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 Constructing a Theory:
 Einstein's Model

 GERALD HOLTON

 The Epistemological Imperative

 from his publications and letters, Albert Einstein consid-

 Judging ered it one of his important tasks to express and elaborate his views
 concerning the philosophy of science. There seem to have been two
 reasons for that. First, Einstein experienced in his own work in the early
 years, and then again among his "ablest students," how important the
 discussions concerning the aims and methods of the sciences are.1 Such
 interest was not merely a matter of intellectual curiosity but, in his
 opinion, went to the heart of the task of the innovator. Epistemology and
 science, he said, "are dependent on each other. Epistemology without
 contact with science becomes an empty scheme. Science without episte-
 mology is - insofar as it is thinkable at all - primitive and muddled." At
 the same time he warned that the scientist cannot permit himself to be
 too restricted "by the adherence to an epistemological system" (Schilpp,
 pp. 683-84). He might, therefore, seem to be more a philosophical
 opportunist than school philosopher. However, that accusation seemed
 to bother Einstein as little as did the more serious attacks from so many

 other quarters upon his science and his other views. He avoided almost
 every opportunity either to engage in debates with opposing philoso-
 phers or to cite those who supported his views. Reading his opinions on
 age-old questions of methodology, we feel we are given a direct report
 on a deeply felt, personal struggle with ideas.

 A second reason why a scientist concerned with the grand problems
 should not avoid epistemologie considerations was, in Einstein's opinion,
 that there simply was no other way. In our time, when scientific founda-
 tions are changing rapidly, "the physicist cannot simply surrender to the
 philosopher the critical contemplation of the theoretical foundations; for
 he himself knows best and feels most surely where the shoe pinches"
 (Ideas and Opinions, p. 290).

 With these motivations, Einstein found himself publishing con-

 O GERALD HOLTON, Mallinckrodt Professor of Physics and Professor of the History
 of Science at Harvard University, is the author of Thematic Origins of Scientific
 Thoughts: Kepler to Einstein and The Scientific Imagination.
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 THE AMERICAN SCHOLAR

 stantly on the philosophy of science and, significantly, doing so through-
 out his most creative period of scientific work (e.g., 1914: Principles of
 Theoretical Physics; 1916: Ernst Mach; 1918: Motive for Doing Re-
 search; 1919: Induction and Deduction in Physics; 1921: Geometry and
 Experience; 1933: On the Method of Theoretical Physics; 1936: Physics
 and Reality; and many others - not to speak of his letters to Besso,
 Solovine, and other friends). With characteristic persistence, not to say
 obstinacy, he put on himself the task of presenting what he called his
 "epistemological credo/* Moreover, it is striking how consistent he was
 in his presentation - at least from about 1914 on, after his formative
 period during which he had gone through a kind of philosophical pil-
 grimage.

 In the last four decades of his life, he therefore was acting not only as
 a profound scientist but also as a popularizer, teacher, and philosopher-
 scientist in the tradition of Henri Poincaré, Ernst Mach, and others of
 the generation before him. It is obvious that he took this role as a public
 educator very seriously, and that he tried his utmost to write clearly and
 at a level on which the intelligent layman would understand him. Hence
 it came about that the man who was best known for his legendary quest
 for inaccessible and recondite theories was - and to this day remains - in
 fact one of the most readable and widely read scientists, whose essays
 have been reprinted in the distant corners of the world. There is also an
 ever-growing flood of analyses of his ideas and the way they do or do not
 coincide with long-familiar questions of philosophy. But it may be
 appropriate, and in the spirit of Einstein's own intentions, to provide on
 the centenary of his birth a presentation of a key portion of Einsteins
 epistemological position, using his own words as far as possible.

 Writing to Solovine

 In all Einsteins own writings, one message stands out and is returned
 to repeatedly: the need for a model of scientific thinking, and indeed of
 thinking in general. That model forms the core of the first pages of his
 "Autobiographical Notes/'2 But Einstein's most concise and graphic
 rendition or model of his working epistemology is to be found in a letter
 he wrote to his friend Maurice Solovine in 1952. It is a remarkable

 condensation of his thoughts, hence well suited to examining his credo
 on his own terms. It is also an invitation to elaborate on his brief

 explanations by reference to his other publications on the same subject,
 and therefore to pull together many of the methodological ideas scat-
 tered throughout his writings over the years.

 Solovine was one of Einstein's oldest friends; they had met in Bern in
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 EINSTEINS MODEL

 1902 and had kept up a correspondence after Solovine had moved away
 in 1905. Writing on 25 April 1952, Solovine confesses that he has trouble
 understanding a point made in one of Einstein's essays which Solovine
 has just been translating for publication in France. "Would you be so
 kind/' Solovine asks, "as to explain precisely a passage . . . which is not
 quite clear. You write: 'The justification (truth content) of the system
 rests in the proof of usefulness of the resulting theorems on the basis of
 sense experiences, where the relations of the latter to the former can only
 be comprehended intuitively. . . .'" Solovine indicates his puzzlement.

 In his reply of 7 May 1952, Einstein starts in his characteristically
 relaxed, unpompous manner: "Dear Solo! In your letter you give me a
 spanking on the behind . . . , but/' he continues, "you have thoroughly
 misunderstood me with respect to the epistemological matter. Probably I
 expressed myself badly/'3 In the explanation that follows, of the respec-
 tive roles of sense experience, intuition, and logic in the functioning of
 the imagination, Einstein concentrates, as one would expect, on the
 sequence of steps in doing science, in making a discovery, or in formulat-
 ing a theory. He does not show much interest in the later stages of
 reformulating the results, to make them acceptable to publishers of
 scientific journals or to philosophers interested in the justification of
 proposed theories.

 It will also be noted that while the context of Solovine' s question and
 Einstein's reply makes it clear that Einstein is talking about a model for
 thinking in science, nowhere in what follows does he use the word
 "science "; and what fragmentary examples he gives are not drawn from
 scientific theory. This is entirely in line with his typical refusal to tolerate
 unnatural and unnecessary boundaries. For he said repeatedly that one is
 dealing here with a continuum: "Scientific thought is a development of
 prescientific thought" (Ideas and Opinions, p. 276); "all this applies as
 much, and in the same manner, to the thinking in daily life as to the
 more consciously and systematically constructed thinking in the sci-
 ences" (Ideas and Opinions [hereafter LO.], p. 23; see also LO., p. 324).
 This point of view was perhaps best caught in his statement that the
 "whole of science is nothing more than a refinement of everyday think-
 ing" (LO., p. 290). Just for that reason, however, the critical physicist
 should not restrict his examination of concepts to his own field of
 expertise, but should consider "critically a much more difficult problem,
 the problem of analyzing the nature of everyday thinking" (ibid.).
 Perhaps for this reason Einstein had placed the question "What, pre-
 cisely, is 'thinking'?" near the beginning of his "Autobiographical
 Notes" - and then, during that discussion, referred only rarely to sci-
 ence.
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 Given: A "Labyrinth of Sense Impressions"

 Einstein begins his explanation to Solovine with the sentence "I see
 the matter schematically thus" - and there follows a diagram (not sur-
 prisingly, for we know of Einstein's preference for visual thinking). It is a
 simple sketch that concentrates in a few lines a wealth of information
 (Figure 1). The diagram indicates an essentially cyclical process, and
 Einstein enters on its discussion by laying out the stage where the
 process must both begin and end:

 "(1) The E (experiences) are given to us/'
 This refers to the horizontal line shown at the bottom of the figure,

 marked £ and labeled "Multiplicity [or variety] of immediate (sense)
 experiences. "* As usual in his discussions on method, these come first.
 And they will have to come again at the end, when we return to the level

 ЛЩ-сс*! *+*+*-£-/* - .r&*^¿s^c¿x~, aU¿L^ ¿SU** £+- ~~¿<¿* y**1 *<¿<z<¿^-

 -wJ^^f ¿+~f *T*4eb' **£8С*с* sx*?>tb*e¿ .

 Figure 1

 * Throughout this paper, parentheses within quotations are given as they appear in the original,
 and square brackets identify editorial additions or explanations.
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 EINSTEINS MODEL

 of sense experience to see if our theory can handle the largest possible
 part of the totality of the facts of experience - which is, after all, the final
 test of a theory.

 The thin line marked E is rather deceptive. One might better visual-
 ize it as an infinite plane on which the separate and diverse sense
 experiences or observations that clamor for our attention are laid out,
 like so many separate points. The plane does indeed represent the
 "totality of empirical fact" (Í.O., p. 271) or "totality of sense experi-
 ences" (Schilpp, pp. 11, 12, and often elsewhere). In themselves the
 points on this plane are bewildering, a chaos of elements, a veritable
 "labyrinth of sense impressions" (LO., p. 291), of which, moreover, we
 never can be completely sure that they are not "the result of an illusion
 or hallucination" (ibid.). In fact, the ultimate aim of science can be
 defined in this manner: "Science is the attempt to make the chaotic
 diversity of our sense-experience correspond to a logically uniform [uni-
 fied] system of thought" (LO., p. 323). The chaotic diversity of "facts"
 will be mastered by erecting a structure of thought on it that points to
 relations and order: "In this system, single experiences must be corre-
 lated with the theoretic structure in such a way that the resulting
 coordination is unique and convincing" (ibid.).

 An aside: Nobody had to point out to Einstein that sense experiences
 or "observations" are virtually never pure and unvarnished but theory-
 dependent. Even the father of positivism, Auguste Comte, had written
 (Positive Philosophy, 1829) that without a theory of some sort by which
 to link phenomena to some principles "it would not only be impossible
 to combine the isolated observations and draw any useful conclusions,
 we would not even be able to remember them, and, for the most part,
 the fact would not be noticed by our eyes." Indeed, sometimes Einstein
 speaks of "experience" or "facts" in a way very different from what
 Ernst Mach took to be "elements." Among facts, Einstein in various
 writings included inertial motion, the constancy of light velocity, the
 equality of gravitational and inertial mass, and the impossibility of
 constructing perpetual motion machines (LO., pp. 307, 309; cf. letter to
 Besso, quoted in Thematic Origins, p. 229). Nevertheless, in the most
 primitive form, the E in Figure 1 can be thought of as simple sensory
 impressions.

 The Ascent to an Axiom System

 The diagram in Figure 1 now goes on to show what is perhaps
 Einstein's most insistent conception in epistemology. Rising out of an
 area just above a portion of the chaos of observables E, there is an arrow-
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 tipped arch reaching to the very top of the whole scheme. It symbolizes
 what under various circumstances could be a bold leap, a " widely
 speculative" attempt (quoted in Thematic Origins, p. 254), a "groping
 constructive attempt" (ibid., p. 286), or a desperate proposal, made
 when one has despaired of finding other roads. There, high above the
 infinite plane E, is suspended a well-delimited entity labeled "A, system
 of axioms," issuing out of the arrow-tipped arch like a pulse of light out
 of the trajectory of a firework.

 Einstein writes in explanation:
 "(2) A are the axioms from which we draw consequences. Psychologi-

 cally the A are based upon the E. There is, however, no logical path from
 the E to A, but only an intuitive (psychological) connection, which is
 always 'subject to revocation.' "

 Evidently Einstein holds that in the formulation of ideas - everyday
 as well as scientific ones - the process of thinking or discovery does not
 follow the classical model of J. S. Mill, i.e., of erecting a logical ladder by
 induction of generalizations from the set of individual observations. That
 method is only "appropriate to the youth of science" (LO., p. 283). Nor
 does Einstein believe, as Ernst Mach had counseled, in remaining as
 much as possible within the plane of E and confining oneself to searching
 out the most economic statements of relations among the elements
 there; for what that missed, Einstein explained in his "Autobiographical
 Notes" (Schilpp, p. 21), was precisely the "essentially constructive and
 speculative nature of thought and more especially of scientific thought."

 In the schema of Figure 1, the arc is just that speculative leap or
 constructive groping to A, the axioms or fundamental principles which in
 the absence of a logical path have to be postulated, perhaps at first quite
 tentatively on the basis of a conjecture, supposition, "inspiration,"
 "guess," or "hunch." We are dealing, after all, with the private process
 of theory construction or innovation, the phase not open to inspection by
 others and indeed perhaps little understood by the originator himself.
 But the leap to the top of the schema during this groping phase symbol-
 izes the precious moment of imaginative release, the response to the
 motivation of "wonder" and of the "passion for comprehension" {LO.,
 p. 342) which can come from the encounter with the chaotic E. Indeed,
 there is a clear and uncanny parallel between the process described in
 Figure 1 and the model that Einstein proposed in order to explain the
 motivation for research. As Einstein puts it there, to escape from the
 chaos of the world of personal experience, the scientist, scholar, or artist
 erects a "simplified and lucid image of the world," lifting into it "the
 center of gravity of his emotional life" (quoted in Thematic Origins,
 p. 377).
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 einstein's model

 As one would expect from him, Einstein did not speak of the tech-
 nique of elevating a supposition or hunch to an axiom or fundamental
 principle as if it were some hypothetical advice. He had done so himself
 in his scientific papers and, what is more, had confessed it quite frankly.
 For example, on the first pages of his first paper on relativity, he refers to
 a few well-known experimental facts, some of them in a quite per-
 functory manner, invoking them chiefly to say, without further specifica-
 tion, that they "lead to the conjecture [Vermutung]" which he calls the
 Principle of Relativity. Without further apology or explanation, he then
 declares, "We will raise this conjecture ... to the status of a postulate/'
 Moreover, he adds at once, and indeed without any preparation at all,
 that he will "also introduce another postulate/' namely that concerning
 the constancy of light velocity.

 We know that reaching these conjectures, and gathering the courage
 to raise them to fundamental principles, was not the result of mo-
 mentary, enthusiastic decisions but the result of years of groping. It was
 in fact forced on Einstein that the kind of fundamental theory he was
 trying to build could be attained in no other way. He told in his
 "Autobiographical Notes" that it was an act of desperation when he
 discovered, shortly after 1900, that the then current method for research
 on the frontiers of science, which he came to call making "Constructive
 Theories/' was inappropriate; rather, it was time to return to the search
 for the more deep-going "Principle Theories": "By and by I despaired
 of the possibility of discovering the true laws by means of constructive
 efforts based on known facts. The longer and more despairingly I tried,
 the more I came to the conviction that only the discovery of a universal
 formal principle could lead us to assured results" (Schilpp, p. 53 ).4

 Two Logical Discontinuities in J

 We have to linger a little more on the implications in Figure 1 of the
 trajectory, arc, ascent, leap, or jump (to which we will now assign a label,
 /). As Einstein often stressed (cf. analysis in "Autobiographical Notes"
 and many other sources, e.g., LO., p. 291), there are in fact two sets of
 logical discontinuities implied in the seemingly smooth curved line. We
 ready ourselves for the leap to A by fastening our attention on "certain
 repeatedly occurring complexes of sense impressions" (LO., p. 291) and
 "relating to them [zuordnen] a concept" (ibid.). The concept is then a
 kind of "mental knot" or "mental connection" (ibid.) between sense
 impressions, and is "primary" (LO., p. 293) if close to sense experience.
 But we select the concept without some logical necessity, really "arbi-
 trarily" (LO., p. 291) in the sense that "considered logically this concept
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 is not identical with the totality of sense impressions referred to; but it is
 a free creation of the human (or animal) mind'* (ibid. - "human or
 animal mind": another unnecessary barrier unceremoniously dis-
 carded!).

 The same theme of the logical discontinuity in the formation of
 concepts appears again and again. For example, "All concepts, even
 those which are closest to experience, are from the point of view of logic
 freely chosen conventions " (Schilpp, p. 13). And again: "There is no
 inductive method which could lead to the fundamental concepts of
 physics. Failure to understand this fact constituted the basic philosophi-
 cal error of so many investigators of the nineteenth century' ' (LO.,
 p. 307). On several occasions Einstein referred to David Hume* s attack
 on induction, showing that "concepts which we must regard as essen-
 tial, such as, for example, causal connection, cannot be gained from ma-
 terial given to us by the senses" (LO., p. 21).

 To the same end, Einstein also reminded his readers frequently (e.g.,
 LO., p. 298) of the fatal error that had been made for so long in thinking
 that the basis of Euclidean geometry was logically necessary; this error
 was caused by forgetting the empirical base, and hence the limited
 experiential context, within which all concepts are fashioned. A similar
 illusion was the great obstacle to formulating the Special Relativity
 Theory (LO., pp. 298-99), namely the idea that there exists a universal
 time applicable to all observers and events in space as a whole, a concept
 of time long held to be an a-priori given, a necessary conception,
 seemingly independent of our sense experience. This error was caused by
 forgetting that the notion of time itself arises initially in our everyday
 experience by watching sequences of events happening in one locality,
 rather than in all of space.

 Deprived of any certainty that our concepts have a necessary con-
 nection with the corresponding experiences, we begin to see the pre-
 cariousness of the business of theory construction. But we can do no
 better. We create new concepts, perhaps suggested at first only tenta-
 tively, and add them to the old concepts whose usefulness has been
 tested in previous struggles - knowing that neither the one nor the other
 is sacred and unchangeable, neither induced nor in any other way
 securely abstracted from the plane of experiences below. Perhaps this
 discontinuity is symbolized in Einstein's drawing by the small gap
 between the horizontal line E and the arc rising from that region to A
 above.

 There is a second logical discontinuity which also enters to make it a
 "mistake to permit theoretical description to be directly dependent upon
 acts of empirical assertions" (Schilpp, p. 674). This concerns the relation

 316

This content downloaded from 
������������128.103.147.149 on Wed, 25 Aug 2021 17:06:31 UTC������������ 

All use subject to https://about.jstor.org/terms



 einstein's model

 of concepts to one another when they are used together to make a system
 of axioms - for example, some postulated laws of nature ("propositions
 expressing a relationship among primary concepts/' LO., p. 293). Not
 only each individual concept, but the whole "system of concepts is a
 creation of man" (Schilpp, p. 13), achieved in a "free play." The justi-
 fication for it lies only in the pragmatic success of the scheme being
 built, when it gives ultimately a "measure of survey over the experience
 of the senses which we are able to achieve with its aid" (Schilpp, p. 7).

 Again and again, Einstein returns to this twofold discontinuity, with
 sentences like this one: "There is no logical path to these elementary
 laws; only intuition, supported by being sympathetically in touch with
 experience [Einfühlung in die Erfahrung]" (LO., p. 226). The repeated
 insistence seems to me to have had two reasons. One was Einstein's

 opposition to the then current form of positivism, which, for example,
 saw the chief goal of scientific work to be the economic statement of
 relations among observables. To this day, Einstein's formulation causes
 hostility from some quarters which insist on exaggerating this particular
 element in Einstein's total schema. (On the other hand, it should also be
 said that Einstein's anti-inductivism has encouraged some interesting
 contributions to the philosophy of science in our day. ) The other reason
 for Einstein's dogged insistence on the fundamental dualism between
 experience and theory, sometimes offered in surprising and inopportune
 contexts (cf. LO., p. 356), may have also been caused by a persistent
 intellectual discomfort. To this great unifier, the existence of an
 unbridgeable chasm must have presented a challenge of its own.

 At any rate, in no way can Einstein's message on this point be taken
 to celebrate irrationality, to give primacy to intuition, or the like. Rather,
 it represents two truths which he had learned, so to speak, on his own
 body. One was the liberating warning that just because all theories are
 "man-made" and "the result of an extremely laborious process of adap-
 tation," they are also "hypothetical, never completely final, always
 subject to question and doubt" (LO., p. 323). The other message was,
 precisely against this somber knowledge, to encourage the assertion of
 ingenuity and innovation, in science as well as outside, if necessary
 against prevailing dogma. (Einstein quipped, "Would Faraday have
 discovered the law of electromagnetic induction if he had received a
 regular college education?" [LO., p. 344]). If accused of dragging
 down, from the Olympian fields, "the fundamental ideas of thought in
 natural science, and to attempt to reveal their earthly lineage" (LO., p.
 365), Einstein would answer that he did so "in order to free these ideas
 from the taboo attached to them, and thus to achieve greater freedom in
 the formation of ideas and concepts. It is to the immortal credit of
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 D. Hume and E. Mach that they, above all others, introduced this critical
 conception' ' (ibid.).6

 Constraints and Freedoms

 We might point to other properties of the concepts by means of
 which axioms are formulated. Although Einstein does not often stress it
 explicitly, one type of conceptual construction needed to keep the con-
 cept from floating away like some arbitrary soap bubble is the definition
 which we give to an abstract term (point, length, time interval, electric
 charge, etc. ). While the meaning of any term is logically arbitrary, it is
 connected with observables by our "operational definition " or "seman-
 tical rule " to which we agree to adhere once it has been fashioned. As
 early as 1916 Einstein wrote, "Concepts have meaning only if we can
 point to objects to which they refer and to the Schema through which
 they are coordinated with these objects/1 Good examples of this opera-
 tional approach to concepts can be found in Einstein's own careful
 analysis of the mental (mathematical) and physical operations of measur-
 ing time in his first relativity paper, or in his description of what is meant
 by such conceptions as "solid body' or "space ' in several of his later
 essays. Therefore, one might elaborate the diagram in Figure 1 by
 drawing thin vertical lines between E and A, to indicate that such
 connections are made whenever we choose the convention or "meaning"
 assigned to a term that is part of the scientific vocabulary.

 The other constraint on our choice of concepts - even though they
 "have a purely fictitious character, " being the "free inventions of the
 human intellect, which cannot be justified either by the nature of that
 intellect or in another fashion a priori" (I.O., p. 272) - lies in Einstein's
 call for frugality and simplicity. After all, the aim of any good theoretical
 system is "the greatest possible sparsity of the logically independent
 elements (basic concepts and axioms)" (Schilpp, p. 13). Any redundancy
 or elaboration must be avoided, for "it is the grand object of all theory to
 make these irreducible elements as simple and as few in number as
 possible ' (Í.O., p. 273). For example, it was, in his view, "an unsatisfac-
 tory feature of classical mechanics that in its fundamental laws the same
 mass appears in two different roles, namely as inertial mass in the laws of
 motion, and as gravitational mass in the law of gravitation" (LO., p.
 308). The testable equivalence of these two types of mass for any object
 signaled to him a truth which needed to be stated as a basic axiom (in
 General Relativity Theory), rather than saddling the theory with a
 proliferation which did not seem to be inherent in the phenomena.

 In good part as a result of Einstein's own work and example, physical
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 scientists have indeed succeeded in showing, during this century, that
 only a very small number of postulated fundamental laws, employing a
 surprisingly small number of fundamental concepts, are needed to en-
 compass ("explain"), at least in principle, an ever-growing infinity of
 separate facts of experience. This does not mean at all that everything is
 explained, or even in principle already explainable; but still, it is a
 "wonder" (Schilpp, pp. 9, 11) and hence a motivation for further work.
 This success, which we had no right to expect a priori, also has some
 curious consequences, to which we shall return later.

 One result of adopting Einstein's method of theory construction is
 that the innovator must give his proposed jump to the axioms a chance to
 prove itself. Hence, during this early and usually private stage of theo-
 rizing, the researcher may well grant himself a moratorium on premature
 attempts at falsification (i.e., on making every attempt to disprove the
 hypothesized postulate). One can call it the right of "suspension of
 disbelief."6 Though the very idea is contrary to the naive picture of the
 scientist, it is an essential part of the scientific imagination. In Einstein's
 ase it is connected with his ability to tolerate ambiguities, to keep

 unresolved problems and polarities long before his minďs eye.
 A related corollary is more disturbing, however. Just as there were in

 principle infinitely many points on the E level at the bottom of the
 schema, there are in principle infinitely many possible axioms or systems
 of axioms A at the top. The choice a given scientist makes out of all
 possibilities cannot be entirely arbitrary; that might well involve him in
 an infinitely long search. How does one in fact make this choice? That is,
 what guides or constraints do exist which help (or hinder) the innovator
 in making his particular leap to A rather than to some other A', which
 another researcher, on the basis of the same £, may prefer to make?
 Einstein says nothing about it in this letter; but he wrote sufficiently
 elsewhere to help us deal with the question, as we shall see presently.

 The Logical Path

 To return now to Einstein's letter to Solovine/He continues his
 explanation of the schema:

 "(3) From A, by a logical path, particular assertions are deduced -
 deductions which may lay claim to being right."

 This sentence takes us to the area in the schema where rigorous
 analytical thinking enters, where the scientific imagination indeed re-
 quires the "logical path." "Logical thinking is necessarily deductive"
 (LO., p. 307), starting from the hypothetical concepts and axioms which
 were postulated during the earlier upward swing of the schema. There-
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 fore we are now proceeding downward from the axioms, deriving the
 necessary consequences or predictions: if A, then S, S' S" . . . should
 follow; or, as in the 1905 relativity paper, if the Principle of Relativity
 and the Principle of the Constancy of the Velocity of Light are assumed
 in the first place as axiom system A, then there follow necessarily,
 without any further fundamental assumptions, the transformation equa-
 tions for space and time coordinates, the relativity of simultaneity, the
 so-called length contraction and time dilation effects, and, at the end of
 the paper, "the properties of the motion of the electron which result
 from the system of equations and are accessible to experiment. . . .
 [These] relations are a complete expression for the laws according to
 which, by the theory here advanced, the electron must move. " This
 wealth of results is a natural consequence of Einstein's powerful deduc-
 tions. In an excellent paper entitled "Logical Economy in Einstein's On
 the Electrodynamics of Moving Bodies,' " Robert B. Williamson7 has
 shown the logical consistency and parsimony of Einstein's detailed argu-
 ment. These features make it even more plausible that the whole work
 represents the crystallization of years of effort.

 Some who have criticized Einstein's remarks as giving too much
 weight to intuition and other logically speculative concepts have tended
 to overlook the definite role which Einstein did give to the logical phase
 of the scientific imagination. If he argues for recognizing the necessary
 inspirational component in the formation of fundamental hypotheses at
 the level of A, he also goes on to say that "the structure of the system is
 the work of reason " (LO., p. 272). This part of the scientist's work, where
 inference follows inference, requires "much intense, hard thinking "
 (LO., p. 282), but at least is a task that one can learn in principle "at
 school" (LO., p. 221). It is only the earlier step, that of establishing the
 principles in the first place from which deduction can proceed, for which
 "there is no method capable of being learned and systematically ap-
 plied . . . the scientist has to worm these general principles out of na-
 ture" (ibid.).

 Testing Against Experience

 Continuing in his letter to Solovine, Einstein now comes to the fourth
 and final step that brings us back to the plane from which we started:

 "(4) The S are referred [or related] to the E (testing against experi-
 ence)."

 Still anxious to make the necessary distinction between what logic
 can and cannot be expected to do during the process of theory construc-
 tion, Einstein adds parenthetically:
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 Carefully considered, this procedure also belongs to the extra-logical (in-
 tuitive) sphere, because the relations between concepts appearing in S and the
 experiences E are not of a logical nature. [Perhaps this is why Einstein draws the
 vertical arrow- tipped lines from S, S', . . . as dotted lines.] This relation of the S
 to the E is, however, (pragmatically) far less uncertain than the relation of the A
 to the E. (For example, the concept "dog" and the corresponding experiences.)
 If such correspondence could not be attained with great certainty (even if not
 logically graspable), the logical machinery for the "comprehensibility of real-
 ity" would be completely worthless (example, theology).

 The quintessence is the eternally problematic connection between the world
 of ideas and that of experience (sense-experiences).

 The main point of interest in this passage is the first sentence: "The S
 are referred to the £." Even its simplicity of expression does not hide the
 difficulties in the content. We are now at the crucial last phase of the
 schema, and we are looking down, from the predictions and other
 consequences (S, S' . . .) of the partly hypothesized, partly deduced
 scheme, to find whether corresponding observations can in fact be found
 to exist on the plane of experience E. If these are found, we can say that
 our various predictions have been borne out by observation and that we
 therefore have a right to regard with more confidence the previous steps
 that led us to this last one - the jump/ from E to A, the postulation of A,
 and the deduction of the S. We thus have completed the cycle implied in
 the schema E - > J - > A - ► S - >£. (For simplicity, I will refer to this
 schema as Einsteins EJASE process of scientific theory construction.)

 But Einstein knew well that even if the predictions are borne out, one
 must not be too confident that the theory, the whole structure of con-
 jectures, postulations, and deductions, is necessarily right. This is so for
 three reasons. First, right predictions can be drawn from wrong axioms.
 Hence theories that have turned out to be fundamentally in error (Aris-
 totelian theory of elements, phlogiston theory, caloric theory) never-
 theless were for a long time thought to be "verified" by the coincidence
 of deductions and observation.

 Second, it is even impossible in principle to consider a theory
 "proven" once and for all, since this would entail subjecting it to an
 infinity of tests by observation, and not just now but for all future times.
 There is no such thing as a final verification or confirmation of a theory
 by experiment or observation. The most one can ever claim is that a
 theory gains more and more plausibility or usefulness the longer the
 various predictions derivable from it are found to correspond to the
 growing area of available sense experience - and the fewer the con-
 tradictions.

 Third, and most important, Einstein came to realize that, except
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 perhaps in the simplest cases, one cannot rely on what someone claims to
 be "experimental facts' * without much probing. The "confirmations" of
 theories have often turned out to be the result of misinterpretation of the
 data or a malfunctioning of the experimental apparatus. Einstein had
 been held up more than once in his theoretical work by claims of
 experimental scientists that turned out to be wrong. As he was reported
 to have said in the mid-1920s:

 You must appreciate that observation is a very complicated process. The phe-
 nomenon under observation produces certain events in our measuring appa-
 ratus. As a result, further processes take place in the apparatus, which even-
 tually and by complicated paths produce sense impressions and help us to fix the
 effects in our consciousness. Along this whole path - from the phenomenon to its
 fixation in our consciousness - we must be able to tell how nature functions,
 know the natural laws at least in practical terms, before we can claim to have
 observed anything at all.8

 Criteria for a Good Theory: I. "External Validation"

 What, then, can one expect to be the proper relation between the S
 and the E in an adequate theory - at least one of the more ambitious
 kind that was of interest to Einstein, a theory whose object is the
 "totality of physical phenomena" (Schilpp, p. 22)? As we saw in Ein-
 stein's sentence, "The S is referred to the E У the phrase "referred to"
 [in Beziehung gebracht] is not at all the same thing as "verified against,"
 as one might expect to read here if the proposed test of a good theory
 were the test of "verification." But that would be a pre-twentieth-
 century view which has turned out to be too optimistic an estimate of the
 solidity of scientific theories.

 In fact, Einstein had proposed, some years earlier, two criteria for a
 good theory, two tests "according to which it is at all possible to subject a
 physical theory to a critique" (Schilpp, p. 20). The first test is what
 Einstein called the criterion of "external validation," and it is "con-
 cerned with the validation [Bewährung] of the theoretical foundations
 by means of the material of experience [Erfahrungsmaterial] lying at
 hand" (Schilpp, p. 22). 9 The criterion is simply this: "The theory must
 not contradict empirical fact" (Schilpp, p. 21).

 Note that this is a principle of disconfirmation or oí falsification, and
 hence much more sophisticated than any injunction to seek "con-
 firmation" by empirical test. It is more generous, because in the absence
 of disconfirmation one can hold on to the theory - "Once a theoretical
 idea has been acquired, one does well to hold fast to it until it leads to an
 untenable conclusion" (LO., p. 343) - and it is also a sharper demarca-
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 tion criterion because the presence of believable disconfirmation soon
 discredits a theory, whereas a continued absence of verification merely
 delays the final decision.

 The disconfirmation criterion does not mean at all, however, that
 presumed confirmations, or coincidences of S with corresponding ele-
 ments of E, would be unwelcome. On the contrary; the purpose of the
 majority of actual experimental investigations is guided, of course, by
 the hope of finding correspondences of this type, by which the plausibil-
 ity of some previously examined theory would be increased. But for the
 reasons given above, absence of verification is not conclusive either
 way - permitting one, depending on one's prejudice, to be skeptical
 about or to hold on to the theory until further notice. What really would
 decide the matter soon would be stubborn and repeated evidence of dis-
 confirmation.

 But it really should be stubborn and repeated evidence. One cannot
 abandon a theory, or even a mere law deduced from it, every time a
 disconfirmation is reported. That would be extreme experimenticism,
 not warranted by the delicate and difficult nature of experiments in
 modern science.

 It is in this way that we must understand those very few isolated
 places in all Einstein's writings - of which much has been made by some
 commentators - where he seems to advise that we must throw away the
 whole hard-won theory when there appears a single disproof of one of its
 predictions. For example, he wrote an article on relativity at the request
 of The Times of London in November 1919, at the height of the
 astounding euphoria about his work, when the British eclipse expedition
 had just produced its successful experimental results. Toward the end he
 listed the three observable consequences then expected from his theory,
 and added (I.O., p. 232):

 The chief attraction of the theory lies in its logical completeness. If a single
 one of the conclusions drawn from it proves wrong [unzutreffend], it must be
 given up; to modify it without destroying the whole structure seems to be
 impossible.

 Yet one of his three predictions, concerning the value of the dis-
 placement of spectral lines toward the red end of the spectrum in the
 light from stars with large mass, was by no means easy to test, and the
 shift was found to be neither systematic nor of the predicted amount.
 There ensued a long period of experimental and theoretical work by
 some of the best astronomers and physicists. But Einstein, when con-
 fronted with the challenge, simply waited it out. To Max Born he wrote
 later that, even in the absence of all three expected observable con-
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 sequences, his central gravitation equations " would still be convincing, " "
 and that in any case he deplored that "human beings are normally deaf
 to the strongest [favorable] arguments while they are always inclined to
 overestimate measuring accuracies/' (See also Thematic Origins, pp.
 234-37.) He was warning on such occasions that one should be as
 reasonably skeptical about experiments that disconfirm as about those
 that confirm - and particularly if the alleged experimental dis-
 confirmation of one theory is used to support another which, on other
 grounds, is less appealing.

 Criteria for a Good Theory: II. "Inner Perfection9

 What can this other ground be? What can make a theory more
 appealing or less so, other than the criterion of "external validation' ?
 The answer is given by Einstein's second criterion for subjecting a theory
 to a critique. He called it the criterion of "inner perfection," and it
 concerns itself with choosing the best superstructure in the EJASE
 scheme, namely the J, A, and S. One must remember that there is no
 guarantee in a given case that the elements of a theory are unique. It
 often happens that two quite different theories, with différent/, A, and S,
 arise out of concern with the same material of experience, and moreover
 give equally good correspondence between their sets of S and the
 relevant sense experiences. The most famous case is, of course, that of
 Ptolemaic theory and the theory of Copernicus in the sixteenth century.
 While different with respect to their basic axioms, both theories arose out
 of the need to account for the same regularities and irregularities in E, in
 the observed motion of celestial bodies, and the predictions derivable
 from both theories had about the same degree of correspondence with
 the observables.

 Einstein's second criterion deals with just such situations, and was
 frankly stated in his "Autobiographical Notes": "The second point of
 view is not concerned with the relation to the material of observation but

 with the premises of the theory itself, with what may briefly but vaguely
 be characterized as the * naturalness' or 'logical simplicity' of the prem-
 ises (of the basic concepts and of the relations between these which are
 taken as a basis)" (Schilpp, p. 23).

 This of course is not a new idea; Einstein acknowledges that it "has
 played an important role in the selection and evaluations of theories
 since time immemorial. " But in practice, the requirement of naturalness
 or logical simplicity, or "unity and parsimony" (LO., p. 23), has never
 been easy to follow. Einstein's warning here is to stay clear of theories
 that are patched up by ad hoc assumptions introduced just to make the
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 deductions correspond better to the facts of experience as they continue
 to come in. "For it is often, perhaps even always, possible to adhere to a
 general theoretical foundation by securing the adaptation of the theory
 to the facts by means of artificial additional assumptions" (Schilpp, pp.
 21-23). Early in his career, Einstein had considered Lorentz's theory of
 the electron as just such a patchwork, in the sense that it avoided factual
 disconfirmation only by introducing assumptions specially chosen for
 this very purpose (introduction of length contraction to explain absence
 of predicted effect in ether-drift experiments). This practice could be
 represented by a modification in the diagram of the EJASE process, as in
 Figure 2. There, schema Cx is modified when the observable correspond-
 ing to S" fails to appear; so schema Cx yields to schema C2 by changing A
 to (A + a), a being the modification in A introduced to deal with the
 problem of obtaining better correspondence between the deductions S
 and the facts E - including, if possible, predictions of new links, such as
 S" - £3.

 To be sure, theories often do grow in some such manner, as they are
 applied to new areas of phenomena. And in any case, such criteria as
 "naturalness" or "logical simplicity" or "economy" or "unity and par-
 simony" are not easy to defend or even specify, for their "exact formula-
 tion . . . meets with great difficulties" (Schilpp, p. 23); that formulation
 requires from us not a mere "enumeration of logically independent
 premises," but "a kind of reciprocal weighing of incommensurable
 qualities" (ibid.), hence a judgment into which aesthetic considerations
 and other preferences can enter prominently.

 Einstein was aware of a paradox. He was trying to deal with great
 and complex areas of varied experience; and yet he imposed the criterion
 of looking "for simplicity and economy in the basic assumptions. The
 belief that these two objectives can exist side by side is, in view of the
 primitive state of our scientific knowledge, a matter of faith. . . . This, in
 a sense religious, attitude of a man engaged in scientific work has some

 A, A, + a(5A2)

 F

 E}

 Schema C} Schema C2

 Ficuhk 2
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 influence upon his whole personality " (LO., p. 357). Again, writing at
 about the same time (1950) elsewhere, he acknowledged the a-priori
 implausibility "that the totality of all sensory experience can be * compre-
 hended' on the basis of a conceptual system built on premises of great
 simplicity. The sceptic will say that this is 'a miracle creed/ Admittedly
 so, but it is a miracle creed which has been borne out to an amazing
 extent by the development of science" (LO., p. 342).

 An example of Einstein's commitment to simplicity and naturalness
 among the fundamental conceptions of science - an example that
 haunted Einstein for much of his scientific life - was his unshakable

 dislike for the program and premises of quantum mechanics. For the
 mathematical description in quantum mechanics deals in principle with
 statistical ideas (e.g., densities in the ensemble of systems), eliminating
 thereby even the possibility-in-principle of describing the detailed be-
 havior of the single object or system - the very thing that lies closest to
 our experience, as in the sensory reports made available by cloud cham-
 bers, counters, and the like. To believe that this program is right "is
 logically possible without contradiction; but it is so very contrary to my
 scientific instinct that I cannot forego the search for a more complete
 conception" (Í.O., p. 318; and also often similarly, e.g., LO., p. 316;
 letters to Max Born, discussion with Niels Bohr, etc.). This search for a
 more complete conception, he knew, might be doomed. "In the end the
 choice will be made [by the profession as a whole] according to which
 kind of description yields the formulation of the simplest foundation,
 logically speaking." But until the evidence would be irresistible, he
 considered it his right to abstain from "the view that events in nature are
 analogous to a game of chance. It is open to every man to choose the
 direction of his striving" (LO., pp. 334-35).

 Einstein's use of the colorful words "instinct," "striving," "in-
 tuition," and "wonder" was, I feel sure, not intended as a calculated
 provocation of some scientists or philosophers; but it has had this effect
 nevertheless. To make matters worse, he referred to yet another process
 of importance in the growth of theories, known to every practicing
 scientist but difficult to define. For even though he acknowledged that
 these two criteria of "external validation" and "internal perfection"
 defied precise description, he held that among the "augurs," those who
 deal deeply with physical theory, there nevertheless exists, at any given
 time, agreement in judging the degree of external validation and inner
 perfection (cf. Schilpp, pp. 23-25). Once more, the absence of an airtight
 definition did not preclude him from putting his bet on the usefulness of
 a concept, in this case that of consensus in groups within the scientific
 community.
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 Going Beyond Einstein s Précis

 In assembling Einstein's own reports on his epistemological views, I
 have been trying to do justice to his meticulous sense of the realities, the
 lack of guarantees, the tentative, fallible, human aspects of each element
 in theory construction, and of the "eternal antithesis in our area between
 the two inseparable components of our knowledge, the empirical and the
 rational" (LO., p. 271). The schema that has emerged is of course not a
 formula, rule, or algorithm for making scientific discoveries. It is also
 miles from some of the self-confident and axiomatic treatments of scien-

 tific methodology which Einstein rightly held to have little resemblance
 to the actual practice of the working scientist. But let us not make a
 mistake in the opposite direction. Despite all its disclaimers, and despite
 the availability of other methods that may have equal power, Einstein's
 schema sketches the essentials of as solid a process of reasoning as is in
 fact available to scientists.

 Of course, Einsteins letter to Solovine was not a solemn publication
 of new results. Rather it is a précis or mnemonic sketch, shared between
 friends, in which Einstein reasserts ideas which he had held (repeating,
 for example, almost verbatim passages from the essay "Induction and
 Deduction in Physics" of 1919). Also, it overlaps with earlier authors -
 for example, Mach's "Theory of Heat " and his other essays. Yet it puts
 the matter very suggestively and now invites us, in the spirit of Einstein's
 own method, to go beyond these ideas, to see how they can serve to
 handle other problems of theory construction and of the working of the
 scientific imagination. As in science itself, our belief in a scheme in-
 creases if we find that it is not merely ad hoc for covering the area within
 which it was specifically proposed, but is successful beyond it. There are
 specifically two problems that Einstein's schema will help elucidate: how
 scientific theories grow and give way to other theories, and how to
 understand better the controversies involving fundamentally different
 theories that claim to deal with the same experimental facts.

 The Growth of a Theory

 We noted that the schema in Figure 1 is not a static one, but is a
 process which makes a cycle from £, viay, Л, S, back to E. But a theory
 can hardly be created and tested by going through the cycle just once.
 Even the theories by which we orient ourselves in our day-to-day lives -
 and a fortiori the established theories of science which we honor and use
 as tools that came down to us from earlier workers and controversies -
 are all the results of cycles of progressive adaptation. They are made
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 successively more acceptable by using the feedback from one cycle to
 modify the next. Moreover, this process of modification and growth will
 continue as new phenomena are found that enlarge the original area of
 application. Physics is constantly "in a state of evolution. . . . Evolution
 is proceeding in the direction of increasing simplicity of the logical
 basis" (Z.O., p. 322).

 The need to go through many cycles (Ci - ► C2 - ► C3 . . .) of the
 EJASE process is forced on us, if by nothing else, by our human limita-
 tions. Neither thought by itself nor sensory experience by itself leads to
 reliable human knowledge. Concepts can be subjected to analysis which
 gives us certainty of the kind "by which we are so much impressed in
 mathematics; but this certainty is purchased at the price of emptiness of
 content" {LO., pp. 276-77). On the other hand, sense experience cannot
 be related to the concepts, as we have seen, except by adopting essen-
 tially arbitrary definitions (conventions), and hence they cannot claim
 certainty either. The best we can do, then, is to let whatever trustworthi-
 ness there is in our theory construction come out of the interplay of
 thought and sense experience through many cycles, carried out over
 time. Theories therefore have to be "thoroughly elaborated" (Í.O., p.
 282) and have to evolve - first in the mind of the innovator before
 publication, and then in the community of scientists through discussion
 or controversy.

 For example, in going through the first cycle of the schema, the S of
 the theory at that stage (Sb S/, S/' . . .) may show an incomplete
 correlation with the "facts" in the E plane. Einstein gives an example
 which, he says, is one of the considerations which "kept me busy from
 1907 to 1911": in his early attempts to generalize relativity theory, "the
 acceleration of a falling body was not independent of its horizontal
 velocity or the internal energy of the system," contrary to the "old
 experimental fact" (Z.O., p. 287). A discrepancy of this sort forces one to
 rethink the A, modifying the original axiom system A! into a somewhat
 different one, A2.

 We recall that Einstein warned that such modification should be

 made not in a merely ad hoc, bru te- force way, but (for example) by
 recasting the axiom system into a more generalized form which permits
 more deductions S2, S2' S2" . . . that can be correlated with the £, and if
 possible from fewer independent concepts. Thus Einstein was able to go
 from the first principle of restricted or special relativity theory, that all
 natural laws must be so conditioned that they are covariant with respect
 to Lorentz's transformations, to the first principle of general relativity
 theory, that natural laws are to be formulated in such a way that their
 form is identical for coordinate systems of any kind of states of motion
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 {LO., pp. 329-30). In this way Einstein removed his dissatisfactions with
 the special nature of the original relativity theory, namely that it referred
 only to systems in uniform motion to which no absolute significance
 could be attached. (As he confessed in a letter to de Sitter in 1916, he was
 a person "driven by my need to generalize [Verallgemeinerungs-
 bedurfnis]"). Moreover, the introduction of the principle of equivalence
 removed the contradiction between the predicted acceleration of a fall-
 ing body and the observed one, as well as removing an unnecessary
 duplication (two meanings of mass, as referred to above).

 Ai A2

 E- - t

 E, E2 E3 E4 E, E2 E3 E4

 Schema C} Schema C2

 Figure 3

 Figure 3 represents schematically the progress from the early state of
 a theory to a later state, from Ci to C2 or from C2 to C3. Here C3 could
 stand for the next step which Einstein saw was needed after his success in
 fashioning general relativity theory; for he felt that "the theory could
 not rest permanently satisfied with this success. . . . The idea that there
 exist two structures of space independent of each other, the metric-
 gravitational and the electromagnetic, was intolerable to the theoretical
 spirit" (LO., p. 285). Hence Einstein's persistent attempt to fashion a
 field theory that corresponds to a "unified structure of space" (ibid.).
 Again and again the word "unity" beckons as Einstein's final goal -
 "seeking, as far as possible, logical unity in the world picture [Einheit-
 lichkeit des Weltbildes], i.e., paucity in logical elements" (LO., p. 293);
 "thus the story goes on until we have arrived at a system of the greatest
 conceivable unity, and of the greatest poverty of concepts of the logical
 foundations, which is still compatible with the observations made by our
 senses" (LO., p. 294). Here we glimpse the holy grail, the ultimate goal
 not only of Einstein but of Mach, Planck, and that whole generation of
 scientists-philosophers: the unified Weltbild. We shall touch on this
 point again soon.

 To give some other examples of the driving force leading from Cx to
 C2 to C3: Einstein held Newton's mechanics to be "deficient" from the
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 point of view of the requirement of the greatest logical simplicity of the
 foundation, insofar as the choice of the value 2 of the exponent in the
 inverse square law of gravitation - the very heart of Newton's greatest
 triumph - was heuristic or ad hoc in the sense that its chief support was
 that it worked. In addition, the law of gravitation itself was a separate
 postulate, not connected with or derivable from other conceptions in
 mechanics - whereas in general relativity theory it developed as a con-
 sequence of the postulates. Similarly, Einstein felt that H. A. Lorentz's
 synthesis of Newtonian mechanics and Maxwell's field theory contained
 the "obviously unnatural" mixture of total differential equations (for the
 equations of motion of particles or points) with partial differential equa-
 tions (Maxwell's field equations). It led to the need to assume particles of
 finite dimension, to keep fields at the surface from becoming infinitely
 large. To Einstein it appeared "certain . . . that in the foundations of any
 consistent field theory the particle concept must not appear in addition
 to the field concept" (LO., p. 306). This fixed the direction of the search
 for the better theory.

 One could also visualize the progressive development of scientific
 theory to take place as the development of the system of concepts at an
 increasingly higher level of "layers" or strata, each layer having less and
 less direct connection with the complexes of sense experiences (LO., pp.
 293-95). In this way a more phenomenological theory at the early stage
 of science, e.g., the theory of heat before Maxwell, gives way to a more
 independent set of concepts and axioms that characterizes, for example,
 kinetic theory and statistical mechanics. Thus the latter eventually al-
 lowed, in the study of Brownian motion, finding the limits of appli-
 cations of the laws of classical theory, and in addition provided a definite
 value for the size of atoms and molecules, obtained by several indepen-
 dent methods.

 There is of course a cost in this developmental process. By going
 cyclically through several stages of theories, each stage is forced to use
 conceptions more removed from direct experience (e.g., atomism). The
 distance from the E to the A is larger; the contact with common sense is
 more and more tenuous. While the fundamental ideas and laws of each

 science become fewer and more widely encompassing (cf. LO., p. 303),
 the correlation of the predictions with the ground of experience becomes
 more difficult and lengthy. Thus it took the general theory of relativity
 until 1919 to make proper contact with E. The delay may well test the
 self-confidence of the theoretician to the utmost. "It may need many
 years of empirical research to ascertain whether the theoretical principles
 correspond with reality" (LO., p. 222); for it may take that long to
 discover the "necessary array of facts" (LO., p. 223).
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 Representations of a Finished Theory

 In the ordinary course of events, the development of a theory will
 take it to a stable canonical form. It enters the textbooks usually in a
 recast form, as a pedagogic scheme which is characterized by a re-
 arrangement to bring out an axiomatic structure and to hide all traces of
 the speculative phase that motivated and characterized the theory in its
 early stage. In particular, the textbook tends to hide the J process as if it
 were an embarrassment. The presentation of the theory at that stage in
 its life cycle, and of scientific research papers that base themselves on
 such a theory,10 is likely to look like Figure 4. That is, a few phenomena
 are cited (Eu E2 in Figure 4) from which, it is said, the axiom system was
 induced; and from the latter, predictions are deduced for which corre-
 sponding experimental demonstrations (£3, E4 . . .) can in fact be given.
 Or, as in Figure 5, the whole theory is presented as if its starting point is
 the discovery of an axiom system, from which all follows. That is essen-
 tially the style of the Principia of Newton and of most schoolbooks; e.g.,
 Newton's laws of motion and of gravitation, at the top, radiate deduc-
 tions concerning the periodicity of the tides, the shape of planets, etc.,
 and these in turn are directly confirmed by the experimental evidence
 below. Or from the fundamental postulates of the kinetic theory, there
 follow the equations of state of gases, viscosity, diffusion, heat con-
 ductivity, radiometrie phenomena in gases, etc.; and, sure enough, all
 these can be correlated with their corresponding phenomena over a large
 range.

 Of course, apart from the fact that such a representation no longer
 reflects the genesis of the theory (which, in any case, is usually of little

 A A
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 Figure 4  Figure 5
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 interest except to historians of science), a representation such as that in
 Figure 5 brings out the astounding strength of well-developed theories.
 That is, they give us, to use Einsteins term, an "overview" by which the
 multiplicity of immediate sense experiences of the most diverse kinds is
 brought into a unified, and therefore understandable, scheme.

 Progress by Unification of Theories

 The next stage in the historic progress of science occurs when a
 unification of two or more theory systems is forged, as when Galileo
 joined terrestrial and celestial physics, or when Maxwell produced a
 synthesis of electricity, magnetism, and optics. Before unification or
 synthesis, each of the theory systems has its own system of concepts, and
 while they might be closer to experience than the concepts after unifica-
 tion, they lack unity among their different fundamental postulates within
 which they are embedded (cf. LO., p. 302). In terms of our graphic
 shorthand, what happened through Maxwell's work is roughly symbol-
 ized by Figure 6. On the left side, the separate axioms for the fields of
 electricity, magnetism, and optics dominated the respective systems that
 sat, like separate pyramids, upon their corresponding territories on the E
 plane. After Maxwell's synthesis, the separate axiom systems become
 merely special cases of a more general one that incorporates Maxwell's
 equations. The separations between the three areas on the plane of
 phenomena disappear, the sets of facts previously connected become
 part of one larger set, and their theoretical description has thereby been
 simplified (cf. /.О., p. 223).

 Ae-m
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 Figure 6

 The same symbolization would be appropriate for many of the great
 advances of science - for example, for the work of P. A. M. Dirac in the
 late 1920s by which large areas of both physics and chemistry were
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 brought under the control of quantum mechanics. In our time, the
 current attempts in elementary particle theory to unify the basic forces
 of nature are another chapter in this drive to encompass eventually the
 totality of E, all points on the E plane, in terms of the fewest possible
 independent axiom systems. It was of course Einstein's hope to establish
 through field theory a unified foundation for the whole of physics (cf.
 LO., pp. 328-29). Einstein put this aim very clearly: "From the very
 beginning there has always been present the attempt to find a unifying
 theoretical basis for all these single sciences, consisting of a minimum of
 concepts and fundamental relationships, from which all the concepts and
 relationships of the single disciplines might be derived by [a] logical
 process. That is what we mean by the search for a foundation of the
 whole of physics. The confident belief that this ultimate goal might be
 reached is the chief source of the passionate devotion which has always
 animated the researcher " (LO., p. 324). When that ultimate goal is
 attained, one would be able to behold in one's mind the entities and
 relations of the scientific universe, all connected in a manner symbolized
 in the right-hand portion of Figure 6. This is what it means to "have a
 Weltbild," to have a mental picture of the universe. And even though it
 may take a long time to reach that goal, we have sufficient glimpses of it
 to inspire the work.

 The Role of Thematic Presuppositions

 We now must come back to deal with an important point which was
 left open. The problem can be put as follows: Since the leap from E to A
 at the beginning of the schema in Figure 1 is logically discontinuous and
 represents the "free play " of imagination, and since from such a leap
 there can result an infinite number of A - virtually all of which will turn
 out to be useless for the construction of the theory system - how can one
 ever expect to be successful in this process, except by chance? The
 answer must be that the license implied in the 7 process is the freedom to
 make a leap, not the freedom to make any leap whatever. Something
 guides or channels J, if only because the premises later must pass such
 tests as those of naturalness and simplicity in order to meet Einstein's
 second criterion for a good theory.

 The chief guide is a constraint that shapes the work of every scientist
 engaged in a major work on novel ground: the constraint provided by
 explicit or, more usually, implicit preferences, preconceptions, pre-
 suppositions. Einstein himself recognized and commented on this re-
 peatedly, e.g.: "If the researcher went about his work without any
 preconceived opinion, how should he be able at all to select out those
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 facts from the immense abundance of the most complex experience, and
 just those which are simple enough to permit lawful connections to
 become evident?"11 By way of example, he discussed the dilemma that,
 in formulating the laws of mechanics, one has to follow either the
 " natural tendency of mechanics to assume . . . material points," which
 necessarily leads to the presupposition of atomism, or else to erect a
 mechanics of continuous media based on another "fiction," e.g., that
 "the density and the velocity of matter depend continuously upon the
 coordinates and time" (LO., p. 302). These "fictions" - not unrelated to
 what Frank Kermode in another context has called the "necessary fic-
 tions" that are found at the heart of literary works - have of course
 considerable practical value. For example, they guide the development
 of mathematical tools (in Einstein's last example, partial differential
 equations). But they are much more than that. He referred to them as
 " 'categories' or schemes of thought, the selection of which is, in prin-
 ciple, entirely open to us and whose qualification can only be judged by
 the degree to which its use contributes to making the totality of the
 content of consciousness 'intelligible' " (Schilpp, p. 673).

 An example of such a category is the distinction between sense
 impressions and "mere ideas" (ibid.). He stressed that "we do not
 conceive of the 'categories' as unalterable (conditioned by the nature of
 the understanding [and in this respect "distinct from that of Kant"]) but
 as (in the logical sense) free conventions. They appear to be a priori only
 insofar as thinking without the positing of categories and of concepts in
 general would be as impossible as is breathing in a vacuum" (Schilpp,
 p. 674).

 As I have tried to show in a number of case studies, stretching from
 the time of Kepler to that of Bohr and Einstein and to the frontier work
 of today, we can recognize the existence and, at certain stages of scien-
 tific thinking, the necessity, of postulating and using precisely such
 unverifiable, unfalsifiable, and yet not arbitrary conceptions, a class to
 which I have referred as themata. Different scientists may be attracted to
 different themata, and allow themselves to be led by them to different
 degrees.

 Among the themata which guided Einstein in theory construction are
 clearly these: primacy of formal (rather than materialistic) explanation;
 unity (or unification); cosmological scale (generalizability, and egalitar-
 ian applicability of laws throughout the total realm of experience);
 logical parsimony and necessity; symmetry; simplicity; causality; com-
 pleteness; continuum; and of course constancy and invariance. It is
 adherence to themata such as these which explains in specific cases why
 he would obstinately continue his work in a given direction even when
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 testing against experience was difficult or unavailable. It explains equally
 why Einstein refused to accept theories that were well supported by
 correlation with phenomena but that were based on thematic pre-
 suppositions opposite to his own (as in the case of the quantum mechan-
 ics of Niels Bohr's school).

 This conception can be built into a modification of Figure 1, to
 exhibit the function that themata have in the EJASE process. Figure 7
 shows a number of possible leaps arising from E toward A, but only one
 (or a few) survives the filtering action of the themata ( в ) which a
 particular innovator has adopted or incorporated into his conceptual
 processes. For example, the two conjectures which Einstein raised to the
 status of postulates at the beginning of his 1905 relativity paper are
 thematically shaped presuppositions; they conform to the prior imposi-
 tion of the requirements of large scale and egalitarian applicability of
 laws, invariance, logical parsimony, and primacy of formal explanations.

 Confrontation of Rival Theories

 The EJASE schema as now completed lends itself very well to
 representing the situation that arises when two different theories claim to
 handle about the same experiential material. Thus Einstein often
 stressed that his relativistic mechanics, at least in the early years, over-
 lapped with Newtonian mechanics with respect to the range of testable
 experience, even though the theories corresponded to "two essentially
 different principles" (Z.O., p. 273).

 In analyzing controversies between rival explanations drawn from
 the same ground of available experience - most recently the controversy
 between Millikan and Ehrenhaft on the existence of the unitary charge
 of electricity12 - it has been evident to me that the difference of choices
 of themata by the rivals explains a good deal of the details of their
 theories and of the course of the controversy. In very abbreviated form,

 A

 ť ч^7 f s V ^?s"
 e

 Figure 7
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 Figure 8 will help to make this point. Here we are presenting Ax as the
 axiom system reached by the first of two innovators. His themata are
 symbolized by 6V The system of propositions gives rise to deductions Sb
 S/, S/', S/", as shown. To most of these, there correspond observations
 (El9 E2, £3) which can be correlated with the deductions. As is usual,
 some deductions (Si") remain, at least for the time being, without such
 "verifications," although work may be in progress on just such a problem
 at that point.

 Ai A2

 '¿1¡S2 °i;S2 °i ¡ bi i5p^^
 t t t . л
 E, E2 E3 ? E4

 Figure 8

 The second innovator is represented by the system on the right side
 of the figure. His axiom system A2 was reached through preliminary
 notions passing through the constraint indicated by 02, his own set of
 themata. The system A2 as a whole is not so utterly different from A1 on
 the left side that there is not some overlap between the deductions made
 by the two innovators. Thus the deductions S2, S2' of the second person
 refer to the same phenomena Ex and E2, at least as far as can be
 determined at the time, as do S1 and S/. In addition, however, A2
 permits the deduction S" for which there is no equivalent in the first
 system and which claims to be correlated with ("borne out by") E4.

 Something like this shows how a scientific dispute can continue for
 some time. Ax or A2 or both may, in the course of the debate, be
 progressively modified, with corresponding changes in the Sx and S2.
 Eventually, one or the other of the two systems wins out, and this
 happens usually in one of two ways. The two theory systems, separately,
 may come to a point of development where there is no essential differ-
 ence in the number and types of phenomena (experimental evidences)
 which they can handle. That is, perhaps by some ad hoc adjustment of A2
 it too "can account for" E3 as well as Ax does. If this situation persists for
 some time, a choice is made between the two systems on the basis of the
 "appeal" of the fundamental presuppositions. This comes down to hav-
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 ing the preponderance of the scientific community make a choice on the
 basis of preferring the system of themata в' or 62- Thus, in the early
 period when Einstein's relativity theory could not be clearly distin-
 guished from the theories of the electron proposed by Lorentz or Abra-
 ham through any significant differences in their testable predictions,
 Max Planck was driven to exclaim in a scientific meeting, when pressed
 to confess why he believed in Einsteins postulate system rather than in
 its rivals, "I find it more congenial" ["Mir ist das . . . eigentlich sympa-
 tischer"].13

 An alternative scenario for deciding a controversy is for one of the
 two systems to produce more verifiable predictions of observable events
 than the other, and fewer (or no) uncomfortable disconfirmations. Al-
 most never is the situation so clean that the inability of one theory
 system to handle a specific experiment produces right away a decision in
 its disfavor. What is much more likely is that during the period when
 attempts are made to account for apparent difficulties, the balance of
 opinion swings toward one of the systems in favor of the other, and the
 latter slowly fades from view without necessarily ever being "dis-
 proved. "

 The model implied in Einstein's schema can be shown to be useful in
 further, fruitful extensions, helping us to understand additional details of
 the working of the scientific imagination. That is a task for another
 occasion. By having gathered together and concentrated on Einstein's
 own expressed views, and having tried to correlate them with the schema
 he himself proposed, we have found a consistent prescription for one
 way by which the human mind may puzzle out the order behind the
 appearances, and for communicating that perception to others in a
 convincing manner.

 Despite this grana ambition we must not think that Einstein in this
 field, any more than in his science, attempted to impose an absolutistic
 point of view. He was all too aware of the tentative state of understand-
 ing in the field of scientific methodology. The spirit in which he pro-
 posed his ideas is well conveyed in a passage in his "Autobiographical
 Notes, " immediately after he has begun to give his answer to the
 question "What, precisely, is 'thinking'? ":

 With what right - the reader will ask - does this man operate so carelessly and
 primitively with ideas in such a problematic realm without making even the
 least effort to prove anything? My defense: all our thinking is of this nature of a
 free play with concepts; the justification for this play lies in the measure of
 survey [Uebersicht] over the experience of the senses which we are able to
 achieve with its aid (Schilpp, p. 7).
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 As limited human beings confronting the seemingly endless parts
 and interlocking puzzles of the universe, we can nevertheless hope to
 play, as in Newton's metaphor, with pebbles at the shore of a vast ocean.
 If we do it well, that play can yield the most highly desirable kind of
 knowledge: a survey or overview of the world of nature that grants us the
 perception of an order guiding the phenomena in their infinite, individ-
 ual variety and in their inexhaustible interactions with one another.
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 NOTES

 1. Cf. A. Einstein, "Ernst Mach," Phys. Is., 17 (1916), pp. 101-4.
 2. Einstein wrote the essay in 1946 as the opening article for the book Albert

 Einstein: Philosopher-Scientist (Paul A. Schilpp, editor); see "Principal References"
 appended to this essay. I have analyzed the early portion of the "Autobiographical
 Notes" in G. Holton, "What, Precisely, Is 'Thinking'? Einstein's Answer," in A. P.
 French (editor), Einstein: A Centenary Volume (London: Wm. Heinemann, Ltd., and
 Cambridge, Mass. : Harvard University Press, 1979).

 3. A. Einstein, Lettres à Maurice Solovine (Paris: Gauthier- Villars, 1956), pp. 118-
 21.

 4. The schema in the letter to Solovine applies to fashioning Principle Theories. That
 does not mean Einstein never fashioned Constructive Theories. An example is, in fact,
 the photon theory, including the explanation of the photoelectric effect, which he had
 published earlier in 1905. But precisely because he did not view the introduction of the
 quantum as anything more fundamental than a "heuristic point of view" to deal with the
 problem at hand, he could never bring himself to regard quantum physics as more than a
 transient stage in the development of physics. Only in Theories of Principle, he thought,
 are the postulated axioms far enough above the plane of experience, and far enough from
 ad hoc reasoning, to yield a creative scheme that can handle the totality of the facts of
 experience.

 On Einstein's view concerning Principle Theories versus Constructive Theories,
 which he discussed from 1919 on, see LO., pp. 228, 302-3, 318-19, and Holton,
 Thematic OHgins, pp. 230, 252, 316, and 348.

 5. However, Mach, with W. Ostwald, is scolded by Einstein (Schilpp, p. 49) for his
 "positivistic philosophical attitude" which misled them into opposing atomic theory.
 They were victims of "philosophical prejudice," chiefly "the faith that facts by them-
 selves can and should yield scientific knowledge without free conceptual construction."

 6. For a discussion of the concept of "suspension of disbelief," see Holton, The
 Scientific Imagination: Case Studies, pp. 71-72. Even the "dean" of logical positivists of
 his day, Hans Reichenbach, might have agreed, for he said, "The physicist who is
 looking for new discoveries must not be too critical; in the initial stages he is dependent
 on guessing, and he will find his way only if he is carried along by a certain faith which
 serves as a directive for his guesses," etc. (Schilpp, p. 292). But he went on to deny that
 such mechanisms can or should be of interest to "the philosopher of science."

 7. R. B. Williamson, "Logical Economy in Einsteins 'On the Electrodynamics ot
 Moving Bodies,' " Stud. Hist. Phil. Sci. 8 (1977), pp. 49-60. See also P. Mittlestaedt,
 "Conventionalism in Special Relativity," Foundations of Physics, 7(1977), pp. 573-83.

 8. W. Heisenberg, Physics and Beyond (New York: Harper and Row, 1971), p. 63.
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 Every experimentalist in modern science knows this all too well. For example, counting
 the daily growth lines of skeletons of fossil corals (to establish paleontological clocks for
 measuring the earth's rotation) may sound straightforward. But "the trouble is that
 counting growth lines is not easy, as anyone who has tried can testify. It is constantly
 necessary to make subjective decisions about whether a line is really a line or where an
 annual or monthly series begins or ends. As a result it is not surprising to find that counts
 often come out close to the hypothesized values." Quoted from J. W. Evans in Science,
 191 (1976), p. 375.

 9. Wherever possible, I have checked the published English-language translation of
 material which Einstein published first in German, and where necessary have corrected
 the translation, as in this case.

 10. The commonly agreed-upon structure of writing scientific papers for publication,
 which makes it seem that the gathering of data and induction from them formed the
 beginning of scientific work, has prompted P. B. Medawar to call the scientific paper a
 "fraud" and a "travesty of the nature of scientific thought." P. B. Medawar, "Is the
 Scientific Paper a Fraud?," The Listener (1963), pp. 377-78.

 H.A. Einstein, "Induktion und Deduktion in der Physik," essay for Berliner Tage-
 blatt, 25 December 1919. Galileo's spokesman Salviati put it succinctly in the Dialogue
 on the Two Great Systems of the World (1632): "The certainty of a conclusion assists not
 a little in the discovery of its proof."

 12. The Scientific Imagination, chapter 2.
 13. M. Planck, "Prinzip der Relativität, discussion at German Physical Society,

 23 March 1906.
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