a paradigmatic example, we explain how the tstralcsts’ terms are applied, and
show that, by using conceptual spaces, we can eecovstof the key concepts of the
structuralist view without the set-theoretical dwsad. There is also some loss in
comparison with structuralism, because we are fiet amathematicallygeneralmodel.
Moreover, we do not situate our approach with resfgethe statement vs. non-statement

dichotomy, as this appears (to us) as an overstiatistinction.

! Forthcoming in: Olsson, E.; S. Rahman, T. & Tuleinto, T.Science in Flux: Philosophy of Science
Meets Belief Revision Theoflyogic, Epistemology, and the Unity of Sciencei&gx. Berlin: Springer.



Our aim is to provide philosophy of science withnaw tool by which to
comprehend in general terms the dynamics of engpitiheories. We shall argue that our
approach, which is based on geometrical notionsyase suited as a general framework
for representing theories and their dynamics theucwralism is. We believe it also fits
better with the intuitions of practicing scientisks particular, we will show by means of
examples that conceptual spaces provide a cleaceuat of different kinds of changes
of scientific theories.

We start with a summary of the structuralist viefvempirical theories (section
2), followed by an outline of our modeling toohnceptual spacegsection 3). In section
4, we show how the central notions of structuralisam be expressed in terms of
conceptual spaces. We then summarize the strusturatonstruction of theory changes
and point out its limitations in the application tadical or revolutionary changes
(section 5). In section 6, we let conceptual spgrese their mettle by presenting four

types of increasingly more severe changes to ecapiteories.

2. A brief summary of the structuralist view
For a structuralist, an empirical theory is a sétneathematical (set-theoretical)
structures— hence the name. These structures happen toyssdisfeaxiomsthat can be
expressed as set-theoretical predicates (cf. Sulfig& ch. Xll, Sneed 1971). Since the
structures and not the axioms are central, strali$ts characterize their program as a
non-statemenbr semantic vievof empirical theories. Ultimately, the aim of theogram
is to provide a framework for the detailed représeon of the logical structure of an
empirical theory in order to achieve a rigoraesonstruction othangeseither to the
theory or the conditions of its application to engal phenomena, for example, a
reconstruction of how NPM changed over tifne.

We now turn to a brief presentation of the basiacepts of structuralism.
According to Sneed’'s (1971) account (further depetb by Stegmiiller (1973)), an
empirical theory is represented as a p#r k>, which consists of formal core K, and a

set ofintended applicationsl. The intended applications are identified pragoasity,

2 The construction and application of an empiribalary can naturally be seen as the paradigmatimetea
of rational human belief and its use. In this sess@cturalism also becomes a framework, albiitdid,
for doxastic dynamics.



while K is specified via the set-theoretic structures slyatematize its parts, most notably
its models(see below). Although structuralism has developeer time® we choose to
focus on Sneed’s original account since it contthesmost essential components.

The mathematical structure of a theory core is mlesd, firstly, by a set of
measures(variables) for different magnitudes of the objethmt are studied. The
measures are functions in the set theoretic sehset® of ordered pairs. In NPM the
relevant variables of an object gpesition (location in space)time, massand force
Secondly, there amonstraintsfor these measures. For example, in every modsPd,
mass is supposed to bea@nservativgany object has the same mass in all applications)
and additive magnitude (the mass of a complex object is the etithe masses of its
components.

The magnitudes which cannot be measured withouhiary itself being applied
are called T-theoretical and those which do not presuppose the theory feir th
measurement are calléidnon-theoretical(Sneed 1971)In NPM, force and mass are
theoretical while position and time are non-thdoett because we are not required to use
NPM to determine values of the former. Instead alg on an “antecedently accepted”
theory for measuring space and time.

The distinction between theoretical and non-théoakimagnitudes motivates a
corresponding one among a theory’s models: An eogpbirstructure (a.k.adata-
structurg of values for the measured variables (space and)tis called apartial
potentialmodeland the sebf theses structures denotdpp — partial because the model
lackstheoretical functions. If values for non-theoratiterms {ime andlocationin NPM)
are specified, but the values for the theoretieahs are unconstrained, one obtains the
set of potential modelsMp — potential because all possible values for theoretical

functions appear in some member Mp. Thus, inMp kinematical descriptions (co-

3 Cf. Moulines (2002) for a brief outline of the cemt state of the structuralist program and Badteall.
(1987) for a full account.

* Balzer et al. (1987:105) call these the constsaifiequality andextensivity Cf. their ensuing discussion
with respect to the simplifying assumption thategivrise to a third constraint: In any subsystem
considered, e.g., moon and earth, masses are adsarbe impressed upon by tkameforces, if these
masseswvere related to the system as a whole, i.e., the cosfédhough this is not so if we look at
things quite accurately, physical calculations waith such and similar assumptions” (1987:106).

> NPM does, of course, presuppose its own theospate-time, namely that absolute(Euclidian)space
andabsolutesimultaneity cf. DiSalle (2006:17-35, 98-130).



ordinations of indexe$or time over Euclidean space) are set in relation gysiem’s
masses and the forces impressed upon them, thalheisdynamical factors. Of the
potential models, only some will satisfy the cehtteioms of the theory, for example
Newton’s second law = main NPM. A potential model that satisfies the axsaf the
theory is called a (fullinodelof the theory. The set of models is dendtkdHence:M [
Mp, while the relation betweeklp andMpp is that formally expressed by a “forgetful
functor” (alternatively a restriction function (peation) fromMp ontoMpp).

In order to address changes to empirical theottiés,useful to focus on Sneed’s
(1971) notion of theore of a theorylt consists of the following five parts: (i) atsef
variables of the theory, (ii) a set of constraifttisthe theoretical variables, (iii) a set of
models, determined by the central axioms for tre®ty, (iv) a set of potential models
and (v) a set of partial potential mod&l§he core captures what remaitenstantin a
theory during the time of its use.

Some changes of a core are so-cattece expansiongStegmiuller 1976:107).
They are reached from the core through a procespaifialization thus adding special
laws of a theory, e.g., the Newtonian law of gratviin (see below). Thus, in the case of
NPM, its core does not yet establish ajquantitativerelation between given masses,
forces and accelerations. Rather, a core spesifieslledbasic lawsof a theory.

In this sense, basic laws underlie — thus comeatedlid in, thus unify — all of the
theory’s models. Of course, the core does not yeaest a theory. Rather, it spells out
presuppositions with whichmore specific characterizations — formulated as core-
expansions and by means sgfecial or substantial laws- must be consistent. Only the
latter are (sought to be) appliedreal world situation8.

Through a specialization of the core, that is, by adding restricting

characterizations, the structuralist can specifigemry’sinternal structurehierarchically

® This is not exactly Sneed’s definition, which nta/found in his (1971:171). Our above charactddnat
of a core, however, captures what is essentialtah@iconcept.

" This is Sneed’s term, cf. Sneed (1979:300), Stdélem(1976:107f.) usefundamental lawsin addition,
there are assumed characterizations of the sirgtgonents of the model, so-callFdme conditions
E.g., for NPM, that the set of particles is finitethat mass is a positive real function. Theseditmms
“do not say anything about the world (or are nqiexted to do so) but just settle the formal properf
the scientific concepts we want to use” (Moulin8825).

8 Hence, both basic laws and frame conditions at®pento refutation in the same sense that special laws
are. Certainly, they can bevised but not (without using stronger assumptidiafdified



as a partial order over so-callggtory-elementS For example, in the case of NPM, from
the basic lawr = ma (expressed in theory elemenf) Bne may “carve out” (Balzer et al.
1987:169) first, T, the actio-reactio principle (Newton’'s third law), followed by
specifyingconservative forcem T,, thencentral forces Ts, followed byforces inversely
proportional to distanceT,, and, finally,forces for which the gravitational constar,
holds Ts.*°

Thus, one reaches the law of gravitatidh, = GIMm/r?>, as a five-fold
specialization from the core of NPM. In this wayjeohas construed a series of core
expansionand thereby specified the core. Note, again, tlid enly F = main the core,
we do not have any information about the interactibparticles. Models that satisfy=
ma might just as well be about single particlessloinly with such special laws as the
law of gravitation that connections between objecésintroduced.

The decision on what to reconstruct as the coeetb€&ory is relevant, because the
potential models are characterizedly by the core structure. Therefore, every more
specialized theory J; must have theameset of potential models as the less specialized
Th i.€.,Mp(Ths2) = Mp(T,).* Differences arise, amongst others, with respeet tteeory-
element’s full modelsM, and its intended applicatiomsthat is,M(Tn+1) 00 M(T) and
[(Tnea) O 1(Th).

Since there is, in principle, more than one wawinch a partial potential model
can be completed to a full model, teenpirical claimof a theory is rendered as the
contention that every partial potential model (esenting data structures arrived at by
measurementgan be successfully enriched to a full model. Thisnalanay very well
turn out to be false, in which case one would gagarticular theoretical enrichment of a
partial potential model constitutes anomalyfor the theory. Among the partial potential
models are, most notably, thgaradigmatic applicationgi.e., systems to which the

theory has already been successfully applied andhwére considered central to the

° The term ‘theory-element’ denotes the set of gtsM, Mp, Mpp, L (links to theory elements specialized
form different cores)C (constraints)] (intended applications) and blui, used for approximation (cf.
Balzer et al. 1987).

10 cf. Gahde (1997, 2002).

1 A fortiori for the so-callegbartial potential models\Mpp, i.e.,Mpp(Tn+1) = Mpp(Tn).



theory). These form a subset of tiended applications. IThe latter are (in a non-
formalized sense&jimilar to paradigmatic applications.

With all the parts of the core and the intendegliagtions above in place, the
structuralist disposes of a seemingly powerful teaglogy to describe changes within

one theory and connections across several empiheaties.

3. Conceptual spaces

With this brief summary of structuralism as a baokmpd, we next turn to a presentation
of our modeling tool. Conceptual spaces repres#otmation bygeometricstructures
rather than by set theory. Information is represerity points in the space (standing for
objects or individuals), and regions (standinggdaperties and relations) in dimensional
spaces. A great deal of the structure of a theary lme modeled in a natural way by
exploitingdistancesn the space. These distances represent degrsenilarity between
objects.

A conceptual space consists of a numbeqgulity dimensionsPsychological
examples of such dimensions connected to sensopression are color, pitch,
temperature, weight, and the three ordinary spdim@ensions. However, in scientific
theories the dimensions are determined by the blaggpresumed by the theory. We have
already noted that within NPM the relevant dimensiare three dimensions of space,
time, mass and three dimensions of force.

The primary role of the dimensions is to represmnious “qualities” of objects in
differentdomains The notion of a domain can be given a more peatisaning by using
the notions ofseparableand integral dimensions. These concepts are adapted from
cognitive psychology (see e.g. Garner (1974), Madd®92), Melara (1992)). In that
context, certain quality dimensions are said tanbegral if, to describe an object fully,
one cannot assign it a value on one dimension withiwving it a value on the other.

For example, an object cannot be given a hue withtso giving it a brightness
value. Or the pitch of a sound always goes alorty s loudness. Dimensions that are
not integral are said to Iseparable as for example the size and hue dimensions. Withi
the context of scientific theories, the distinctishould rather be defined in terms of



measurement procedurd$ two dimensions (or sets of dimensions) camisasured by
independent methods, then they are separablevotiesthey are integral.

In NPM, space and time are separable. In conteastativity theory construes
space-time as an integral set of dimensions. Inkthematics (descriptions of moving
bodies) presupposed by Newtonian mechanics, theursaent procedures for location
in space (measuring rods or optical signals) ame t{pendulum motions, i.e., clocks)
were considered to be independent of each othedelBging velocity and acceleration as
the first and second derivates of position witlpees to time, Newton proposed a theory
thatcoordinatedspatial and temporal measurement. In this senseidh presupposes a
theory of space-time. Still, there is no interactio the measurement distanceand that
of duration, i.e., between trigonometry and chronometry.

Using this distinction, the notion of domain can now be defined as a set of
integral dimensions that are separable from alérothimensions. In NPM, the domains
are four:space time massandforce The domains form the framework used to assign
properties to objects and to specify relations betwthem (see below). The dimensions
are taken to be independent of symbolic representain the sense that we can represent
the qualities of objects, for example by vectorghout presuming an explicit language
in which these qualities are expressed.

The notion of a dimension should be understoeddily. It is assumed that each
of the domains (integral set of dimensions) is evetbwith certairtopological or metric
structures? It is part of the meaning of “integral” dimensiotigt they share a metric.
Considering NPM, space is a three-dimensional Heah space, time is a one-
dimensional structure that is isomorphic to thee liof real numbers, mass is a one-
dimensional structure that is isomorphic to theitpes half-line of real nhumbers, and
force is isomorphic to vector a three-dimensionatiElean (vector) space.

A consequence is that the topological structuraitierent quality dimensions
entail that certain statements will becoaralytically true For example it follows from

the linear structure of the length dimension tla@hparative relations like “longer than”

12 For examples of different topological and metrissiamptions within psychological domains, see
Gardenfors (2000).

13 We say “isomorphic to” rather than “homomorphigaimbedded in”. Infinitesimally small differences,
e.g., in the lengths of objects, will fall belowetlthreshold of our cognitive capacity, and are thois
measurable. Still, such a difference clearly capdn of a conceptual space (cf. Batitsky 2000:96).



aretransitive This is thus an analytic feature of such a refatanalytic-in-S that is).
Similarly, it is analytic that everything that isegn is colored (since “green” refers to a
region of the color space) and that nothing is lgytkeen and blue. Analytic-in-S is thus
defined on the basis of the topological and gedo#tstructure of the conceptual space
S However, different conceptual spaces will yieldfetent notions of analyticity,
which leads to a form ofelativism that would be foreign to a classical notion of

analyticity.

4. Correspondence between structuralism and conceptual spaces

After the brief accounts of structuralism and cqatoal spaces, this section will show
how most of the structuralist notions can be exg@édsin terms of conceptual spaces.
Since our account does without the set-theoretiagheernalia of the structuralists, we
believe that it is more palatable for practicingeatists and fits better with their
intuitions. Furthermore, conceptual spaces wilbwllus to highlight new aspects of the
structure and dynamics of theories. In particulae, will show in section 6 that our
approach generates a new way of classifying theloapges.

For each of the five components of a theory coee @bove), we will show what
its correspondence in terms of conceptual spacésisis begin with the measurements
(variables) that form the building blocks of a theacore. In general, they correspond to
the domains of a conceptual space. For examplieirstructuralist accounspaceand
timewere the two T-non-theoretical terms of NPM. Thetidction between T-theoretical
and T-non-theoretical terms is basically the sameinceptual spaces, except that we put
emphasis on the separability of measurement proesd’he importance of this will
show up in section 6.3.

Secondly, let us consider the constraints on lieeretical variables. In general,
they are determined by the assumptions concerhmgnetric (or scale) that is connected
with the domain. NPM introduces as theoretical tethe variablesmassandforce In the
conceptual space of NPM, mass is a separable diomeis®morphic to the non-negative

real numbers. Thextensivityor additivity of mass, i.e., m+ np = My (Where 1+2

* The “phenomenological” assumptions that Carnap7{1ZB8f.) formulates are validated by the very
structure of the space and need not be added aslimgistic constraints.



denotes the object composed of objects 1 and ay;asunted for by the assumption that
mass is measured on a quotient scale (Stevens EBi¥6]1968).

Another constraint on the mass dimension is thiaé conservativevhich means
that mass is a property of an object that staystenn over different applicationSorce
is represented as three integral dimensions isdmorfm Euclidian 3-D space. A
constraint on this variable is that the componentds of a body must bedependenof
the system to which the body belongs.

In NPM, any object (particle) is represented gsoent in the eight-dimensional
space spanned by tlspace time, massandforce dimensions. Once an object has been
assigned a value for all of these eight dimensidansgs fully described as far as the
conceptual apparatus of Newtonian particle meclksasiconcerned.

We then turn to the three kinds of models. Whendverstructuralist speaks of
various models, the conceptual space frameworkrgbnespeaks of sets afectorsor
pointsin dimensional space. Each point represents tbpepties of an object. Thus, a
partial potential modebf NPM is a set of points (partial vector) in 4rdinsional space
(3-D for space, 1-D for time). Aotential modelis a set of points in the entire 8-
dimensional space of NPM. Finally, a full modelasset of points (full vectors), the
values of which satisfy the core axioms.

In NPM, the partial potential models are constrdiemn partial vectors with
values for space and time, while a full model imesl vector values for all eight
dimensions such that they always satisfy Newtooted law and may also satisfy a
special law. In particular, Newton’s second IBw madetermines a hyper-surface in the
eight-dimensional space. However, it should be dthtat the law in itself only concerns
single objects. Only when specialized laws are ddd#l NPM introduce forces that
connect several objects in an application.

The upshot is that once the conceptual spaceesifegd and the core axioms
formulated, the three kinds of models fall out veajurally as:

(1) sets of points in the subspace with values for i-tieoretical dimensions
(partial potential modél



(i) sets of points in the space with values also fahédoretical dimensions
(potential modél
(iif)  sets of points in the space with values for allehisions such as to satisfy the

core structure (and perhaps some special la)njode).

As can be seen from this reconstruction, the threds of models, which play such a
central role for structuralism, are not really regd as separately specified entities when
the conceptual space plus the theoreticity digoncire given.

How are the values for the various vectors detesdffnjust like the structuralists,
we assume that the values for non-theoretical démes are determined by observations
and that this is done by careful measurement acupitd established procedures. The
values for the theoretical dimensions are obtaimeg@resuming that the applied theory
yields an empirically correct prediction. This dialis not changed by taking a different
view upon the description of the conceptual apparaf a theory.

As regards the intended applications, the framewadrkonceptual spaces has
little new to offer™ Naturally, theories lend themselves to make ptixdis which are
based on special laws. For example, the law ofigtaon is applied to a given partial
potential model of NPM, i.e., data on the time- dmchtion-function of a numbaer of
objects. In our way of speaking, this comes outnasajectories in the 8-D space
(described above) as constrained by the law ofigitaoan. It should be noted that, unlike
Newton’s second law, the law of gravitation introds forces thatonnectseveral
objects in an application.

Finally, the empirical claim of a theory is rengeras followsAny partial vector
(partial potential model) can be completed tse& of pointone for each object in the
application) in the eight dimensional space (fudints) that satisfy the constraints and
axioms of the core. In particular, in NPM the peimire predicted to lie on the hyper-
surface spanned By = ma Certain applications will also be expected tas$atfurther

special laws.

!> However, it should be investigated whether theilaiity naturally offered by distances in conceptua
spaces can be exploited to give an account ofithidasity of different applications.
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Of course, at a given moment, one will start bysidering only the finite number
of special laws that have already been establisYied.strictly speakingany special law
consistent with the frame-conditions will qualiipcluding those not yet forward€df.
Stegmiiller 1976:105). Thus, our rendering of theieigal claim is just asveakas that
offered by structuralism. This, we think, is asltould be. We can thus show that the
components of an empirical theory as identifiedtimicturalism can also be identified in

terms of conceptual spaces.

5. Structuralist change operations and their limitations
Having shown the correspondences between struisturadnd conceptual spaces, we
shall next discuss the change operations thattatalism can identify and point to a
limitation in the reconstruction of so-calleadical theory change

On the pragmatic side, structuralism can recoosttoe following changes by
respecting the set afitended application$ as a part of a theory element: By correcting
earlier measurements, the numerical values of aiapgvotential model for, say,
Mercury’s orbit within the application of NPM todtsolar planet system — which had, so
far, beensuccessfullycompletableto a full model — may no longer be completable
without offsetting a neighboring application, sa¥enus’ orbit (cf. Roseveare 1982,
Géhde 1997, 2002). In this case, a particular dednapplication, unless it is simply
retractedfrom the set of intended applications, becomearamaly™®

Furthermore, Mercury's orbit (which had been chlted with the aid of
Newton’s law of gravitation) can “move” toreew theory element, by means of which
one hopes to calculate the application, afterTdlis had been the case when a correction
term to the exponent of Newton’s gravitational laas proposed or when Clairaut or
Hall proposed alternative gravitation laws thattdea different correction terms (cf.
Roseveare 1982).

On the formal side, the basic change operatioat dtiucturalism offers are the

addition or deletionof any of the parts that constitute a theory el&es., any change to

16 Naturally, a data structure that can no longesbecessfully completed to a full model may itsedf b
hypotheticallyenriched, such as to include so far unobservedtiadal objects. E.g., postulation of
Vulcan is such a case. This, however, does not sedra a relevant change, as the new hypothetatal d
structure —qua also obeying- = ma — already is among the set of partial potentiabets, but had
merely not been proposed as one that is fittfeoreticalenrichment, in the very first place.

11



the elements of the sekd, Mp, Mpp, C, L (see above) — possibly including so-called
blurs (cf. Moulines 2002). Thus, the addition/deletidnan “entire” theory element to/
from the structure of a theory — e.g., the propada new law that can be specialized
from an already present element — is merely a apease of the changes to the parts of a
theory.

Note that, through the identification of the sepotential models via satisfaction
of basic law plus constraints, there is — despeearances to the contrary — not exactly a
whole lot of room for the structuralist to traceanlges of a moreadical bend. While the
internal (logical) structure of a theory (as reeeéalthrough a structuralistic
reconstruction) may change in the most minute waysyy system to whicthe same
theory is applied will still be “forced” to co-ope within the conditions that are spelled
out in the most basic theory element, sucliFasmain NPMZ!’ Thus, one defines the
potential models of NPM into which we can “squeeaejiven kinematical system. At
the same time, one does therelxgludeany alternative which does not olfey ma

Clearly, structuralism provides a very fine-graingew on changes tone basic
structure. However, in the case of a so-catleeblutionary theory-dislodgemente.g.,
the transition fromNewtonian Particle Mechanic§NPM) to Einstein’s General
Relativity (GR) — the structuralist must resort to speakihg core-replacementecause
F =masimply is a basic law that i®t valid in all of GR’s potential modef§.Speaking
of “core-replacement dheory dislodgemer(Stegmidiller) strongly suggests that there are
“lumps” in theory evolution — an assumption we deny

On our view, symbolic formulations of a theorye.j.equations specify
guantitative relationdbetween the ranges of values that this theorymdecan take. If
two theories that quantitatively relate themeterms in adifferentway or — which is the
more likely case — quantitatively relate a subgehese terms téerms not included in

the former theoryone is well advised to take a step back frometigations. Instead, it is

7 This is the sense in which Sneed can explicateitigaa theory’ as “being committed to use a certain
mathematical structure, together with certain a@msts on theoretical functions to account for the
behavior of a, not too precisely specified, ranfjph®nomena” (1971:157).

18 Cf. Diederich (1996:80) for the claim that “tha@ssical problems of incommensurability have [thgfeb
been circumvented”, rather than resolved. Cf. Blalzer et al. (1987:306-19) for attempts at tackline
incommensurability issue by relating two theoriegndT*, through their setd1p andMp*. For Kuhn’s
largely negative reaction to the structuralist'deawor, cf. Kuhn (1976).

12



worthwhile to consider the conceptual spaces tmattthieories span. In this way — or so
we submit — one may better understand how theruddf@e new space are connected.

This way of viewing the matter provides — we thinlan interesting approach to
the incommensurability issue that, however, we wilt take up her&. For our present
purposes, it is sufficient to have shown that wen dauitfully address theory-
dislodgement. This very issue appears not to bésfaetorily answered by the
structuralists endeavoNolens volensby speaking of core rejections, the structuralist
will have to admit that she cannot trace toatinuitiesbetween, e.g., NPM and GR by
means of her reconstructive apparatus. Thus, smeotaeconstruct the transition, but
only the theory’s “initial and final sets of genkzations” (Kuhn 1987:19).

6. Four types of theory change within the framework of conceptual spaces
Compared with structuralism, we know of no comphlraitempts in the literature at a
similar formal representation of concrete casesthefory evolutions. However, this
account of theory dynamics appears weak when wk &ioits ability of completely
model radical theory change. The rather heavyhssiretical apparatus that has been
developed for the purpose gives little substantigight into the processes of such
changes of theories in return. In this section aon is to show that the framework of
conceptual spaces fares better.

Given the notion of an empirical theoas a conceptual space (presented in
section 4), changes to a theory core (includingaagmns) can naturally be divided into

four types:

(1) addition and deletion of special laws;
(i) change of scale or metric as well as the saliehtgeadimensions;
(i)  change in the separability of dimensions;

(iv)  addition and deletion of dimensions that make @psitace.

9 Following Kuhn, incommensurability has been prettmmtly identified as a problem that occurs in
relating the symbolic forms of two theories or femorks. With our shift away from the symbolic and
towards the conceptual level, we may end up ndtirilnincommensurability at all. This sounds odd, bu
it is how it should be. After all, the practicingientists that we know do not admit to any problems
whatsoever in making a transition from one setesfagalizations to the other.

13



We shall argue that this ordering of the changpeesents increasindegrees of severity
To show that these are generally applicable distins, we consider examples from the
history of science. In the following, we discuss ieth change operation a case
exemplifies. To be clear, the hypothetical completiof an application to one that
features additional data, e.g., postulation ofpfamet Vulcan for the solar planet system,
does not constitute a change to the theory in tpregéee above), but is rather a change

in one application.

6.1 Addition of special laws

In general, the addition of a special law to a themre only further specifies the class of
models of the theory and thus increases the emaprantent of the theory. Historically,
it is not unusual that special laws, e.g., HooKels of the spring or the law of the
pendulum, are formulated as specializations offthme conditionsafter the latter had
been specialized — in this case — to the law ofiggion. Such a process only extends the
range of applications of a theory core, withoutstag any significant change in the
hitherto available theory structure.

Generally, the addition of special laws seemsdcalbaracteristic of what Kuhn
(1962/1969) has calledormal sciencelt should be regarded as the mildest form of
change to an empirical theory since it does nablirerany change in the theory core. In
line with the choice of the expression ‘expansifstom Sneed/Stegmiiller, it could also
be seen as aexpansionof the theory core in the sense of belief revisi@&rdenfors
1988). In the present terminology, the dimensiaesypposed in an empirical theory are
simply used in new quantitative ways within the sagnalitative space.

Special laws could also lokeleted but this is often not quite what happens when a
theory core encounters anomalies. Rather, if aticgbion of a special law results in
predictions that do not fit with data, the applicatitself may beetractedfrom the set of
intended applications and, possibly, be moved tew& theory in which it may be more
successful. For example, Newtonian mechanics wae @mesumed to apply to the
phenomenon of light. It was later realized thats tinould not work, whence light
phenomena ceased to be intended applications of .Nfdever, any “problematic”

special law may persist as part of the theory withamy application being assigned to it,
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as one may hope to find a new application for itha future. Hence, special laws are

never really deleted. Rather their intended apfitina may be temporarily suspend@d.

6.2 Change of metric/scale

It is part of the description of a conceptual sptcassign every domain (set of integral
dimensions) its own metric. In theories that usassifications based on features that
depend on several domains, the metrics for the danmaust be weighed together. In
other words, their relative salience must be detesth (see Gardenfors 2000, section
4.7.2). For example, pre-Linnaean botany was baselolistic features of the flowers,
such assize and color, while Linnaeus’ classification made tinembers of pistilsand
stamenghe most salient features. What is involved irs tkind of theory change is the
principle forcombiningdifferent domains of a conceptual space.

However, everwithin a single domain there may occur changes of métris.
trivial that temperature can be measured on bathQeélsius and the Fahrenheit scales.
These scales are equivalent since they both inventvimterval scale (invariant under all
positive linear transformations (Stevens 1946,sE1868)). However, temperature can
also be measured on the Kelvin scale, which isigigpsince it has an absolute zero point
(and thus has less invariance). The change fromsielo Kelvin leads to different
predictions concerning temperature. It is parth@ theory associated with the Kelvin
scale that no object can have a temperature bedsal#te zero, while no such prediction
could be made only from assuming that temperatsinmeasured on an interval scale.
Thus the change leads to a change in the empaicdént of the theories of temperature
associated with the scalés.

Another example of a more severe form of changmtric is obtained when, in
reaction to experimental findings in early chemittadory, it was argued that the “fire
substance” ghlogistor) would need to haveegativemass in order for the theory to
square with experience. Here, the negative rangieeafinass scale needs to be introduced
— a rather radical, but possible move to bringthig®ry in line with the empirical results.

2 Of course, such changes are traceable and, therefot without repercussions in the theory. Jfig'the
respective theory element, its set of applicatigig) will “drop to zero.”

2L A science-historical account of the process leqdina current concept of temperaturenasan kinetic
energyis provided in Chang (2004).
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A change of metric involves changes of the préalist of the theory and is thus a
form of revisionin the sense of Gardenfors (1988). It is therefboraore drastic change
than adding new special laws. However, the chamgéli relatively mild, since the basic

framework of the conceptual space and the coravaeare maintained.

6.3 Change in integrality or separability of dimenss

In NPM time and space are separable domains. Arkabie change occurred as a
reaction to the Michelson Morley null result on atldrift. It was hypothesized that the
rods by which one measured length al®rtenedin the direction of the ether drift,
resulting in the so-called Lorentz-Fitzgerald caation. Effectively, one thereby
“squeezed” the length-scale to account for the magililt within an ether theory.

A most basic assumption today is that light sigmabpagate at a finite velocity.
An ether theorist, on the other hand, expectedfardnce in the speed of light signals as
a function of their direction of travel relative tioe ether. To uphold the ether hypothesis
after the null result, it was proposed that, the +oalong which the light beam traveled
and then returned by reflecting from a mirror atehd — washortenedn the direction
of the *“ether-wind”. Moreover, shortened just enloutp let the (predicted, yet
unobserved) drag of the ether-wind onto the ligidrb cancel out.

This is an effective way of interpreting an expegit in favor of one’s theory.
However, it can hardly be called a plausible hypsi$, if — as Einstein did — one doubts
that there be (any necessity for) an ether to begimand is committed to the constancy
of lengths on observational grounds. In fact, Eims$ solution does not presuppose a
mechanisnby which the length-scale is squeezed. From deitaksumptions, he could
rather deduce the contraction factor such thatetheill be only an apparent
contraction’?

The Lorentz-Fitzgerald contraction seems to bexaeptional case of integrating

domains within the framework of a theory core (N€M). In general, dimensions are not

22 |f Lo is the length of an object in a rest frame, andHe length measured by an observer, then the
contraction is given by 1= Ly/ y, wherey is defined as follows (withu for relative velocity between

observer and object, and witHor the speed of Iight)y: _ 1
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separated, nor are unconnected dimensions integnatdess some more severe change

also takes place in the form of adding or deletimgensions.

6.4 Addition and deletion of dimensions

The most fundamental change of a conceptual spaagowhen dimensions are added
or deleted. Most, perhaps all of the historicalndes Kuhn (1962/1969) calls revolutions
can be analyzed as changes in the fundamental diomsnof a scientific area.

A paradigmatic case for the addition of a dimensgNewton’s introduction of
themassdimension as distinct from tlveeightdimension of Galilean physics and adding
the dimension oforce in his mechanics. Given the distinction betweeighteand mass,
an object of a given weight is now analyzed as bjeab of a given mass under the
influence of a given gravitational foré& Effectively, the weight dimension is deleted
and replaced by the separate dimensions of mas®esg] which function as theoretical
variables in Newton’s theory.

For a second example, in order to save electraaetalyphenomena, Einstein
introduced the energy dimension as a theoreticelhbi@ in his relativity theory and
eliminated force as a fundamental dimension. Eneargthe form of kinetic energy, was
a derived variable of NPM, but in GR it becomesadiimental variable.

As a third example, following Chen (2003), one adraracterize the particle
theory of light by assuming that it postulasgdeasttwo integral dimensions forelocity
and size (both taking continuous values) and one dimenswnside (taking a binary
value), separable from velocity and size. In a widre®ry of light, thevelocitydimension
remains, but it now becomes integral with the disi@ms amplitude and wavelength
while the dimension o$izeis deleted and replaced Iphase differencéalso taking a

binary value).

6.5 Discussion
We will leave a full discussion of the incommenduility issue for future work, because

we are first required to have a goddfinition of incommensurability. The extent to

2 |n 1901, theBureau International des Poids et Mesucesiventionally defined as much “to put an end to
the ambiguity which in current practice still egigin the meaning of the wowdeight used sometimes
for mass sometimes fomechanical force(BIMP 1901:70).
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which our approach provides an interesting answéhis issue will largely be a function
of the definition we chose.

However, the main point may already have beercipated: If one accepts as
plausible the idea of literallgevelopinga conceptual space into a new one by the change
operations identified above, then its descriptisroae of the above four types of change
is the answer to the incommensurability issue. Ireothords, the traditiongdroblemof
incommensurability — finding ruptures between thmisolic forms of predecessor and
successor theory — is a consequence of treatingyitmdolic level of representation as
primary. On the conceptual level, the four kindscblange operations establish the
continuities between an old and a new theory.

It appears to us that a set-theoretical appafatush as structuralism) is prone to
conceal insights among precise yet cumbersome fations. This is especially so in
cases of so-called large scale changes, i.e., \théisiodgement, for which, in our
opinion, structuralism only offers a pseudo-recaridion by offering the concept of a
core-rejection. This ultimately seems to miss autracing continuity.

We have provided several examples of theory dyosutiiat can be analyzed in
terms of changes of conceptual spaces; other eeanm@ed to be studied. The reader
might have noticed that we do not lay much stresshe mathematical symbolism that
usually accompanies accounts of theory changeadt) We suggest that the inclusion of
such symbolism in the presentation of the historg philosophy of science is a myopic
outgrowth of established standards fostered byil@gaphical training which is almost
exclusively devoted to the symbolic level of represng theories and other forms of
knowledge.

This, we hold, should not persist as ty framework in which to discuss nor
understand changes to empirical theories. The fasnthemselves do not reveal the
underlying assumptions concerning the variableslirad: their geometrical structures,
their integrality and their determining measurempricedures. Of course, studying
formulae is indispensable in the analysis of emairitheories, but understanding
conceptual change should not proceed exclusivelhisrievel.

It is important to realize that the conceptualiciure of an empirical theory as

well as its dynamics can be approachedabygtractingfrom the quantitative relations
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(formulae) and by focusing on the qualitative rielas between the terms postulated by
the theory, in our terminology: on tldémensionghat constitute an empirical theory. We
do not thereby deny that exact science should hmesged in the language of
mathematics, but we deny that insights into theceptual development of theories are
generated by staring at formulae. Rather, insightse from having a clear and simple
geometrical conception of what it means to be @disge or integral) dimension and
from having defined change operations which, whapliad to the space, can transform
it into a new one. Furthermore, in our opinion, thée of the measurement procedures
associated with the central variables has beenrestimated.

Taking stock of what is gained by our approach mwhsompared with
structuralism, then — a full answer on the incomsueability issue pending — we would
claim that a reconstruction of empirical theoriestérms of conceptual spaces will
generate the insights of structuralism (without $betheoretical apparatus) and provides
a fruitful way of describing different kinds of ttwy changes which goes beyond what is
possible within structuralism. Already, one can s$hgt our approach bears evident
benefits for educating a wider audience in thedmgange. Future work should treat
additional cases, the relation between measurearahthe separability of dimensions,
and the similarity relations between applicatiohattcan be formulated in terms of

conceptual spaces.

7. Conclusions

Conceptual spaces allow us to present a more dniiew than structuralism of
empirical theory cores and their expansions angaticular, theory dynamical aspects
in a way that fits better with actual scientifi@ptice. The geometrical notions developed
in Gardenfors (2000) provide insights into how edity develops by classifying changes
according to the operations that have been idedtiin the previous section. On our
account, the fact that the symbolic formulationsaadheory change over time is but an
effect of the dynamics of the underlying conceptsiadce. While we believe that our
approach will allow a more fruitful approach to fm®blem of incommensurability than
structuralism has been able to offer, we must I¢laigeto future work.
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We have shown how the structuralist's set thecakttonstructs can find their
correspondences in the theory of conceptual spdoeparticular, it poses no major
difficulty to recover the T-theoreticity distinchoand account for the distinction into
partial potential, potential and full models of @e (and its expansion). Basically, these
distinctions are reached by separating among aryiseaimensions those that are
grounded in an antecedently available measurenmeoggses from those that are not.

In general, the significance of measurement praeed for our account is the
following: When it comes to Kuhn’s revolutionary atge, we hypothesize that any
introduction of a new or any deletion of an old dimsion will also reveal a change in the
measurement procedure. In this sense, the measurpnogedures also come out as the

pragmatic links between concepts and the empiwoald that they represent.
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