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Abstract:lt is suggested that the dynamics of scientifiowdedge may be reconstructed in
terms of structured collections of dimensions —oemtual spaces — underlying empirical
theories. Five change operations are identified/bigh to rationally reconstruct dimensional
change. Given this classification, the concepteaktbpment of empirical theories appears
more gradual than what Kuhn depicted. Only the mesere type — replacement of
dimensions — comes close to a Kuhnian revolution.

The five types are exemplified and applied in secgtady. The proposed approach is
Neo-Kantian. In contrast to the approaches of Thokuzhn and Michael Friedman, however,
the reconstruction of the dynamics of scientifiokttedge may be achieved without a

commitment to some dimension(s) being methodoldigieapriori.

Keywords Michael Friedman, Thomas Kuhn, conceptual spatiegensional analysis,

incommensurability, methodological a priori, scigatrevolution



1. Introduction

During the heydays of logical empiricism, an engatitheory was considered to be a set of
sentences — laws and others — and describing Bidemange was mainly a question of how
new sentences could be added. Science was in §isrerato be cumulative. In reaction to
this conception — and echoing Ludwig Fleck (19338)9vho tookcrisisto be a third
developmental stage —, Thomas Kuhn (1962/1970ptedis account of scientific change. It
consists of only two typesevolutionsas dramatic shifts of paradigms with periods@fmal
sciencen between.

For Kuhn, the historical development of scientkiowledge is not cumulative. On the
contrary, old and new paradigms are considered aflytincommensurable: acceptable
problem-solutions, methods, meanings of cruciahsgrand scientists’ ‘world-views’ may
change. His main example comes from modern phyisicencerns the difference in meaning
of the termmassin Newtonian mechanics and in Einstein’s relagititeory. The example
serves Kuhn to evidence revolutionary change atirg the sentential representations of
historically successive frameworks, i.e., spe@ald and their axiomatic basis.

We will argue that Kuhn’s dichotomy is too simpliséas a general account of the
dynamics of empirical theories. Rather than sdierfaws, we focus on the conceptual
frames. The frames will be modeled in termsafceptual spacg€sardenfors 2000). The

focus is on the dimensions underlying a theorytaed structure. Our main point is that many



types of scientific change can be understood asfioatibns of the conceptual frames
involved.

Our approach allows us to describe these changasmre fine-grained scale. We
present five types of changes in section 4: (1)i#ald or deletion of special laws (which does
not involve any conceptual change); (2) changecalesor metric; (3) change in importance of
dimensions; (4) change in independence of dimessimd (5) addition or deletion of
dimension. Given this classification, the conceptievelopment of empirical theories appears
moregradualthan what Kuhn depicted. Only the most severe typsplacement of
dimensions — comes close to a Kuhnian revolution.

As a case study, we present in section 5 some=afdhceptual changes that took place
within Newtonian mechanics before the introduciwdispecial relativity. We argue that much
of the conceptual structure of relativity theoryllmeen prepared in the development of
mechanics. Thereasa radical shift in the conceptual frame of spe@ddtivity, but it is not
as revolutionary as Kuhn and his followers claim.

Our analysis of scientific change can be viewed asrsion of Neo-Kantianism in
philosophy of science. We conclude with a discussiosome of the epistemological
consequences of our position, comparing it to tee-Kantianism of Michael Friedman and

Kuhn himself.



2. Kuhn’s Sentential-Ontological View of Frameworks

2.1 The Revolutionary-Normal Dichotomy and its Feafs

In The Structure of Scientific Revolutjdfuhn (1962/1970) tied the severity of theory dn
to the severity of its sentential reconstructiom.itlentified revolutions with meaning changes,
a sentential representation of frameworks servintpa evidence base. On Kuhn’s view,
historically successive frameworks save phenomedanudifferent conceptual contents. With
reference to Einsteinian concepts applied to coatpealy small (but not too small) masses at

comparatively low velocities, he correctly observiest:

“The variables and parameters that in the Einstgifi's represented spatial position,
time, mass, etc. still occur in the [NewtonianlsNand they still represent Einsteinian
space, time and, mass. But the physical referdriteese Einsteinian concepts are by
no means identical with those of the Newtonian epitethat bear the same name.
(Newtonian mass is conserved; Einsteinian is cdiiblemwith energy. Only at low
relative velocities may the two be measured insdn@e way, and even then they must

not be conceived to be the same.)” (Kuhn 1970,.101f

His thesis of a world-changpia meaning change @ima faciesupported by this observation,

and so is his estimate of how revolutionary charges significance, nameés wholes



“Revolutionary changes are somehow holistic. Thaynot, that is, be made
piecemeal, one step at a time, and they thus cintiith normal or cumulative
changes like, for example, the discovery of Boylais. In normal change, one simply
revises or adds a single generalization, all othergining the same. In revolutionary
change one must either live with incoherence @ edgise a number of interrelated
generalizations together. If these same changesiwgoduced one at a time, there
would be no intermediate resting place. Only thigalhand final sets of

generalizations provide a coherent account of rat@iKkuhn 1987, 19)

In our opinion, the crudeness of two basic typesctntific change results from Kuhn's
focusing exclusively on a theory’s sentential forthéardly surprises that he finds that
changes which amount to more than the mere addiioa special law) cannot result in an
“‘intermediate resting place.” Similarly, a non-réxmnary developmentf scientific
knowledge, for Kuhn, will always have to be représd as an addition to an otherwise
preserved set of sentences.

This characterization of change rather misleads.nffore fine grained “dynamics of
dimensions” is acknowledged as an alternative mfmtelonceptual change, then “revision of
(a number of) interrelated generalizations” no kEmgharacterizes only a scientific revolution.
And normal science — which, after all,cgmulative- no longer demands stable parts of a

framework to provide the “resting place,” whatetigat may be. At the same time, the long



term guiding-effect which frameworks provide in lseg cooperation from nature can be
acknowledged.

By ‘framework,” we designate what structuralistf theory-core,’” but refrain from
identifying an empirical theoryia its core. The identity of a framework is normadiyen by
atheory coreor a set oframe conditionse.g.,F = mafor Newtonian Mechanics. A new core
is logically inconsistent with its predecessdtis mode of fixing the identity of theories, we
argue, creates the incommensurability issue. Weerateek to identify a new framework

through systematic change operations applied re@egessor framework.

2.2 Limiting Case Reduction does not fully addi@skn’s Gap
When comparing historically successfvameworks, the later framework tends to relatgsto
predecessor. Frameworks “share content” in theigjp@ense of limiting case reduction.
Reduction starts from a successor frdfh@nd demonstrates mathematical continuity with a
frame predecessor frarke(Batterman 2003; Nickles 1973; Post 1973).

As an example, considaromentumThe special relativity (SR) form=mgv/ (1

(v/c)®) converges to the Newtonian mechanics (NM) fermmvas {/c)®goes to zero.

1 Kuhn seems to have adopted the idea from Lakét®g8), so did the structuralists

(Balzer et al. 1984, 1987, 2000; Gahde 2002; Maslig002; Sneed 1971; Stegmdiller

1976). His reservations against the structuralesinare expressed in Kuhn (1976).



Kuhn's claim is simply thait, andm amount to different definitions of masn plain words:
Yes, the SR-term (1 (v/c)?) approaches 1. However, the NM-form never conthine
Kuhn takes this as evidence for a meaning diffezdretween frameworksGenerally, the
sentential forn8* of a successor framewof that is reached by limiting the value-range of
some parameter i, although at that range effectively indiscernifsiem the predecessor
form S, need not therefore be identified wih

For Kuhn,severeconceptual change is evidenced by the very meatiffegences
which limiting case reduction bridges. These déferes came to be called “ruptures,” and the
ruptures came to indicateationality gaps” (Rehg 2009, 33-80). The (sugiyestimage is

that of anon-smootichange from framework to F*.

2 Expert-disagreement over the statusrgfandm persists. See Rivadulla (2004) for the
meaning-constancy standpoint or Falkenburg (206Zff) for the meaning-divergence
standpoint. In the formula aboweis the velocity and the speed of light in a vacuum.

¥ Asasecond example, consider that Euclidianessaa limiting case of Riemannian space
when the latter’'s inner product is restricted tosipee values. Scheibe (1999, 88)
comments on a similar (though more complex) regpwédrNewtonian mechanics from
general relativity: “Even if, in the end [five pag§, the Newtonian field equation ... has
appearedywith respect to the metric., we stand in the midst of the general theory of
relativity” (italics addedour translation). In brief, Scheibe distinguishlegal absence of

mathematical difference’ from ‘semantic identity.’



The problem (same linguistic form, different contegh content) suggests that Kuhn’s
gap separates sentences; Kuhn'’s rejection ofdtelard treatment (limiting case reducfjon
suggests that the problem also pertairentmlogy This at least seems to be Kuhn’s mature
position. He came to deny a principled non-commailnilty across frameworks and regretted
having earlier likened ‘world view-changes’ to Gasshifts (Kuhn 2000; Larvor 2003).

Using logical inconsistency to characterize thatieh between incommensurable theory pairs
— compare the structuralist’s theory cores anddba of a core-rejection to “model” a
revolution —, the phrase ‘incommensurability @nfreworks’ came to characterize general
differences in methods and meanings (Oberheim anghidgen-Huene 2009).

We seek to model meaning difference between conakfstames, but take issue with
the claim that it defies a finer grained recondtarcof theory dynamics. For this purpose, we
draw onconceptual spacd$&ardenfors 2000). The proposal is to focus nasemtential
representation (axioms and laws), but on the uyitheridimensions, i.e., to model meaning
change as dimensional change. As argued beloWwisaditmensional level, frameworks are
fully comparablePaceontological considerations, therefore, the incomsoeability of

scientific theories modeled as sets of sentencesspao special problem for modeling

*  Reductive attemptsia bridge principles in the style of Nagel (1961)dawell-known

problems. Bridge principles always add semantiden Thus, not the predecessor, but

some improved version is “reduced” (Batterman 2@b35).



conceptual change. We propose that modeling sticeatianges on the conceptual level is

more appropriate than using sentential forms.

3. Modeling Theory Change in Conceptual Spaces
3.1 Separable and Integral Dimensions
We next present conceptual spaces as a meta-fraewaneans of which theory-
frameworks can be reconstituted. The basic comgsrra conceptual space are quality
dimensions. The notion of a dimension should beststdod literally. It is assumed that each
quality dimension is endowed with certgjeometricaktructures.

Psychological examples of such dimensions conneotednsory impression acelor,
pitch, temperatureweight and the three ordinaspatial dimensionsdHowever, in scientific
theories the dimensions are determined by the Masgresumed in a theory. To illustrate the

scientific interpretation of ‘dimension,’ consid@asgM], length[L] and time[T], as used in

This is in line with Gardenfors’ (2000) argumefas distinguishing between the symbolic
and conceptual levels in knowledge representation.

In some cases they at@pological or orderings.Points in dimensional spaces stand for
objects or individuals, regions for properties aattions. Exploiting distances between

them,degrees of similaritpetween objects can be modeled.



Newtonian mechanics. The first two dimensions heavero point, and are thus isomorphic to
the half-line of the non-negative numbers, wiiitee is isomorphic to the full real line.

The dimensions are taken to be independent of sljorepresentations, in the sense
that we can represent the qualities of objects,(bygvectors) without presuming an explicit
object language in which these qualities are eg@sConceptual spaces is presented as a
framework for representing empirical theories ikatifferent from both the symbolic
approach, where everything is supposed to be esguién sentential form, and Kuhn’s
analysis that builds on the holistic notion of agagm, combining conceptual and ontological
considerations in an unfortunate way.

Dimensions are sorted inttomains In psychological applications, these can be
obtained by distinguishing betwegmegral andseparabledimensions (Melara 1992, Maddox
1992). For example, an object cannot be given anitl®ut also giving it a brightness value.
Or the pitch of a sound always goes along witloiisiness. Dimensions that are not integral
are said to beeparable as for example thezeandhuedimensions.

Within the context of scientific theories, the distion should rather be defined in
terms ofinvariance transformationd-or example, the three dimensions of ordinarylifian
space(x, Y, 2) are separable from(the time coordinate) under Galilean transfornrei(as in

Newtonian mechanics), but not under Lorentz tramsébions (as in special relativity).

” We prefer ‘isomorphic to’ over ‘homomorphicallynbedded in,” since infinitesimally

small differences (e.qg., in the lengths of objetati)below the thresholds of cognitive and

measurement capacity. Yet, thene part of a conceptual space. See Batitsky (2000, 96

10



Moreover,massis separable from everything else in Newton’s tiigbut not fromenergyin
special relativity. It is part of the meaning ofteégral dimensions” that they share a metric.
The role of the invariance transformation classehé specification of a theory’s conceptual
space will become clearer in the case study insebt

A domainof a theorycan now be defined as the set of integral dimesdioat are
separable from all other dimensions. More precjsddynainsC andD are separable in a
theory, if the invariance transformations of theénsions irC do not involve dimensions
from D. This criterion for identifying a domain is tighttonnected to the respective
measurement procedures. For example, in classieahamics, the measurement of distance
and duration (trigopnometry and chronometry) areepghdent. Light signals are tacitly
assumed to propagate instantaneously rather tHamtatspeed. Likewise, the mass of an
object is presumed to be independent of that objpeosition or velocity. Yet note thaeat
andwork had been considered separable until the defingfdreat as mean kinetic energy

established that one can be measured in terme atkier. We return to this below.

3.2 Discriminate Dimensional Analysis

In reconstructing empirical theories via their urigiag dimensions, we can compare with
dimensional analysiBridgeman 1922, Huntley 1952, Palmer 2008, Ral&i@15). Our
proposal is to model theoretical frameworkstactured collections of dimensiori=or

example, when adding to 3D Euclidispace[L?], the 1Dtime[T], the 1Dmass[M], and
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three integral dimensions fifrce [F’] — isomorphic to a three-dimensional Euclidianctee)
space —, one reaches the conceptual space ofiffirabNewtonian Mechanics: It is an 8D
space with four domains: {l, [T], [M], [F °].% So-called “derived magnitudes” (e.gelocity
[LT™] or accelerationLT %)), simply connect domains without affecting thdépendence of
the respective measurement procedures.

A standard objection against representing scientincepts in terms of dimensions is
that distinctions are lost between vector and seplantities. For exampl&rqueandenergy
would both take the form [MiT]. Following Coulson et al. (2007, 20f.), subsdrigt
suffices to save the distinction. For exampbdequeis the product of a force in, say, the
direction [K] and an arm length [ at a right angle. It may be dimensionally expeelsas
[MLXLyT'z]. In contrastmechanicaknergy- the product of a force and a length in the same
direction — can be rendered as [ML7).

Provided the meaning of a scientific concept iated as determined by the
dimensions which constitute it (and their assodi@easurement procedures), a (natural) law
can now be understood as the expression of a eamtstin the distribution of points over the
dimensions underlying a theory. Thus, in Newtontathanics it is predicted that all
observed measurement points will lie on the hypefase spanned by = ma(Gardenfors

2000). This is the basic empirical claim of theaitye Application-specific laws of mechanics,

8 For later changes of these domains, see section 5
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such as Hooke’s law of the pendulufn= - kx,” add further constraints that increase the
empirical content of the theory.

The conceptual spaces model treats all dimensionsipelly on par. The model
leaves room, but does not demand to give epistagiwaloprivilege to fundamental over
derived magnitudes. Nor do we insist on drawinge8liee(1971) pragmatic distinction
between T-theoretical terms (e.gpassandforcein Newtonian mechanics) and T-non-
theoretical terms (e.gspaceandtime). However, in relying on measurement procedures to
define the independence of domains, we follow Sisgamhgmatic stance: For a T-theoretical
dimension, the value of an object on the dimensamot be determined without applying the
theory T itself. Finally, ontological questions whiarise when assessing which dimensions to
take as primitive (“Do forces exist?”) are not aesed by this model.

Conceptual spaces have been compared to the saligttprogram in Gardenfors and
Zenker (2010). There we provide analogies to thecgiralist’s various kinds of models and
constraints, arguing that the employment of seditpheaired with the use of theory cores is
insufficient to account for theory change. In th#dwing sections, the aim is to show that

conceptual spaces fare better.

®  Here, x is the displacement of the spring’s end from igmikbrium position, F the

(material-dependent) restoring force, and k theddpor spring-)constant.
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4. Five Change Operations

When the framework of an empirical theory is modeds a conceptual space, changes divide
naturally into five types® These operations suffice to trace changefinea grainthan
distinguishing only between normal and revolutignsecience. The changes are here presented
in an order of increasing severity. What has comgnbeen referred to asszientific
revolutionwe primarily model by the last two changes, irtipatar the replacement of
dimensions.

Like Kuhn's, our analysis of changes says littlewttthe genesis of a successor
framework. Rather, a general account is providduoafframeworks change. Greater scope
and increased empirical adequacy may suffice iwansg the why-question. Beyond such
considerations, the incommensurability of framewods it has been traditionally discussed,

seems to pertain to ontological differences.

4.1 Addition and “deletion” of special laws

Examples of the perhaps most regular change ofmgirieal theory include special laws, such
as Hooke’s law of the spring (mentioned above)Jaleof the penduluml = 2p  L/g (with

T for period,L for the pendulum’s length amgfor gravitational acceleration), or Boyles’ gas

law, p V = k (with p for pressurey for the gas’s volume and k a constant).

10 Gardenfors and Zenker (2010) discuss only fopesy In the present paper, “change of

scale or metric as well as the salience of the dgioas” is divided into two types.

14



It may surprise that special laws are assignechgaaatively unimportant status in our
classification. After all, predictions come aboutyin virtue of applying special laws and a
ceteris paribuslauses (Zenker 2009). Moreover, as Kuhn (196&¥sses, the ever more
accurate and precise determination of natural emts{e.g., Boltzman’s: [MiT 2K ], **
Hooke’s: [MT?] or of gravitational acceleration: [L), on which predictionslepend
accounts for a large part of normal science.

Nevertheless, once the dimensions which “go intooblem” are specified (if only
hypothetically), formulating a special law may heta surprising discovery. As Raleigh

observed:

“It happens not infrequently that results in thenfof ‘laws’ are put forward as novelties on
the basis of elaborate experiments, which mighehzeen predicted priori after a few

minutes consideration.” (Rayleigh 1915; cited aReisch 1998, 211)

So, given the conceptual framework is establisadding a new special law or improving the
value of a natural constant is comparatively unirtgod as a type of change.

In principle, special laws could be deleted. Ttinshe late 19 century, new
exponents of in Newton’s law of gravitatiofr = Mm/r? (F being the net system fordd, and

m two masseg, their distance apart) were proposed regularly, ex2.00000016 (see

' Kis the dimensional symbol for temperature.
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below). Yet, “deletion” is the wrong term. Rathanomalous applications of special laws, e.g.
Mercury’s orbit, are normally tolerated (RoseveB®82). Possibly, a special law may “move”
to another theory in which it is more successftiug, light had been supposed a mechanical
phenomenon, but was successfully treated in eldytamics. In brief, special laws are never

literally deleted; rather, their scope of applioatis restricted"?

4.2 Change of scale or metric

The technical notion afcalegoes back to Stevens (1946). He distinguishedléwals
(nominal ordinal, interval, ratio) which received mathematical refinement by Kraettal.
(1971, 1989, 1990). The dimensions that constaudemain are equipped with different
metrics insofar as their scales “harbor” differatyi specific information. With each scale-

level, informational content increases as the hegtter level shows fewer invariances.

12 A “problematic” special law may also persist @stpf a theory without any application

being assigned to it. Dating to 1747, Clairaut'w,l& = G Mm/r? + at* (‘a’ being a
constant) is a case in point (Chandler 1975). “@iutashion” for about 100 years, it was
reapplied (alas, without success) to Mercury’s torbthe mid 18 century (Gahde 2002).
In the structuralist's terms, if,Tis the respective theory element to which the iaw
assigned, its set of applicationéT,) may “drop” to zero. Here, we follow structuralism
pragmatic mode of identifying intended applications

13

As for the distinction between integral and sapbr dimensions, invariance classes are
important also here.
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For example, interval scales alldwear transformations, but ratio scales allow only
scalarones. Thus, the Kelvin scale entails that thermitemperature below zero degrees. In
contrast, the point 273.15 degrees Celsius lackperial status, as the Celsius scale is an
interval scale.

The following quote from Hausdorf (1903) may seirvappreciating a change in

metric as compared to more severe changes:

“We can guarantee that the dimension of [absokjate is precisely three [...].
Further, replacing the square by the exponent @006 (this has recently been
proposed [...] to explain the advance of the perdmebf Mercury) surely is an
unfortunate idea. We cannot guarantee, howeveratheeasure of the curvature of
space exactly equals zero [...]; we know only the¢iy small [...], positive or
negative, number estimates that measure.” (Haud®03, 2-3; cited after Czyz 1994,

251f.)

In this sense, changing a metric may qualify assa severe change than conjecturing space to

“have” four (or yet more) dimensions.

14 For the guarantee-part in the above quote, set8e on Neo-Kantianism.
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4.3 Change in importance of dimensions

Having mentioned the decreasing importancea$sabove, we provide further examples.
Until the 18" century,color as perceived by the eye remained important toytical

chemistry. Starting with Lavoisier@xygen chemistrythe invention of instruments such as the
polarimeter (later the photoelectrical detectomndeed the importance of perceptual color. In
biology, pre-Linnaean botany focused on holistimelsions of flowers, such ageand

color, while Linnaeus’ classification raised the impaoxa of thenumbers of pistiland
stamensas salient classification features.

The perhaps most important — and the ontologicathgt versatile — dimension of
modern physics ienergy This notion was of hardly any importance to Newganechanics.
Going back to Leibniz'vis vivaas a term for kinetic energy, energy is revivethm 18
century by Young, becoming gradually more imporiarthe development of physics. We

return to this in the case study in Section 5.

4.4 Change in independence of dimensions
As defined above, a dimension is separable in aagdo@if its invariance class does not
involve dimensions frorD. Traditionally,masswas an independent dimension. After

Thomson'’s late 19 century observation that heavily charged partialgsarently gain in

15 Anders, Barker, and Chen (2006) provide sevenahér examples of taxonomic change

in biology and physics. Also see Zenker (2010).
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mass, the mass dimension gradually loses its imiigmee. In 20 century physics, mass and
energy are effectively treated as integral dimemsid

The paradigmatic 20century example is the transition from Newtonjsase and
time’ to Minkowski’s ‘space-time’ (ascribed to Etes, prepared by Poincaré). In Newton’s
absolute3-D (Euclidian)spaceand 1-Dabsolute timgthere is no interaction in the respective
measurements. With special relativity, spatial emdporal coordinatex,y, z, t) are
integrated. See the case study in the followingjaec

Another example ifeat which traditionally was framed as a substance - a fluid
passing from warmer to colder bodies (ecgloric). In thermodynamics, this quantity
effectively lost the independent status it has lessigned earlier when Boltzman

“functionalized” temperature ahange irmeankinetic energfChang 2004).

4.5 Addition and deletion of dimension

Staying with thermodynamics, in 1850, Clausius c®ed for the conserved quantity in heat
change processes. Conjecturargergiato be some combination beatandwork, he
introducedenergyas a new dimension, integral with heat and warkatt, already the 18
century Joseph Black distinguished the quantitiyest (atent hea}t from itsintensity only

the latter being measured by temperature.

1% For a reservation concerning this statementseeton 5.
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The 19" century saw attempts at reducing gravitationaléstromagnetic forces
(Roseveare 1982, Zenker 2009). Even today theftaeeis still used in many contexts. Alas,
the three force dimensions of Newtonian physicslifive ceased to be a proper part of a
theory of relativity. And the early 3century witnessed (mostly ignored) claims that the
relativistic masof a moving body is ill definet!.

Finally, consider thetherin its various forms (luminferous, electro-magogétc.).

The ether may be reconstituted as a 3-D vectorespiload been introducedydaanalogy
with air and sound — as the medium carrying ligloilowing Michelson and Morley’s null
result and Einstein critically rendering it supediis, the space fEwas effectively deleted.

The most severe change occurs when a dimensamded to a theoretical framework.
The perhaps simplest example is the introductioNeton’smassandgravitational forceto
replace Gallileanveight In modern terms, an object’s weight is analyzedsamass under the
influence of a gravitational field. It is interesti to note that, at least once, mass had been a
candidate for being deleted as an independent dilmenPriestley resisted the Newtonian
separation of matter and force. Instead, he praptisereduce matter entirely to the forces of

attraction and repulsion” (McMullin 2002, p. 33).

17" “In 1948 Einstein privately cautioned in a lettieat ‘[i]t is not proper to speak of the mass

M =m(1 —v2/c2)-1/2 of a moving body, because no clear definitan be given fo¥. It

is better to restrict oneself to the ‘rest mass,’Besides, one may of course use the
expressions for momentum and energy when refetdne inertial behavior of rapidly
moving bodies.” (Hecht 2009, 340).
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Let this suffice to exemplify a historically regularocess one might call “dimensional
change”. We next illustrate the five change operstiin a case study, tracing the transition

from Newtonian mechanics to special relativity.

5. Case Study

In this section we want to show that the transifrmm Newtonian mechanics to Einstein’s
special relativity is not as revolutionary as Kudmd others have claimed. Within Newtonian
mechanics a number of changes occurred that pkffa@eground for special relativity. We
will model these by using the five types of chandescribed in the previous section. Our aim
is not to give a historical account, but rathehighlight some of the conceptual changes that
occurred in this transition. Furthermore, we doemter the discussion of the ontological

status of the various dimensions.

5.1 Newtonian Mechanics
The quality dimensions of the conceptual space nlyidg the original Newtonian mechanics
are ordinary space(isomorphic to B), timet (isomorphic to R), mass (isomorphic to R+),
and forceF (isomorphic to R). All spaces are Euclidean.

In the original version, Newton considered absofytace and time, which means the
domains are assumed to have fixed origos. The yhedater reformulated without

assumptions of absolute space and time. (Thi€l@age of the second kind.) Instead it is
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described in terms of a relational spaganvariant under linear (Galilean) transformations
and a relational time, also invariant under linear transformations. Ehesariances imply
thatspacetime andmassare separable domains according to the criteniesgmted in
Section 3.

Importantly, the total mass of the objects in @eysis assumed to be constant over all
applications of the theory. One of the new featafddewton’s theory is that he introduces a
distinction betweemassandweight'® The dimensions ofelocity[LT ], v = d/dt,
accelerationLT 2], a = ds?/dt?, momentuniMLT Y], p = my, kinetic energye, = amV,
potential energye, = mghorwork, w = fs (all three of the non-discriminate dimensionahfor
[ML 2T?)), can be introduced as defined magnitudes in Neiah mechanics.

The second law = ma[MLT ] introduces a constraint which connects all dinems
of the conceptual space. It predicts that all olzg@yns of particle movements will lie on the
hyper-surface defined by the second law. Froml#vis Newton is able to derive a number of
fundamental mechanical laws, amongst others Galilmad Kepler's laws, as well as the
principle of the invariance of momentum. (Execut{dalileo’s vision, Newton thus unifies
terrestrial and celestial mechanics.)

In the discussions of Newtonian mechanics throbghcenturies, one finds different

opinions about the status of the domairfioo€e It can be taken as a primitive 3D space that is

18 In Newton’s Principiamassis officially defined in terms of density, whickems to play

no further role in his theory.
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separable from the remaining dimensions. In the¢ cewton’s= = mabecomes a law
introducing empirical constraints on observatidds.the other hand, it can be seen as a
defined magnitude, in which case the second lawtbes the very definitioff. On this
interpretation, Newtonian mechanics will build vefdimensions: [M], [E], [T] (Kyburg
1984, 175ff). This choice can be described as #emat the importance (salience) of the
domains (a change of type 3).

The history of mechanics harbors proponents of positions (Jammer 1957). Many
wish to eliminate force as an independent magnjtudearticular Ernst Mach, but also
proponents of electro-dynamic frameworks preceding such as Zollner and Ritz (Zenker
2009, 50-54)Hypotheses non fingdewton seems to have viewed maas a law in which
the fundamental status of the force domain ismethi As we have mentioned, Priestley, one
of the last supporters phlogiston,is an exception. As late as 1804, he denied itneahtive
weight. Following Boscovich, he sought to eliminatass(or matter) — which “can be
nothing else than the enumeration of its propér{i@shofield 1964, 293) —, but retaiorce
Boscovich’s kinematics relied on distance and nmtibe force of gravity being a derived

guantity.

19 Gravitational forces are not technically necesgar Newtonian Mechanics to describe

the empirical world.
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5.2 Enter Energy

Leibniz had proposed the principle of invariancéioktic energy (which he calferce). He
argues that this is more fundamental than the iamae of momentum. In our classification of
changes, this is an addition of a new law thataases the empirical content of the theory
(change of type 1). Leibniz’ principle has sincemécorporated into classical mechanics
(Lindsay 1971). Perhaps the first step in a con@@pthange leading to the greater importance
of energy owis viva(living force), this invariance principle proves helpful as ottypes of
energy are added (e.g., heat, electro-magnetic3, ilbwever, does not strictly speaking
extend Newtonian mechanics, which only handlesniiatieand kinetic energies that are
“gravitational.”

Later mathematical reformulations of classical naits by Lagrange and Hamilton
elevate energy. The Lagrangian of a system igntstic energy minus its potential energy.
Furthermore, the value of the Hamiltonian is thtaltenergy of the system being described.
For a closed system, it is the sum of the kinetd potential energy. In both cases, the role of
forces is demoted. It is therefore reasonableaimcthat the fundamental conceptual domains
of Hamiltonian classical mechanics apacetime massandenergy This constitutes a
change in the salience of dimensioftsde decreases in importan@mergyincreases) (type
3). However the Newtonian and Hamiltonian versiohslassical mechanics are formally
intertranslatable and empirically equivalent. Tévi&e more points to the contentious issue

being one of ontology — here the statusooes

24



A step towards making energy more central and iedéent of Newtonian mechanics
is Joule’s (1849) determination of the mechanigaiiealent of “heat'via the temperature-
change in a liquid (Fig. £f. The temperature change was effected by paddiasmgthrough
the liquid, the rate of rotation being determingdHtee gravitational pull on a mass strung to
the paddles. Measuring a vertical mass-displacetmeatruler iSndependendf measuring a
temperature-difference in a liquid by a mercuryrth@meter, even when using the same ruler
to determine the extent to which mercury expan@sdd, a conserved quantignergy

becomes expressible that connects amounts of hdatark.

Tt
il

Fig. 1: Joule’s apparatus for measuring the mechahequivalent of he&t

20 Sibum (1995, 74) holds that Joule’s “exceptiomgberimental practice was based on the
transformation of different, apparently unrelateaditions” and “thermmetrical skills
which were rare in the early Victorian physics conmity” (italics added.

2L Image:Harper's New Monthly Magazin®lo. 231, August, 186%(blic domain.
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In thermodynamicdheat(originally a fundamental dimension) is reducednankinetic
(motion)energypluspotential(bonding)energyof molecules, the latter accounting for
aggregate-state transitions. Thus, the dimensitreatbecomes derived; it can no longer
count as separable within mechanics (change of4yp€he dimension demperature

thereby changes from an interval scale to a ratidegzero kinetic energy being the endpoint)
(change of type 2).

Leibniz’ principle of invariance of kinetic energpecomes the first law of
thermodynamics. As regards the dimension of hemgritbe asked whether “heat = mean
kinetic energy” is a law or a definition. The sitioa is very similar to the interpretation B6f=
ma Without discussing this issue any further, thedgmamics further contributed to the

increasing importance of the energy dimension (Haek 2002).

5.3 Electromagnetism

In electrodynamicsa new fundamental dimensiagiectriccurrent [l], and a derived one,

electriccharge [IT], are introduced. Maxwell's equations expréss connections between

current, space and time. Also in this theory, coratén of energy is assumed to hold.
Thomson’s discovery that the mass of heavily chdgeticles increases violates the

fundamental assumption of Newtonian mechanicsriass is constant. Now energy is no

longer seen as a defined entity as in Newtoniarharacs. With developments in thermo-
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dynamics (above), energy becomesralependentlimension of increasing importance
(change of type 4). The next change is that fisbh&are, then Einstein argues that mass and
energy should no longer be viewed as separablengies (another change of type 4). By the
principle of theinertia of energyto each energ¥, there corresponds a (rest-)miss E/ 2,
where ‘E need not be the total energy of a system, asiveafijpothesized, but [...] a mass
(or momentum) may be associated with each individnargy (or energy current)” (Hickman
1984, 542). Eventually, each field of force is gasd its potential energy.

A consequence of the development of electromagttegmry is thafieldsbecome
important representational formats (McMullin 2002)., the electric, [if, or the magnetic
field, [B%. However, fields can be seen as a special tymewnéeptual spaces. For example, a
scalar value from a dimension D (e.g., temperatoe&)g assigned to a point in a space C
(e.g., 3D Euclidean space) can be seen as a 42pat space, C D, with the addition of a
function from C to D that specifies the values. inty, a vector fieldF, assigning a 3D
vector (e.g.force) to a point in a space C (e.g., 3D Euclidean speae be seen as a 6D
conceptual space, CF, with the addition of a function from C to F sffging the vectors. A
similar story can be told for tensor fields. Insthway, forces become “hidden” in vector fields.
In brief, the use of fields simplifies certain repentations, but they are still compatible with
the description of theories in terms of concepsyalces.

The Lorentz(-Fitzgerald) transformation were fobtained by Lorentz when he sought

to find the transformations which left Maxwell’ssetro-magnetic equations unchanged in
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form. The transformations were interpreted as emtibns of objects in their direction of
motion?? Space and time are still considered separabléanadonian. However, no physical
mechanism could be discovered to account for tinkraction of objects. Poincaré’s
mathematical insight and Einstein’s bold move lggl transformations to express an intrinsic
property of space and time, or rather space-tiragndaré favored upholding the aether,
Einstein deleted it. His eventual mathematical devihe energy-stress tensor, no longer

reminded of anything substance ontological, bpraperly called functional.

5.4 Special Relativity
Einstein starts from two fundamental postulatesT{ie speed of light is constant in all
inertial frames of reference; (2) all laws of plogs(here: electrodynamics) are the same in
every inertial frame. The first postulate is thedamental new constraint of his relativity
theory. From these postulates, he is able to shevinvariance with respect to the Lorentz
transformations.

Accepting these transformations means that spatérae are no longer separable
domains, but form an integrated four-dimensionaksgtime. Since the geometry of space-

time is different from that of space and time iassical mechanics (Minkowskias

2 “Tweaking the scales” would have been equally iss“It is only the relation of the

magnitude to the instrument that we measure, atiidfrelation is altered, we have no
means of knowing whether it is the magnitude or it&rument that has changed”
Poincaré (1897, 97).
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Euclidian metric), this involves a change of typé@rthermore, unlike Newtonian theory, the
passing of time can no longer be independent oftide of motion of an observer. Thus,
Einstein’s postulates entail a change in the ségdayeof dimensions (change of type 4).
However,mass-energis still separable from space-time.

Einstein then adds a third postulate concerningtimservation of momentum: (3) The
total momentum of a system is preserved in alltiakframes of reference. In this context,
momentum becomes=mv/ (1 — (*/c?). In contrast to Newton’s theory, this principle
entails the conservation of total energy of a systerovided energy, “massless objects” now
travel at the speed of light, while accelerating a mass to abavwequires infinite energy.
Energy and mass become exchangeable and no lomgaras separable dimensions (type 4).

Furthermore, the relativistic mass of an objectdpendent on the inertial frame. What
remains constant is the rest mass of an objecthwdoes not move in relation to a given
frame. However, when objects in a system fall paas, e.g., in fission of radioactive
particles, the sum of the objects’ resting masseslmot be constant. This should be
contrasted with mass as @wvariable quantity in Newtonian mechanics.

The dimensions of special relativity thus apace-timdL°T], energy[E] andmass
[M]. The relativistic momentum and electromagndititd-forces are derived dimensions,
which accords with the development of mechanics &ewton. Later, with General

Relativity, gravitation enters, and mechanics igiet with electro-magnetism.
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5.5 Summary
The key question in relation to Kuhn’s incommenbility claim is how the “meaning” of
masschanges from Newtonian to Einsteinian theory. Whatains constant over time is that
mass is one-dimensional and measured on a ratie. 3¢ physical interpretation of rest
mass seems to remain fairly constant as well. Whanges is the separability of mass from
energy and its frame dependence, that is, thadutheof (resting) masses is not constant for a
system. Furthegnergygains in importance, whil®rceis demoted. This should be more
informative than learning of a radical shift in timeaning of mass. Meaning resides in the
conceptual structures and their measurement proegaduot in the symbolic laws that are
formulated to express connections between the diloes.

The gradual transition of conceptual spaces frawtdn to Einstein can be
illuminated by our analysis of the types of chanethe framework. The upshot is that this

transition is much lesgvolutionarythan Kuhn claims.

6. To what Extent are Conceptual Spaces Neo-Kantian
It can be said that our use of conceptual spac$asn of Neo-Kantianism, since the
dimensions express the “Anschaungsformen” for wéatvestigate within the theory. In this
section we will compare it to other modern formdNefo-Kantianism.

Above, we pointed out that within the conceptuacgs approach, no principled

distinction is drawn betwednndamentabndderiveddimensions. Rather, we side with
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Einstein:

“[O]ne must not (...) speak of the ‘ideality of spackleality’ pertains to all concepts, those
referring to space and time no less and no moredhathers. Only a complete scientific
conceptual system comes to be univocally coordihaith sensory experience. On my view,
Kant has influenced the development of our thinkmgn unfavorable way, in that he has
ascribed a special status to spatio-temporal caseapl their relations in contrast to other

concepts.” (Einstein 1924, 1690f.).

We find a similar influence in contemporary Neo-Kanism. Notably, Michael Friedman
(2008, 239) accepts incommensurability betweerohdslly successive frameworks on the
basis of meaning-divergen&&Continuity, on the other hand, is found in a “donbusly
converging progression of abstract mathematicatgires framing, and making possible, all
of our empirical knowledge” (241). The importantadjfication is that “the convergence in
guestion occurs entirelyithin the series of historically developed mathematitraicsures”

(242), rather than with respect to objective rgaflt

23 Kuhn was “a Kantian with moveable categories” yhiagen-Huene 1993; Kuhn 2000,

264). On Kant'’s a priori grounding of action-atdatdnce, see McMullin (2002, 29ff).
24 According to Friedman, Kuhn may be placed witBssirer'syenetic conceptianit sees
scientific knowledge “progress from naively reatistsubstantialistic’ conceptions,

focusing on underlying substances, causes, and anesths subsisting behind the
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Friedman’s view might appear congenial to ourseAdll, analytic knowledge is
viewed as a matter of the particular conceptuateisanalytic-in-S”)>> We part company by
making less ofevolutions Thus, Friedman’s tri-partition into (i) empiricaws, (ii)
constitutively a priori principles making them pitds, and (iii) philosophical meta-paradigms

which “provide a basis for mutual communication [bétween otherwise incommensurable

observable phenomena, to increasingly abstractlyptftenctional’ conceptions” (2008,
244). Structure particularly the notion oparadigm shiftand (to a lesser extent) the
subsequent replacement for paradigm — shreictured lexicon— draws support from
diverging ontologies. Therefore, Friedman argueshrKs position also(!) reflects the
Meyersonian substantialistic view, which is dirgatbposed to Cassirer’s. Unsurprising,
then, that his readership remained divided betveeport and opposition.

Rudolf Carnap, series editor f@tructure expressed sympathy for Kuhn's ideas
(Reisch 1991). After all, Carnap’s philosophy afduistic frameworks — not known to
Kuhn in great detail — “is wholly predicated on tkea that logical or analytic principles,
just as much as empirical or synthetic principlesn be revised in the progress of
empirical science” (Friedman 2002, 176). On Reitiaeh’s (1920/1956) “relativized and
dynamical conception of the a priori” (175), Friemimholds that Euclidian geometry and
the instantaneous propagation of light-signals tasnconstitutivelya priori elements of
Newtonian physics. The elements provide the framkwtaking empirical knowledge (as
expressed, e.g., in the law of gravitation) possibhus, ‘a priori’ denotes ‘necessary’ in
the sense of ‘indispensable for empirical knowlédged no longer carries the meaning
‘unrevisable’.

2 For example, it is analytic in the space of Nenida Mechanics that all masses are non-
zero and that no change in acceleration arisesoutith force. In analogy with Kuhn,

analytic-in-Spertains to whatever cannot be questioned in adigm.
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(and therefore non-intertranslatable) scientificapggms” (Friedman 2002, 189) becomes
suspect (also see Howard 2010). What use is tbefenketa-paradigms,” lest revolutions were
framework-reorganizations that necessarily leacbtomunication breakdown?
The third level can be easily dispensed with, ancenceptual framework is
understood as a conceptual spAdéle claim that, beyond the five change operations,
other tools are needed to reconstruct the conclgpaof scientific change. Even severe
changes thus turn out to l@ssradical than Kuhn and his interpreters might seem to belie
After all, if applications (e.g., Mercury’s orbitye shared between frameworks, it is possible
to compare the new and the old spaised visthis application. Consequently, the respective
conceptual spaces with their different properti@s loe defined via the change operatiths.
Such transitions are in no good sense instancasatfonality-defying shift in
knowledge. Mathematical advances (e.g., from vectéensor calculus in general relativity)
do not change the underlying conceptual spacegreiffs we saw, theonceptuatchange in
the transition from Newtonian mechanics to spe@hitivity consists in integrating 3D-space

and 1D-time into 4D space-time and makéergrgyandmassconvertible.

?® Pragmatic factors that pertain to applying a thesuccessfully do not fall under

conceptual knowledge. Likewise, alternative or redternative formulations of empirical
theories are easily mistaken for an alternativeceptual space which they are not.
2/ If more is needed for communication, it might monger relate to conceptual

representation but, perhaps, to human imperfection.
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Finally, our proposal to reconstruct scientific sga in conceptual spaces is not
“whiggish” either. The development of scientificdmledge does clearly not consistadding
facts. Rather, integration of prior theory is thetér term. Conceptual spaces handle such
complexity up tan dimensions. Alas, the model will not tell mswto develop an empirical

theory (though it might suggest as much).

7. Conclusion
Our starting point has been that describing changsesientific theories in terms of symbolic
laws is not the appropriate strategy. On the dtlaed, replacing it with the dichotomy
between normal and revolutionary science oblitsratany changes within what Kuhn
describes as normal science that prepare the cluatgpound for a more radical shift.
Conceptual spaces as a reconstructive frameworpirical theories allow a more realistic
description of how scientists work than what isecéd by these two accounts. The model also
provides a more fine-grained analysis of scientifienge than Kuhn’s dichotomy between
normal sciencandrevolution On this view, empirical theories are understoeddlections
of structured dimensions. Scientific change thamotks their systematic modification. In
principle such change can be fully reconstructed.

A reconstruction in conceptual spaces serves talgat on the dimensions which “go
into a problem.” We adopted this idea from dimenal@analysis and extended it to

framework revisions. We can therefore (rather gpsdject thanterpretation of a paradigm-
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shift as a non-rationally reconstructable changsegje, the rationalization of whichustcite
extra-scientific factors (power, fashion, intergsts.). Once the tool is rich enough to describe
the basic changes, rationality no longer displajssgHere, the basic move is to identify an
empirical theory not via a core, but by using disiens in a more direct way.

In the construction arrived at through a seque&fiaemensional changes, we showed
by historical example that scientific theory chamga regular process. On our proposal, any
possible change should “leave a trace” by exeniplifat least one of the five types of
changes. Only the latter two (change in separglaiiid addition/deletion of dimensions) seem
to indicate aadical change. We invite historians and philosophers@nge to apply the

dimensional analysis and our categorization of gkeario other cases to test their viability.
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