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Abstract

I argue that scientific explanation has a pragmatic dimension that is epistemically relevant. Philosophers with an objectivist approach to scientific explanation (e.g. Hempel, Trout) hold that the pragmatic aspects of explanation do not have any epistemic import. I argue against this view by focusing on the role of models in scientific explanation. Applying recent accounts of modelling (Cartwright, Morgan and Morrison) to a case-study of nineteenth-century physics, I analyse the pragmatic dimension of the process of model construction. I highlight the crucial roles that conceptual tools, skills, and commitments play in this dimension, and show how they contribute to the epistemic aim of science.
1. Introduction

In his Aspects of Scientific Explanation, Carl Hempel argued that the pragmatic aspects of explanation are philosophically irrelevant. To be sure, Hempel did not deny that there is an important pragmatic dimension to actual explanatory practices. Indeed, ‘explanation’ itself can be construed as a pragmatic term, if ‘to explain’ is identified with ‘to make something intelligible to someone, to make him understand it’ (Hempel 1965, 425). But he added that this renders the notion subjective: “Explanation in this pragmatic sense is thus a relative notion: something can be significantly said to constitute an explanation in this sense only for this or that individual.” (ibid., 426). According to Hempel, however, scientific explanations are meant to be objective, and philosophers of science should therefore ignore pragmatic aspects and search for an objective, nonpragmatic account of explanation.

A present-day proponent of this view is J.D. Trout, who argues that philosophical analyses of scientific explanation should be thoroughly objectivist: “What makes an explanation good concerns a property that it has independent of the psychology of the explainers; it concerns features of external objects, independent of particular minds.” (Trout 2002, 217). Therefore, Trout claims, philosophers of science should eschew subjective notions such as intelligibility and understanding. The latter are epistemically irrelevant.

In the present paper I will argue, in opposition to Hempel and Trout, that pragmatic aspects of explanation do have epistemic import. I will develop my argument by focusing on the role of models in scientific explanation. The outline of the paper is as follows. In Section 2, I discuss the role of models in science and conclude, on the basis of the existing philosophical literature, that modelling is a non-deductive process that cannot be reduced to algorithms, rules or principles. In Section 3, this thesis is supported by a case study of the history of the kinetic theory of gases. Section 4 investigates the pragmatic dimension of this historical case in more detail. In particular, I analyse the role of conceptual tools, skills, and commitments of scientists, and show how they contribute to the epistemic aim of science.

2. The Role of Models in Scientific Explanation

Recent philosophy of science has given ample attention to the importance of models in scientific practice. On the basis of two influential accounts, namely Cartwright (1983) and Morgan and Morrison (1999), I will present a view of the role of models in scientific explanation that is in agreement with the practice of science (as will be shown in the next section, where it is applied to a historical case).

In Models as Mediators (1999), Mary Morgan and Margaret Morrison have put forward the thesis that models play a mediating role in describing and explaining empirical reality by means of abstract theories. Models are ‘autonomous agents’ in the sense that they are partly independent of (cannot be derived from) either theory or data. Morgan and Morrison (1999, 10-11): “It is because they are neither one thing nor the other, neither just theory nor data, but typically involve some of both (and often additional ‘outside’ elements), that they can mediate between theory and the world.” The autonomous function of models may be compared to that of tools: “They function as tools or instruments and are independent of, but mediate between things; and like tools, can often be used for many different tasks.” (ibid.)

The most important precursor of the ‘models as mediators thesis’ is Nancy Cartwright’s ‘simulacrum account of explanation’, presented in How the Laws of Physics Lie (1983). On this account, there is a similar function of models as essential link between theory and phenomena. The main difference between Cartwright’s view and that of Morgan and Morrison is that the latter put more emphasis on the autonomy and independence of models. On Cartwright’s 1983 account, by contrast, there is a straightforward relation between models and theory: the theory is true of the model. Cartwright (1983, 149-150) argues that one might think of two senses in which models can be realistic. First, in the sense that the relation between model and world is a true one (“if it presents an accurate picture of the situation modelled”), and second in the sense that the relation between model and theory is a true one (“if it explains the mathematical representation”). According to Cartwright (1983, 158), models are realistic in the latter sense but not in the former.

Recently, Cartwright has endorsed a position that is closer to Morgan and Morrison. In her essay in Models and Mediators, Cartwright (1999, 242-243) claims to depart from her earlier view that “the theory in its abstract formulation supplies us with models to represent the world” (what she now calls the ‘vending machine view’ of theory; 1999, 247). I believe, however, that Cartwright’s 1983 account is not an example of the ‘vending machine view’ of theory: although it assumes that theories are true of models, it does not imply that theories supply us with models. The construction of models is not a matter of deduction but a complex process involving approximation and idealisation. Formal principles, telling us how to get from a theory via a model to a description of a real system, do not exist: “There are just rules of thumb, good sense, and, ultimately, the requirement that the equation we end up with must do the job.” (Cartwright 1983, 133).

The core idea of Cartwright’s simulacrum account of explanation is: “To explain a phenomenon is to find a model that fits it into the basic framework of the theory and that thus allows us to derive analogues for the messy and complicated phenomenological laws which are true of it.” (Cartwright 1983, 152). On this account, theory is nothing but mathematical formalism, and therefore we need models to relate theory to phenomena (indeed, models replace the bridge principles of traditional logical-empiricist accounts). Cartwright (1983, 159): “[M]odels are essential to theory. Without them, there is just abstract mathematical structure, formulae with holes in them, bearing no relation to reality.”

In the process of relating theory to phenomena via models, three stages can be distinguished (ibid., 133-134). First, the stage of ‘unprepared description’, which consists in writing down everything we know about the system, any information that we think is possibly relevant. Second, the stage of ‘preparing the description’, which is the first stage of theory entry: “we present the phenomenon in a way that will bring it into the theory.” This is the modelling stage, in which the ‘as if’ operator is used: we decide to describe system X as if it is a Y (where Y is a model of which the behaviour is governed by the equations of the theory). Finally, the second stage of theory entry, “where principles of the theory look at the prepared description and dictate equations, boundary conditions and approximations.” As soon as we are in the second stage of theory entry, a formal, deductive relation obtains between theory and model. But first we have to go through the informal first stage of theory entry:

If the right kind of descriptions are given to the phenomena under study, the theory will tell us what mathematical description to use and the principles that make this link are as necessary and exceptionless in the theory as the internal principles themselves. But the ‘right kind of description’ for assigning an equation is seldom, if ever, a ‘true description’ of the phenomenon studied; and there are few formal principles for getting from ‘true descriptions’ to the kind of description that entails an equation. There are just rules of thumb, good sense, and, ultimately, the requirement that the equation we end up with must do the job. (Cartwright 1983, 132-133) 

Cartwright’s analysis implies that in modern science the application of a theory to empirical reality is typically not a simple deductive procedure. The usual situation is not one of directly generating successful empirical predictions from theories plus boundary conditions; theories and phenomena can only be related via models. In the intermediate modelling stage (‘preparing the description’) there are no rules or principles. As I will show below by means of a case study, this entails that the generation of scientific knowledge of empirical reality is inherently bound up with pragmatic skills, evaluations, and decisions. Achieving the epistemic aim of science is a complex process that unavoidably has a pragmatic dimension. Consequently, the epistemic value of a theory cannot be determined in isolation from its use; pragmatic aspects are epistemically relevant.

3. Models and the Kinetic Theory of Gases

As an example of modelling practice in physics, I will consider nineteenth-century attempts to explain experimentally observed properties of gases on the basis of the kinetic theory. Among the known facts about gases were first of all well-known experimental laws of gases such as the Boyle-Charles and Gay-Lussac laws, and furthermore facts about specific heats (temperature independence, and ratios of specific heats at constant volume and pressure) and transport phenomena (viscosity, heat conduction and diffusion). Later, in the 1870s, still more experimental knowledge was accumulated, most importantly data about spectral emission. In Cartwright’s terminology, this body of knowledge about gases constitutes the ‘unprepared description’ of the system. The kinetic theory of gases is based on the idea that heat is mechanical motion, and that gases consist of small particles (atoms or molecules) in motion, that behave in accordance with the laws of Newtonian mechanics. In order to explain and predict experimental data, one needs specific models of molecules and atoms. In this section, I will discuss the way physicists constructed such molecular models, and compare this with the account of modelling practice presented in the previous section. In Section 4, I will present a further analysis of the pragmatic dimension of this modelling practice.

The first mature kinetic theories were published by Rudolf Clausius in 1857, and by Maxwell in 1860. In both cases the core of the theory consisted in an application of the laws of classical mechanics to aggregates of particles (molecules), where the description of the system did not consist in tracing the motion of each particle individually but in a statistical treatment (Clausius used a simple averaging procedure, Maxwell’s statistical treatment was more advanced). The elementary model used by both Clausius and Maxwell was that of the hard elastic sphere. Clausius (in Brush 1965, vol.1, 113) assumed that atoms are absolutely rigid, elastic spheres (or point particles) and that molecules that are composed of several atoms are capable of rotation and vibration. Maxwell (1986, 286-287) treated atoms as centres of force, or smooth hard elastic spheres, and poly-atomic molecules as constituted of such atoms. Thus, the first stage of theory entry (‘preparing the description’) was that of describing gases ‘as if’ they consist of molecules in motion and in turn describing molecules ‘as if’ they are centres of force or elastic spheres.
 Having modelled molecules in this way, kinetic theory supplies equations for the behaviour of the system. A first result of applying the theory to a system of model gas particles (second stage of theory entry) was a theorem of equipartition:

· Clausius (in Brush 1965, 114): “In one and the same gas the translatory motion of the whole molecules will always have a constant relation to the […] motions of the constituents.” In other words, the translatory energy is proportional to the energy of internal motion (rotation and vibration).

· Maxwell (1986, 316-317) specified this as follows: “the average vis viva [kinetic energy, HWdR] of translation along each of the three axes is the same in all the systems, and equal to the average vis viva of rotation about each of the three principal axes of rotation of each particle.” (i.e. translatory energy equals rotational energy).

Further application in order to explain observed data with respect to specific heats led to an equation for the specific heat ratio, that is, the ratio between the specific heat at constant pressure Cp and the specific heat at constant volume Cv 
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(in which H is the total kinetic energy (vis viva) of the molecules, and K the kinetic energy of translatory motion).This way of relating the theory to the phenomena via the models led to different conclusions in the case of Clausius and Maxwell:
· Clausius: From the known fact that the experimental value for many gases (e.g. oxygen, nitrogen) γ = 1.421, Clausius derived K/H = 0.6315, which led him to conclude that for these gases internal motion must be possible. In other words, these gases consist of poly-atomic molecules.

· Maxwell also treated these gases as poly-atomic. However, since his theory contained a different equipartition theorem, he arrived at an anomalous result. According to Maxwell’s equipartition theorem the ratio of the total energy (vis viva) to the energy of translation should be ( = 2, while the experimental value γ = 1.408 implied that ( = 1.634 (Maxwell 1986, 318).
 

The discrepancy that Maxwell noted between theoretical predictions and experimental results for specific heat ratios, became known as the ‘specific heat anomaly’. In 1871 Boltzmann confirmed the anomaly by generalising the equipartition theorem. Assuming, like Clausius and Maxwell, that molecules are poly-atomic and thereby capable of translatory as well as internal motion, he proved that the kinetic energy is uniformly distributed over all modes of motion (translation, rotation and vibration).

In 1875, in his lecture ‘On the Dynamical Evidence of the Molecular Constitution of Bodies’,  Maxwell introduced the idea of ‘degree of freedom’ (although he did not yet use this term – apparently it was introduced by H.W. Watson in his Treatise on the Kinetic Theory of Gases; see Watson 1876, vi). Maxwell (1986, 229) assumed that “the position and configuration of the molecule can be completely expressed by a certain number of variables”, and continued:
Let us call this number n. Of these variables, three are required to determine the position of the centre of mass of the molecule, and the remaining n – 3 to determine its configuration relative to its centre of mass. To each of the variables corresponds a different kind of motion. The motion of translation of the centre of mass has three components. The motion of the parts relative to the centre of mass have n – 3 components. The kinetic energy of the molecule may be regarded as made up of two parts – that of the mass of the molecule supposed to be concentrated at its centre of mass, and that of the motions the of parts relative to the centre of mass. The first part is called the energy of translation, the second that of rotation and vibration. (Maxwell 1986, 230).

Subsequently, Maxwell (1986, 231) presented a new formula for the specific heat ratio:
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(where n is number of degrees of freedom, and e is a quantity depending on the binding forces in the molecule; e accounts for the relative amount of heat that is stored as potential energy in the molecule)

Comparison with actual values of specific heats found in experiment led Maxwell to conclude that n + e “for air and several other gases cannot be more than 4.9”, since the experiments have determined that γ = 1.408. Monatomic molecular models have no internal structure and thus only three degrees of freedom (n = 3), which entails γ = 1.66, a result which was as yet unobserved. Moreover, around 1870 it was well known that most gases emit spectral lines, the best explanation of which seemed to lie in internal vibration of the molecules. These additional degrees of freedom entail that n ( 6 and thereby γ ( 1.33. The observed ratio of γ = 1.408 was thus unexplainable. Maxwell (1986, 232) concluded that this anomaly is “the greatest difficulty yet encountered by the molecular theory.”

One year later Ludwig Boltzmann proposed a solution of the problem. Boltzmann (1876, 103) uses the notion of ‘degrees of freedom’ (he even mentions the English expression in his German paper), referring to Maxwell en Watson as the founders of this idea. Boltzmann’s proposal is, very simply, to model molecules of the anomalous gases as systems with five degrees of freedom, so-called rigid dumbbells. Boltzmann assumed that the anomalous gases are diatomic molecules that can be represented as two rigidly connected point particles or elastic spheres. Such ‘dumbbells’ possess only five degrees of freedom (three of translation and two of rotation), hence n = 5. Moreover, since the molecules are absolutely rigid, they cannot store potential energy, hence e = 0. Consequently, γ = 1.4, almost precisely in accordance with the measured value.

However, the ‘dumbbell model’ cannot be a completely realistic description of diatomic molecules, because real gas molecules do have vibrational degrees of freedom, as is already shown by the fact that they are capable of emitting spectral lines. Boltzmann (ibid., 107): “It is obvious that the gas molecules cannot be absolutely rigid bodies.” Yet, Boltzmann concluded that it captures at least part of their nature: “The [molecule] probably behaves in its progressive motion and in its collision with other molecules almost like a solid body.” (ibid., 109, my translation).

Maxwell’s response was negative. In his 1877 review of Watson’s book, he stated: “The clear way in which Mr. Watson has demonstrated these propositions leaves us no escape from the terrible generality of his results.” (Maxwell 1877, 245). Subsequently, he discussed Boltzmann’s dumbbell model, and rejected it because “such a body, though apparently rigid, is in reality capable of internal vibrations, and these of an infinite variety of types, so that the body has an infinite number of degrees of freedom.” (ibid.).

Today, however, Boltzmann’s dumbbell model is still used in scientific practice and in textbooks, as an approximately correct representation of diatomic molecules. This is possible because the quantum theory of line spectra has, in a sense, vindicated Boltzmann’s model. To be sure, quantum theory is inconsistent with classical mechanics, and this implies that classical molecular models cannot be faithful representations of reality from the quantum-theoretical perspective. But by giving a non-mechanical account of spectral emission quantum theory explains why there are no vibrational degrees of freedom that contribute to specific heats. For this reason, classical molecular models can still be used (and in fact they are, both in textbooks and in practice), despite the fact that contemporary physicists do not accept them as being realistic descriptions of molecules.

4. The Pragmatic Dimension of Modelling: Tools, Skills and Commitments

The case presented above provides a clear example of the thesis that model-building is a non-deductive process. Physicists need to construct molecular models in order to use the kinetic theory of gases to predict and explain the observed phenomena. Such models cannot be derived from the theory, and neither do they follow from the phenomena. In this sense, they are autonomous, as Morgan and Morrison 1999 point out. But they are essential for relating the theory to the phenomena – molecular models mediate between kinetic theory and gas phenomena.

Boltzmann’s dumbbell-model of diatomic molecules illustrates this nicely. On the one hand, the model does not follow deductively from the kinetic theory. But the kinetic theory is true of the dumbbell-model. As soon as one possesses the dumbbell-model, the theory dictates equations that govern its behaviour, and the theoretical prediction γ = 1.4 can be derived for a system consisting of dumbbell molecules. On the other hand, the dumbbell-model cannot be derived from the experimental data either: approximations are necessary in order to achieve a fit between model and data. The case study nicely shows the existence of what Cartwright has called “messy phenomenological laws.” In the various works by Clausius, Maxwell and Boltzmann, one notices the variation in experimental values of γ for diatomic gases: 

· γ = 1.421 (Clausius 1857)

· γ = 1.408 (Maxwell 1860 en 1875)

· γ = 1.41 (Boltzmann 1871)

· γ ( 1.4 (Boltzmann 1876; in this paper Boltzmann presents the dumbbell-model, and it is telling that he does not cite an exact experimental value but merely states that the theoretical prediction “does not differ greatly from the experimental results”).

Moreover, it is interesting to note the quite different ways in which Clausius and the early Maxwell presented the theoretical prediction for specific heat ratios. These presentations did not give any clue to a possible solution of the anomaly  in terms of the dumbbell-model. And what is more, even when Maxwell (1875) had introduced the representation of molecules in terms of ‘degrees of freedom’, the n = 5 solution lay close at hand but apparently he did not see it. (One might think that he rejected it out of hand, but then one wonders why he doesn’t even discuss the possibility.)

In order to arrive at the dumbbell-model, an approximation as well as two idealisations had to be made:

· Approximation: the “messy” data did not provide the exact γ = 1.4 value, from which n + e = 5 could be deduced. Maxwell (1860 and 1875) calculated with the experimental value of  γ = 1.408, which entailed n + e =  4.9. Clausius (1857) calculated with γ = 1.421, which would have led to n + e = 4.75.

· Idealisation e = 0: the dumbbell-model represents molecules as absolutely rigid, which implies that heat cannot be stored as potential energy.

· Idealisation: internal vibrational degrees of freedom do not contribute to specific heats.

It was only Boltzmann who made the approximation γ = 1.4 as well as the required idealisations, thereby arriving at the n = 5 solution.

With hindsight it is difficult to understand why Boltzmann’s ‘simple’ solution was not found earlier. Although it may come across as reprehensibly Whiggish, I think it is worthwhile to acknowledge that the solution does seem simple in retrospect, and to ask why it was not so simple in Maxwell’s time. It appears that the analysis of modelling practice presented in Section 2 allows us to find a philosophically interesting answer to this question. In the modelling stage (what Cartwright calls the ‘first stage of theory entry’) no rules or principles exist, implying that pragmatic skills, evaluations, and decisions play a crucial role. The question is why Clausius and the early Maxwell, who were in the possession of all relevant theoretical knowledge and experimental data, did not even consider the possibility that the molecules of the anomalous gases were rigid dumbbells. I submit that this was because they lacked an important practical tool for constructing this model: the concept of ‘degree of freedom’. In 1875 Maxwell introduced the notion as follows: 

It is not essential, however, to the mathematical investigation to assume that the molecule is made up of atoms. All that is assumed is that the position and configuration of the molecule can be completely expressed by a certain number of variables. Let us call this number n. (Maxwell 1986, 229-230)

Representing molecules in terms of degrees of freedom allowed scientists to construct different kind of molecular models and to ‘see’ new explanations and predictions. In this sense the concept functioned as a tool for the construction of new models. Of course, the kinetic theory itself remained the same, and one might object that the notion of ‘degrees of freedom’ merely offered a new way of representing extant knowledge and did not add new knowledge. But it is precisely this view that is challenged by the above account of modelling practice. The new tool led to new models, mediating between the theory and the phenomena, and the tool was accordingly crucial to the production of new explanatory and descriptive knowledge. In other words, it was essential to achieving the epistemic aim of science.

The case shows that explaining the specific heat ratios on the basis of the kinetic theory is not a matter of mere deduction and calculation. There is an intermediate stage of model-building, in which conceptual tools play a crucial role. In this stage approximations and idealisations have to be made, for which no rules or principles exist. Instead, scientists have to rely on conceptual tools, of which the notion of degree of freedom provides an example.
But why was it Boltzmann who proposed the dumbbell-model and not Maxwell himself? A possible answer might be based on the observation that scientists should not only have tools available but also the required skills for using these tools. However, in the present case it is surely preposterous to think that Maxwell, having introduced the concept of degrees of freedom himself, lacked the skills to construct the n = 5 solution. A more plausible answer can be found in Maxwell’s objection to Boltzmann’s model, which makes it clear that certain commitments played a role. Maxwell was not prepared to make the required idealisations (esp. ignoring the vibrational degrees of freedom). As De Regt (1996) has argued, this refusal was inspired by philosophical commitments. In his later years Maxwell was strongly committed to realism and materialism, and moreover, adhered to the method of ‘Newtonian deduction from the phenomena’. This led him to favour Thomson’s vortex model of atoms, which assumed nothing but ‘matter and motion’, and to reject ad hoc introduction of specific assumptions in order to account for particular phenomena.

5. Conclusion

The case study presented above shows that there is a pragmatic, yet epistemically relevant, dimension to the process of modelling, in which conceptual tools, skills and commitments play crucial roles. In the case of the specific heat anomaly and the dumbbell model we have seen that the construction of this model, which provided an explanation of the anomalous specific heat ratios, was made possible by the introduction of the conceptual tool ‘degrees of freedom’. This tool provided a new representation, and a new way of modelling molecules, that led to equation (2). As such, it enhanced the intelligibility of the kinetic theory, and it thereby facilitated the construction of a model for explaining the anomalous data. This pragmatic virtue contributed to achieving an epistemic aim.

Since the construction of models is not a matter of deduction but a creative process, scientists need particular skills in order to achieve success. For example, the tool ‘degrees of freedom’ permits a different representation of the theory and different molecular models, but even with this tool available the dumbbell model (n = 5 solution) does not follow logically from theory and data – a skilful scientist is needed to ‘see’ the solution by making the necessary approximations and idealisations. In addition to relevant tools and associated skills, commitments play a role in the pragmatic dimension of model construction. Particular commitments may either stimulate or inhibit scientists to use available tools to construct specific models. Thus, in contrast to Boltzmann, Maxwell’s commitments did not stimulate but rather hindered him in pursuing the n = 5 solution of the anomaly; he refused to make the required idealisations because they conflicted with his philosophical commitments.

This account invalidates the objectivist view endorsed by Hempel and Trout, on which pragmatic aspects of explanation do not have any epistemic import. It permits contextual variation in explanatory practice, namely in the availability and acceptability of conceptual tools. Not all scientists value the same tools, their preferences are first of all related to their skills, acquired by training and experience, and in addition to other contextual factors such as their background knowledge and philosophical commitments. However, this contextual variation does not imply that explanatory understanding is purely subjective and individual: as Thomas Kuhn has made abundantly clear, the acquisition and assessment of required skills is typically relative to scientific communities rather than individuals. Hempel’s objection, quoted in Section 1, that a pragmatic construal of explanation entails a relativisation to “this or that individual” is therefore unfounded.
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� This suggests that the boundary between theory and model is arbitrary to some extent. However, in the case of the kinetic theory, the representation of gases as aggregates of molecules in motion is part of the theory, while the representation of molecules as hard elastic spheres is part of the modelling stage. This is because all kinetic theories share the former ‘model’ of a gas, while the latter model of a molecule is not an essential part of the theory (kinetic theory can operate on different molecular models). So there is good reason for drawing the distinction here. Cf. Cartwright (1983, 159) on the relation between model and theory.


� Maxwell and Clausius used different representations of the equation (Clausius’ K/H is in Maxwell’s terms 1/(), and therefore they present the theoretical predictions in different terms. I use the original numbers because they show how Maxwell and Clausius perceived the situation.
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