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I begin with a discussion and criticism of major philosophical accounts of reduction and unification, noting the recurrence of numerical correspondence as an indicator of the presence of a positive intertheoretic relation uncharacterizable in deductive terms.  Utilizing the notion of principle theories, I suggest a reorganization of levels and an alternative characterization of intertheory relationships more in accord with the trend of current philosophical thought.

I.
The classic reductionist picture is familiar: a pyramid where the laws of particle physics universally ground the rest of the sciences, stacked in layers of increasing complexity and decreasing scope.  The next level of chemistry is constructed from the subatomic realm and its forces; in turn, the field of chemistry serves to generate the field of biology, and so on.  This view is characterized by the existence, in the world or in the sciences, of a hierarchy of levels, one of which is fundamental from which the rest can be derived.  The presence of this image in scientific and philosophical thought in history is strong, and if it seems to be going out of philosophical style there isn’t yet another image to put in its place.  While we recognize that reductionism alone is an unsatisfactory account of how scientific theories relate, there are few if any other well-defined ways to describe the interaction between theories, leaving us the sole options of affirming or denying the existence of a reductive relationship between given theories.


Reductionism has several formulations and degrees of strength, but for the purposes of this paper I am interested in the motivations behind them: what is reduction supposed to accomplish?  The general goal towards which reduction is used by many philosophers is unification, either of language, laws, explanation, or causality.  The unification of language in its weakest sense was stressed by Otto Neurath and others in the Encyclopedia of Unified Science as necessary for the application of scientific knowledge to actual problems in the world
: unification at the point of action
 means the specialists from different fields could communicate effectively in a common language regarding a specific phenomenon under consideration.  Notoriously skeptical of anything “metaphysical,” Neurath would object to the expansion of unification to create a single, monolithic body of science in-principle.  The bridge principles of Nagel are stronger for unifying language by requiring the translation of one theory’s vocabulary into that of another but are usually unrealizable in practice.   Reduction has been utilized to explain phenomena, by pointing to the laws and causal relations of constituent parts, to explain at the macroscopic level by indicating the corresponding microscopic states as identical to the macroscopic property observed.  This is an important feature of traditional reduction: “Reductionism is not just a claim about the explanatory capabilities of higher- and lower-level sciences; it is, in addition, a claim to the effect that the higher-level properties of a system are determined by its lower-level properties.”
  Placing the causal influence solely from lower-level causes to higher-level effects has the consequence of “explaining away” those regularities observed at the higher level as epiphenomenal.  “Reducibility to physics is taken to be a constraint upon the acceptability of theories in the special sciences, with the curious consequence that the more the special sciences succeed, they more they ought to disappear.”
  


A further goal, discussed in a number of places and in relation to biology by Sterelny and Griffiths in Sex and Death, is that of the plausibility of mechanism, or, the ban on miracles
.  This regulative role involves skepticism of claims advanced without a viable mechanism to underpin the processes involved.  Continental drift was proposed much earlier than it was accepted, because the mechanism by which continents were purported to move was insufficient to account for the observed data that evidentially supported the claim; moving continents, pushing across the dirt, required unfeasible forces at work.  Once geologists began seriously thinking about the continents as moving over magma, the causes behind continental drift, and thus the theory itself, appeared much more plausible, even though the same visible geological features were indicated as evidence.  Fodor agrees with this: “...the classical construal of the unity of science has really misconstrued the goal of scientific reduction.  The point of reduction is not primarily to find some natural kind predicate of physics co-extensive with each natural kind predicate of a reduced science.  It is, rather, to explicate the physical mechanisms whereby events conform to the laws of the special sciences.”


Another point in support of reduction is its role as a fruitful and much-used tenet of the sciences as they are practiced.  The argument goes that scientists do and have used reductionism, and that these efforts have been fruitful in stimulating new research and theory development.  Without this injunction to connect, science would not have discovered certain prima facie distinct phenomena to be related, such as electricity and magnetism.  I shall demonstrate, however, that reduction is not the most accurate way to describe this trend, and only highlights one of several important features.

The project of paving a path towards unification has been stimulated by, or at least intricately involved with, the philosophical development of reductionism as a tool to do so.  I would like to focus on the paper “Unity of Science as a Working Hypothesis,” by Putnam and Oppenheim, as an important representative of standard reduction.  Although Putnam later changed his position on reductionism, his reasons for rejecting strict microreduction, involving explanatory succinctness, are significantly different than my own and the paper remains a classic on the topic.


Oppenheim and Putnam distinguish unity of language, laws, and explanatory principles as increasing in strength and desirability; the focus in the paper is on microreduction as the solely valid method of unification.  Three criteria are given to be met by any list of levels: there must be several; the list must be finite; and there must be a single primary level.  While its clear that these criteria don’t define a unique way to classify levels, Oppenheim and Putnam suggest the following decreasing order: social groups; (multicellular) living things; cells; molecules; atoms; elementary particles.  What isn’t clear is the generating commonality behind this list: what is the nature of these levels?  While diminishing in size, certainly, it would seem odd to leave out any reference to the very large, where relativity would be particularly relevant.  Complexity could not be the motivating factor, either, because the increase of complexity between elementary particles, atoms, and molecules is a tiny fraction compared to the jumps between those and cells, organisms, and social groups.  The step between elementary particles and atoms, or atoms and molecules, is more a case of aggregation than a genuinely new order of complexity.  What this list implicitly suggests is the existing order of scientific study: physics, chemistry, biology, psychology, and economics.  Oppenheim and Putnam claim to be describing and encouraging a perceived trend in science towards the connection of phenomena and related laws through microreduction.  

The unification they refer to, however, is not necessarily the result of connecting theories to other theories: it is the connection of prima facie distinct groups of phenomena with each other and a reconfiguration of the distribution of domains – one theory assumes the domains of two earlier ones, perhaps.  The power of the unification is not a result of connecting or translating theory to theory, which leads into a differentiation I will use to address intertheoretic and reductive relations in a more perspicuous way.  This was originally referred to by Nagel in “Issues in the Logic of Reductive Explanations” to explicate his use of theories and statements as the elements in reduction rather than the events or properties they describe.  “For strictly speaking, it is not phenomena which are deduced from other phenomena, but rather statements about phenomena from other statements.”
  First, there is the relationship between a theory and its domain: the domain consists of the phenomena to which a theory’s models are applied to generate predictions or make concrete explanations. This discludes in-principle uses – any phenomenon for which a theory is not used to make specific numerical predictions cannot be considered in its domain; for instance, the replication of DNA is in the domain of genetics and cellular biology, but not in that of particle physics or relativity.  Not all phenomena necessarily fall into the domain of any theory, either: Nancy Cartwright’s example of the twenty pound note in the wind at Trafalgar Square
 is not a kind of event that has been the focus of any particular scientific inquiry.  It could be grouped together with weakly related kinds of events for a minimal theoretic treatment but it would be at the fringe of any domain to which it was assigned.  Theories bear a much stronger tie to those kinds of events they were created to model.  

Second is the relationship between different kinds of phenomena, or different events, including probabilistic correlation.  Certain aspects of what is later considered a single event may appear initially unrelated; similarly, two events that seem at first to bear strongly on each other may turn out to be coincidental.  The unification of electricity, magnetism, and optics, all of which had been previously independently studied, is such an example newly discovered interphenomenal relations.  The recognition of correlation can be preceded, succeeded, or simultaneously accompanied by a new theory that includes in its domain that of several earlier ones, but the theory-domain relationship is still separable from the interphenomenal one.  

Finally are relations between theories themselves.  Diachronically, an earlier theory may have a domain that is a subset of its successor theory, and this contrast of domain size is a relation between the two theories, rather than a relation between either theory and its domain, although an additional change interphenomenally is implied by the presence of an enlarged theory used to model them.  Newtonian mechanics relates in this fashion to relativity.  Occasionally, earlier theories can be strictly derived from later theories; as chemistry matured, a number of experimentally established laws were subsumed into a framework of far fewer general assumptions from which the rule-of-thumb laws, previously separate, could be mathematically derived.  Synchronically, the situation is a little subtler.  For a single given event, there is almost always a well-defined approach within a single field or theory which practitioners have learned to utilize in a certain manner to obtain whatever results are necessary.  Chemists know how to calculate the mass of a chemical needed to achieve a desired reaction, physicists know how to generate the electromagnetic field to cause an electron to move in a specified path, biologists know how to cultivate samples of a particular mold.  Theories don’t often overlap in practice, and even when describing the same event, distinct theories are not always in competition for empirical accuracy; each may be answering a different sort of question, examining separate features of the same event.  The descriptions of the replication of DNA given by molecular biology and cellular biology will be distinct, because they each focus on a different process of which the replication is a part.  However, if the question is a simple prediction – where will this precise segment go in five minutes – then regardless of different aims or vocabularies, each answer needs to be the same, within the margin of experimental error.  Just as diplomacy is rarely necessary with one’s closest friends and extremely valuable when surrounded by strangers with whom one must cooperate, the phenomena and predictions that occupy an area of overlap between domains of two unreduced theories are important points of contact.  The existing accounts of intertheoretic relations place undue emphasis on reduction and don’t answer this question of how to relate coexisting incommensurable theories with intuitively close or overlapping domains.  

These distinct kinds of relations – interphenomenal, theory-domain, and theory-theory – throw a new light on the value Putnam and Oppenheim attribute to microreduction.  In section 4.6
, there are three pragmatic claims made.  The first is of microreduction as an accurate synopsis of scientific practice and interdisciplinary relationships.  The question of possibly finding a new description of this activity will be answered in the second half of the paper.  Fruitfulness, or the stimulation of scientific research by the attempt to reduce, is the second.  The authors go so far as to say that “the irreducibility of various phenomena has yet to yield a single accepted scientific theory.”  It is relevant to note that the definition of microreduction given by the authors
 relates two branches of a science to each other through theoretic statements, not their subject of investigation.  This “irreducibility of phenomena” could be construed in several ways: if it is intended to mean that discovering that two phenomena don’t reduce to each other in the sense of macroconstituents to microconstituents, or are causally, spatially, and/or temporally unrelated, then it is uninteresting or about such a fundamentally metaphysical disunity it could not be empirical in any sense; if it is intended towards the inexplicability of some phenomenon within a domain by others in the same domain, then the statement is rather trivial – there seems no reason a domain should have to be closed under the operation of explanation, as it were – or, if it refers to explanation of phenomena by others with no common domain, they endanger their own program by disallowing the possibility of in-principle reduction.  However, I think the authors were disparaging irreducibility between theories, with the belief it would be complacency deadly to the continuation of scientific research; such a baptism of ignorance would preclude newer theories from displacing older ones.  Their statement almost begs the question, however, by ignoring the difference between working at reducing, as a trend, and irreducibility, which sounds like a final judgment.  The attempts to reduce thermodynamics to statistical mechanics have been fruitful for achieving a more detailed and subtle understanding of the kinds of assumptions hidden within our thermodynamic methods: ergodicity and metric decomposability, for example, were elucidated during this endeavor, and arguably would not have been discovered without the attempt to translate thermodynamic concepts into statistical ones
.  At the same time, thermodynamics is not unproblematically reduced to statistical mechanics, and certainly hasn’t been done away with.  Even if one grants that an in-principle reduction exists, statistical mechanics is not used empirically to deal with the experiments employing thermodynamics and its unique predicates.  Is this then a case of irreducibility or one of working towards reduction? Oppenheim and Putnam are presuming that any attempt to relate a macrostate to a microstate counts as reduction whether or not it is vaguely successful at demonstrating the properties of one to be the causal product of the other.  To label something irreducible is a stronger judgment than the sciences can make: a branch of science could be currently unreduced but this does not justify either the statement that it is irreducible or that it is reducible-in-principle.  If one theory has not yet been reduced to another although some attempt has been made, it is arbitrary to label it a trend towards reduction-in-principle rather than towards, perhaps, the demonstration of irreducibility.

Further, there have been cases in the history of science where irreducibility has led to accepted theories.  A perfect example of irreducibility stimulating the development of theory is the correspondence principle, formulated by Niels Bohr.  He explicitly stated that the classical could not be gotten rid of in favor of a solely quantum worldview, and utilized the classical values of spectra as parameters constraining the quantum results for the same spectra.  The numerical answers yielded by quantum mechanics had to asymptotically approach the classical ones for these specified phenomena where the domains of two theories touched.  The asymptote is numerical, not conceptual: no translation of ontology takes place, only a matching-up of predictions yielded for the same event.  “The correspondence Principle,” Bohr writes, “expresses the tendency to utilize in the systematic development of the quantum theory every feature of the classical theories in a rational transcription appropriate to the fundamental contrast between the postulates and the classical theories.”
  Bohr began with an emphatic denial of the reducibility of the classical to the quantum and used this irreducibility as a tool for crafting the quantum.  Although originally applied to state transitions and spectral lines, the correspondence principle played a significant role in further development and was generalized in a theorem by Ehrenfest: 

The power of this ‘correspondence argument’ was immediately illustrated by the application Kramers made of it, in a brilliant paper, to the splitting of the hydrogen lines in an electric field.  Not only did the correspondence argument, by want of a more precise formulation, play an indispensable part in the interpretation of the spectroscopic data; it eventually gave the decisive clue to the mathematical structure of a consistent quantum mechanics.

Irreducibility has proved itself fruitful on at least one major occasion; the correspondence principle as counterexample to the exclusive emphasis of microreduction demonstrates that theories with vastly differing ontologies can exist in an alternative positive relation.


The final point of view Oppenheim and Putnam claim in their favor is the “Democritean tendency in science”: “the pervasive methodological tendency to try, insofar as is possible, to explain apparently dissimilar phenomena in terms of qualitatively identical parts and their spatio-temporal relations.”
  This is not microreduction: the connection of “apparently dissimilar phenomena,” what I’ve been referring to as interphenomenal relations, includes many instances that can in no way be considered a microreduction in the manner specified, where the domain of the reducer contains the parts of the objects which comprise the domain of the reduced.  Electricity and magnetism certainly don’t stand in such a relation and yet are being implicitly included as evidence for it.  In addition to taking credit for that which microreduction hasn’t accomplished, this statement is about the interrelation of phenomena, not about the expansion of a theory’s domain or about the connection of one theory to another.  While I acknowledge that the goal of unifying phenomena is valuable to science, microreduction doesn’t appear to have any special claim to being the only or most productive way to achieve it.


In his account of intertheoretic reduction, Nagel acknowledges that there are few cases of genuinely mathematical deduction: “simplifications and approximations of various kinds”
 are utilized to derive laws from theory.  Homogenous reductions are the straightforward sort where all predicates of the reduced theory appear somewhere in the reducing theory.  Inhomogeneous reductions involve novel predicates in the reduced theory; because it is not possible to derive a theory with terms appearing in the conclusion not appearing in the premises, Nagel proposes “bridge principles” to correlate the novel predicates to the reducer.  The connection takes place between the domains of the two theories: every predicate describing something in the reduced domain is shown to be extensionally equivalent to a predicate describing the reducer domain, regardless of the meaning of the predicates: the extension of the reduced domain is demonstrated to be identical to, or a subset of, the reducing domain’s extension.  This is accompanied by the approximation of whatever relevant parameters are necessary to derive the reduced theory from the reducing one.  There has been a great deal of criticism of this translation of vocabularies because of incommensurability, the change in meaning of a given term, and the theory-ladenness of observation.  I will not reiterate it here, since my concern is not to debunk this kind of relation altogether, but rather to provide a more general alternative including it as a special case.  To this end I would like to bring attention to parts of Nagel’s account that have been less prominent in discussion.


The answers Nagel gives to Feyerabend are key.  First, when evaluating two incommensurable theories for some given range of phenomena, if the theories share no observable terms in common, then it isn’t clear the theories are actually compatible or inconsistent, since there is no point at which to compare them with each other.  They could be answering different questions entirely regarding the same event.  When the same word appears in the theories, Nagel admits that the connotations could be different while maintaining that the operational definition is the same.  “But the fact remains that the two theories deal with many phenomena common to both their ranges...  In consequence, despite differences in the connotations of the two definitions, the theories within which they are formulated have a domain of application in common...”
 Although the theoretical implications of the word may differ, the operational use of it doesn’t alter – the actual, numerical values of that being defined will be the same for each situation in which it is used.  In my opinion, a fatal shortcoming of Nagel’s account of correspondence is the attention he pays to bridge principles to reconcile predicates, and the lack of attention paid to the numerical correspondence, which made possible the application of these predicates to phenomena.  With approximations and extensionally equivalent predicates, he attempts to salvage some kind of deductive relation, rather than jettisoning deduction and focusing on the overlapping domains of phenomena where regardless of the definition each theory gives a property, that property has a specific predicted value which must match in both theories in order for them to be empirically adequate.  

There is certainly some connection between these theories that seems awkwardly characterized by deduction but which is nevertheless intuitively valuable.  Nagel points to this after his comment about the scarcity of clean mathematical deductions.  “It would nevertheless be an exaggeration to assert that in consequence scientists are fundamentally mistaken in claiming to have made such deductions.”
 Concerning the reduction of Kepler’s laws to Newton’s, where logical equivalence is stymied by the appearance of mass, “while the two are not equivalent, neither are they radically disparate in meaning.”
  Nagel is not exceptional among philosophers who address intertheoretic reduction by his acceptance of approximation and ambiguity of meaning because of our general sense of an underlying continuity we want to preserve.  The problem is that the question of what counts as a valid approximation has not been well discussed, and while we have no problem understanding how Kepler’s laws relate to Newton’s, that which is intuitively similar in meaning can’t be reconciled with the deductive role it is meant to play.  If we want to have deduction and allow for this meaning change, we need strict explicit rules of the circumstances in which it can take place.  Successfully characterizing in a rigorous fashion the manner in which we are capable of understanding two different terms or connotations to be analogs sounds like a hopeless project.  The other option is to eschew deduction between theories and describe the way we understand relations between distinct theories in other terms.  


Feyerabend would have no problem with this project.  Neither the consistency condition nor the condition of meaning invariance, both of which he rejects, are needed in an intertheoretic account allowing for meaning change across theories with the same terms and nondeductive relations.  In denying that these conditions are generally accepted by actual science, he makes two points: 

Note that what is being asserted here is logical inconsistency; it may well be that the differences of prediction are too small to be detectable by experiment.  Note also that what is being asserted is not the inconsistency of, say, Newton’s theory and Galileo’s law, but rather the inconsistency of some consequences of Newton’s law in the domain of validity of Galileo’s law, and Galileo’s law.

Here, also, the importance of numerical correspondence appears where logical relations fail.  After a discussion of practiced methodology in the sciences, Feyerabend concludes

... if our methodology demands the use of mutually inconsistent, partly overlapping, and empirically adequate theories, then it thereby also demands the use of conceptual systems which are mutually irreducible (their primitives cannot be connected by bridge laws which are meaningful and factually correct) and it demands that meanings of terms be left elastic and that no binding commitment be made to a certain set of concepts.

The view is that a “good empiricist” cannot have bridge principles between reduced and reducing theories that are both numerically accurate and conceptually aligned– we are impelled to give up one or the other.


The kind of reduction explicated by Nagel is referred to as reduction1 by Thomas Nickles: it is derivational, combining the domains of two theories in an “achievement of postulational and ontological economy,”
 and takes place between contemporary theories.  It constitutes an explanation of the reduced1 theory by the reducing, ontologically and conceptually.  Reduction2 is domain preserving and occurs between a theory and its successor: the newer theory reduces to the previous in the limit of certain variables, or under other approximative techniques.  While reduction1 is a single kind of relation, Nickles uses the terms reduction2 to refer to a variety of intertheoretic relations.  The value of this new reduction is twofold: it acts as a heuristic guideline for the development of new theories by suggesting lines of research and establishing numerical parameters for values given by the earlier theory; and justifies a new theory which can demonstrate why the previous theory seemed to work through empirical adequacy in the limit of some variable that was not relevant at the time.  Under domain-preservation, reducing2 theories do not need to transform the reduced2 theory’s ontology, but account for the same range of phenomena.  The succession of classical mechanics by the special theory of relativity is a textbook case.  For velocities significantly lower than the speed of light, classical and relativistic answers are empirically indistinguishable given most measurement techniques; thus, in the limit v(0, STR “reduces2” to CM.  This is a numerical correspondence, not involving either ontology.  

While reduction1 is formal, reduction2 is meant as an apt description of the way scientists think.  “This use of ‘reduces to’ is not only intuitively natural; it is the way physicists and mathematicians, in contrast to most philosophers, usually talk.”
  He also addresses numerical correspondence: “Scientists are here far more interested in the various formal and conceptual linkages of the theories.  (These are prior to ontological questions anyway, at least in this range of cases)”
 Acknowledging that the word “reduction” usually means elimination, Nickles broadens the definition for reduction2 to imply instead a kind of transition.  “I refer to the notion of being led back from one thing to another (a sense indicated by the etymology of the word: reducere, L.) and to the related notion of transforming something into a different form by performing an operation on it (with an implied continuity of underlying material, perhaps).”
  This distinction allows Nickles to save Nagel’s reduction as a special case while avoiding the problems discussed above: “...  having given up the ideal of the logical consequence as the reductive relation, we are better prepared to handle Feyerabend’s objection to Nagel’s account that reduction in science is nearly always approximative.  Reduction is rarely a matter of simple logical relations.”

There are three points at which Nickles account falls short: the failure to account for the relationship between contemporary theories; the ambiguous nature of what qualifies as a legitimate reducing2 operation; and the arbitrary asymmetry of the reductive2 relation. While reduction2 is arguably plausible for diachronic theory relations, there are theories actively developed in the same period on closely related phenomena between which some nondeductive relation exists, and this can’t be accounted for with the reduction2 notion.  The relationship between molecular genetics and cellular genetics is not one of deduction nor of succession; both are actively used in biology today.  While DNA, in the domain of molecular genetics, has been demonstrated to be the constituent parts of genes, in the domain of classical genetics, no reduction1 has been effected – the concept of gene is notoriously difficult to characterize solely in terms of DNA base pairs.  As Sterelny and Griffiths point out, though, while genes haven’t been reduced1 to base pair sequences, the structure of DNA and its replication are sufficiently connected to genes to provide a plausible causal mechanism to underscore the validity of theoretical use of genes, even without a precise definition of genes in terms of DNA.  Because of its inability to account for nondeductive relations between contemporary theories that are obviously intimately related in some fashion, we need to look beyond reduction2.

Nickles proposes replacing the single logical-consequence relation with a set of operations that reduce under certain circumstances
, and are performed on one or both of the theories involved in a reduction. Replacing variables with constants, taking limits, integration and differentiation are suggested as possible operations, although which operation is used in a given reduction2 depends entirely on the two theories in question.  Whatever works is what we should use, according to Nickles, which, while it begs the question of whether or not a reductive2 relationship exists between predecessor and successor by assuming one always does, is not the heart of the problem.  He goes on to discuss letting constants act as variables in limiting operations, such as letting the speed of light go to infinity, or Planck’s constant to zero.  While this is a prima facie sound way to transform special relativity or quantum mechanics into classical mechanics, it leads to a trivialization of reduction2 in that any equation can be transformed into any other; Nickles amends “clearly we must say that letting numerical constants change value is mathematically illegitimate.”
  However, the whole point of reduction2 is to provide a link between theories that can’t be legitimately mathematically related, and physicists, when demonstrating the transformation of one theory into another to provide support for the new reducer2, generally don’t respect mathematical rules: any method is acceptable so long as the link is apparent.  It is intuitively clear that for the purposes of classical mechanics, light goes immeasurably quickly and the spaces between quantum states are immeasurably small, thus rendering c(( or h(0 physically sensible.  The formality of operations doesn’t successfully account for the variety of demonstrations we are capable of understanding while disallowing those we feel too weak to be a legitimate relation between theories.  Lawrence Sklar also indicated this problem in his discussion of reduction in thermodynamics.

The final dilemma is Nickles’ emphasis on the asymmetry of reduction2: if T1 reduces2 to T2, then T2 does not likewise reduce2 to T1.  This is the case where STR reduces2 to CM in the limit v(0, but CM doesn’t reduce2 to STR.  It is easily seen, though, how CM transforms in STR with a correction term of sorts for large velocities.  Nickles wants to use reduction2 in the sense of “leading back to” but makes it a one-way street: one theory can lead into another but the steps can’t be retraced back to the original. The Ehrenfest Theorem, a generalization of Bohr’s Correspondence Principle, is mentioned as an example of formal analogy: “We can see that one of our idealized theories is a transformation of the other – we pass from the second theory to the first by the operation of replacing expectation values of variables by the variables themselves.”
  It is as simple to go back by the operation of replacing variables with expectation values for those variables, and Nickles denies in section 3 the claim that the classical mechanics-quantum theory case is one of reduction2.  If a connection genuinely exists between theories it seems arbitrary to either recognize only one direction as legitimate or to break it into two different relationships; to disclude one of this century’s most prominent intertheoretic relationships as beyond the scope of reduction2 is a gaping incompleteness.

The implications of reductionism and its denial are most often discussed in terms of the unity or disunity of science; disunity is a less explicitly developed position, consisting mainly in rejection of the various versions of unity.  The original four kinds of unity addressed – language, laws, explanation, and causality – can be singly or jointly denied, but discussions of disunity also point at existing scientific practice to support their claim.  The sciences, and their respective theories, are not unified at present: the burden of proof is shifted to the unificationists to demonstrate why one should think it would ever be different.  Additionally, there are no universal methods of justification used across the sciences, only disciplinarily and historically local ones.  To the empirical state of matters a pragmatic condemnation is made of the usefulness of reductions.  If a complete reduction were accomplished to unify chemistry and quantum mechanics, little would change about the way chemical experiments are conducted, the reduction would not make calculations more effective and so would be a curiosity more than anything else.  In-principle reductions are, a fortiori, even more useless.  The languages of the special sciences aren’t in danger of disappearing, nor do their laws, particularly experimental ones, seem likely to be replaced with those of lower level sciences.  

Unified explanatory principles or causality are harder to deny: an explanation in terms of microconstituents for any given event does exist, although its relevance has been thrown into doubt, and if these microconstituents are still larger than particles, they in turn can be given an explanation in terms of further constituents until we end up at particles.  Denial of this chain of explanation could be seen as a denial of genuine microconstituents; the “reduction” of psychological states to brainstates is dubious because there is no clear sense in which psychological states have smaller constituents of which they consist.  The causal link may be established for plausibility of mechanism but then pointing at the corresponding brainstate wouldn’t be a sufficient explanation for a psychological one.  The macro-/micro relationship could be granted and unified explanation denied on grounds of multiple realizability.  If there are several realizations of microconstituents which have no identifiable common characteristics, all of which lead to macroscopic realizations that fit a “natural kind” category, then an explanation in terms of the microscopic will miss the robustness of the occurrence.  Putnam’s example is of trying to fit a square peg into a round hole which is too small: a microscopic description of the atoms and their forces could be given but the genuinely explanatory one, he claims, is at the macrolevel – the dimensions are wrong.  The block could have been painted blue or made out of a different material, making the microdescription different, and still not fit.  The microexplanation misses the relevant explanatory feature of the situation.

Supervenience has to an extent replaced reductionism in the role of effecting causal unity.  The hierarchy of levels is matched with the thesis that the complete causal story, explanatory or not, exists at the lower level.  John Dupre terms this “causal imperialism.”

According to supervenience theses, the microscopic determines the macroscopic, at least in the sense of providing a sufficient condition for any macroscopic property.  Thus if this dependency is not to be wholly mysterious, there is presumably some set of facts that could be known that would permit the inference of the macroscopic from a sufficient knowledge of the microscopic.  Perhaps we could not even in-principle know these facts...  It appears that our macroscopic causal beliefs can be true, or even approximately true, only to the extent that they somehow shadow the underlying microscopic processes.

Causal imperialism follows naturally from a view that positions particles more fundamentally than tables and which allows addition of intractable phenomena to domains because of in-principle claims.  There has been a philosophical movement in recent years away from this view of the world, reorienting towards an explicit recognition of science as a human endeavor and its limitations as such; a few examples demonstrate this trend.  Bas Van Fraassen writes

I would like to point out that science is a biological phenomenon, an activity by one kind of organism which facilitates its interaction with the environment...  The human organism is, from the point of view of physics, a certain kind of measuring apparatus.  As such it has certain inherent limitations – which will be described in detail in the final physics and biology.  It is these limitations to which the ‘able’ in ‘observable’ refers – our limitations, qua human beings.

Much of my earlier discussion of reductionism is prefigured as the first thesis of The Dappled World.

The impressive empirical successes of our best physics theories may argue for the truth of these theories but not for their universality.  Indeed, the contrary  is the case.  The very way in which physics is used to generate precise predictions shows what its limits are.  The abstract theoretical concepts of high physics describe the world only via the models that interpret these concepts more concretely.  So the laws of physics apply only where its models fit, and that, apparently, includes only a very limited range of circumstances.  Economics too, though for almost opposite reasons, is confined to those very special situations that its models can represent, whether by good fortune or good management.
 

The specificity of domains leads to a dappledness where certain patches are thoroughly investigated and successfully, concretely, modeled; the darker parts between these bright patches are at the fringe of a domain or not clearly in one.  And the claim that in principle light could be shone on it all is unhelpful at best, meaningless at worst. Cartwright not only rejects downward reduction, that towards lower levels in a hierarchy, but “crosswise reduction” between theories on the same level; she questions the fixing of macroproperties by microstructures.  This is all part of an active move away from what she calls fundamentalism – that the laws of science apply universally to everything everywhere and when.


Consistently thinking of reality as a patchwork is difficult with the microreduction picture in mind, from which supervenience appears more sensical.  The shift away from reductionism or its other forms like supervenience is easier with a metaphor by which to express the possibility of another kind of ordering, rather than rearranging the one we have inherited. This is the direction philosophical thought has already turned and the next section of this paper attempts to sketch the picture towards which we are moving.

II.
In a 1919 article entitled “What is the Theory of Relativity,”
 Albert Einstein differentiated between two kinds of scientific theories, constructive and principle.  Using the example of thermodynamics and the kinetic theory of gases, he explains that constructive theories “attempt to build up a picture of the more complex phenomena out of the materials of a relatively simple formal scheme from which they start out.”  This is strikingly similar to the various views of reductionism and supervenience already examined.  In comparison, principle theories start with empirically true statements about the general characteristics or numerical regularities found in systems and use this to hypothesize various processes compatible with them, the possible mechanisms to yield the observed occurrence.  The kinetic theory of gases is constructive, trying to characterize thermal behavior by the net action of moving molecules.  Thermodynamics is a principle theory.  “Thus the science of thermodynamics seeks by analytical means to deduce necessary conditions, which separate events have to satisfy, from the universally experienced fact that perpetual motion is impossible.”
  Principle theories begin with something taken to be true and then seek the constituents and their processes.  This is the reverse direction of standard reduction and the starting point for a new set of levels.


We begin with something generally accepted to be true.  This will historically, or personally, be couched in everyday language, but could as easily be already in scientific terms.  These needn’t be considered “objective” facts; further developments could potentially demonstrate the need to alter the original statement.  This starting point is the description of a phenomenon where we have noted some kind of regularity, general or numerical.  We now ask: given that this is true, how could things be the next level down such that this would result?  The “next level” in this context is where the mechanism or constituents of the original process are, sometimes although not necessarily smaller in size.  The next level of inquiry from thermodynamics is statistical mechanics, constrained to account for the observations we have made of thermodynamic systems by fulfilling certain requirements: that systems go towards equilibrium and not away from it, that it not be possible to harness perpetual motion, etc.  Given how Maxwell’s equations behave for frames of reference, the next level is the special theory of relativity; given the patterns of traits inheritance we see, the next level involves genes with certain properties.   From more easily observed we move to that requiring some probing or a further aid to our senses, which we may not have discovered at all had we not been looking at a certain kind of phenomena.


Although phenomena exist distributed across the range of size, our understanding of events at very large or very small distances has not proceeded continuously.  After exploring what we could with humanity’s unaided biological senses, we developed instruments to enhance them: each new instrument brought with it a new vista of events formerly inaccessible.  We go by leaps and jumps in what we are able to observe, entirely dependent on the instruments we create.  Once the microscope was invented, a whole range of phenomena within the size that could be put on a slide was opened to scientific exploration; the phenomena under investigation don’t jump in size to suddenly small, but our vision abruptly became tens, hundreds, thousands of times sharper.  Similarly with the telescope, or the electron microscope: that which could be experienced, and thus observed, by scientists broadens in expanse by jumps, and good instrumentation is used consistently through theory revolutions.


I want to combine the idea of principle theories with that of the fairly distinct steps taken in observational ability by addition of instrumentation to outline a new set of levels for intertheoretic relationships, one I find both more scientifically descriptive and philosophically apt.  This picture has been prefigured in a large number of recent thinkers and explicitly developing it as a metaphor seems a sound philosophical step to facilitate further discussion. Because the linearity of the traditional hierarchy is too repressive for the cacophony of scientific theories to be accommodated, I’ll introduce the term “distal” as the degree of removal from the center, or core, of our experiential levels.  This center, the primary level, is filled with the sorts of phenomena we observe with ourselves – mesocosmic in size, things we can pick up, look at, sniff or taste.  We observe regularities in this level and theorize how the next level could be to yield this as the empirical result.  The appropriate measuring device is used (or invented) to give us access to the next level where our theories are tested; we then inquire how the next level again could be to account for this one.  In light of questions generated about distal levels, experiments may be suggested proximally to ascertain a surprising prediction, an effect we may not have thought to investigate at all from the same level.  In this fashion, distal levels may modify the proximal levels traversed before them; and those distal levels we reach to investigate are a result of the phenomena we chose to look at proximally.  This amounts to an alteration in our natural interpretation a la Feyerabend, when the accepted facts change so a new description of the same phenomena accompanies the altered theory.
 “A literally ‘instrumentalist’ thesis suggests itself: it is not high-level theory that has stopped the innumerable branches of science from flying off in all directions, but the pervasiveness of a widely shared family of experimental practices and instrumentation.”

A level is equivalent to the use of another layer of instrumentation.  It is easy to make a clear differentiation in many instances: that which we observe through an optical microscope or telescope is one level distal from what we observe with our eyes.  Using an infrared telescope or electron microscope is two levels distal – to detect and translate into visual images the rays we can’t see with our own eyes constitutes the second degree of distalness.  In some physics experiments the steps between levels is not very well defined.  Using an oscilloscope one is already a degree or two removed from the primary experiential level: a laser beam enters the detector and we see a sine wave on the screen, magnifying the wavelength orders of magnitude and rendering a visual image of a wave, not a prima facie part of the laser beam we physically experience in the lab.  When analyzing particle tracks the degrees of distalness are no longer worth counting, the experiment is simply about as far removed from the center as we’ve yet reached.  Karin Cetina Knorr places particle physics as the extreme edge of our instrumental reach; her negative knowledge indicates the terminal level at any time in history.

This is a turn toward the study of liminal phenomena, by which I mean phenomena that are neither the phenomenal, empirical objects of positive knowledge not objects in the formless regions of the unknowable, but something in between.  Limen means ‘threshold’ in Latin...  Negative knowledge is not nonknowledge, but knowledge of the limits of knowing, of the mistakes we make in trying to know, of the things that interfere with our knowing, of what we are not interested in and do not really want to know.

The emphasis in this new system is markedly different than that of beginning with a set of fundamental laws.  By starting with microphysical interactions, there are vastly more possible states than actual ones, with different numbers of particles, different initial conditions.  The resulting range of counterfactuals supported by the law weighed against the single instance that is the case in this universe makes that which we observe overwhelmingly unlikely.  Given all the other possibilities, why did this one occur and not any other?  We feel we need to explain why our universe occurred particularly in addition to explaining the laws it obeys.  Asking “why like this and not like that?” is not a natural question in an ordering of experience that begins with the actual.  Counterfactuals have infamously difficult intuitive knots, which are avoided the more we deal with the actual world as opposed to possible worlds.  Previous theories also make sense as having been empirically accurate for a certain degree of coarse-graininess in our ability to observe a given level, replaced by new theories once more accurate measurements reduced the margin of error, increasing the fine-graininess of our observation of that level and enabling us access to another.

A significant benefit to this ordering of levels is its compatibility with both realist and empiricist philosophies, and accommodation of the expressly human nature of the practice of the sciences.  The reality or nonreality of the phenomena being studied is not prejudiced towards one answer while a case could be made in either camp regarding the relationship between belief in entities and their distalness.  It is far harder to doubt the existence of a chair than that of a quark, and there is a graduated change from entities we can directly experience to ones we experience through compounded instrumentation.  Bas Van Fraassen’s emphasis on what humans can observe is perfectly suited to the idea of not believing in the existence of entities some number of levels distal.  

R. Levins and R.C. Lewontin, in a comment on Cartesianism, explain that advances in science as “in part a result of a historical path of least resistance.  Those problems that yield to the attack are pursued most vigorously, precisely because the method works there.  Other problems and phenomena are left behind, walled off from understanding by the commitment to Cartesianism.  The harder problems are not tackled, if for no other reason than that brilliant scientific careers are not built on persistent failure.”
  This tendency works in conjunction with the building of instruments and methods to investigate those phenomena we find interesting and tractable, leading to a dappled array of phenomena we understand surrounded by ones we have not made significant progress on for which our tools aren’t quite suited.  Nomological machines are phenomena falling precisely along one of these radiating lines of investigation.
  Our motives for undertaking particular genres of research are indicated by the trails they leave of theory.  “Parallel to the success of applied science in guiding the construction of gadgets is the attempt to explain the structural basis of the properties of complex, organized objects...  An important feature of such investigations is that the explanandum provides us a powerful tool for distinguishing those events in which we are interested.”
   The former ordering of the sciences, from physics through biology, can’t be mapped onto this picture.  Physics has theories with domains at every level, from trajectories of baseballs to electric circuits to background microwave radiation.  Tracing a different line through levels, biological theories address phenomena from organisms to cells to macromolecules and also to social organizations.  The criteria for levels given by Oppenheim and Putnam are fulfilled: there are several levels; the limit of liminality is not at infinity; and there is a unique primary level.

While occasionally two theories exist on two levels that can be connected through mathematical deduction, this is rarely the case.  The overwhelmingly common scenario is of two incommensurable theories whose domains overlap for a fringe set of phenomena or whose domains bear a macro/micro relation to one another.  No reductive accounts have been able to characterize the relationship between two contemporary theories in related fields.  Nickles was on the right track with the etymology of reduction, that of being led back to.  A musical term also used in common language is a substitute term for this relationship without the philosophical baggage accompanying reduction: “segue” is an adroit description for the transition from one theory to another.  Recall the Correspondence Principle and recurring theme in intertheoretic accounts of numerical agreement on points of empirical overlap; Hans Radder writes

...this correspondence from S to L [predecessor to new theory] does not produce all of quantum mechanics.  It will only give you those quantum mechanical quantities and expressions for which a classical analagon exists.  Irreducibly quantum mechanical properties such as parity, or principles like Pauli’s exclusion Principle will necessarily remain outside the scope of this procedure. [p. 210]

The classical analogs are not identical with their quantum mechanical counterparts, but empirically the results at this margin between the two are the same, and although the quantum and classical are incommensurable we don’t have problems understanding what is analogous to what.  The domains of contemporary theories don’t overlap in the main, they overlap towards the edge of their range of applicability, meaning that the body of one theory doesn’t need to be formally or conceptually connected to the body of another, but they need to dovetail on numerical results for phenomena falling into both domains.  Moving from one theory to the next, the formalities of the first theory will necessarily tend to be close to the next, at least within the margin of experimental error, and the mathematical transition from one to the next won’t be deductive but will seem apparent.  One theory leads us into, introduces us to, the next not by taking us step by step but by suggesting a path.  This is a two-way relationship: moving back to the original theory takes place the same way.  Thinking about the gradual continuation from quarks to chairs or back down again, we have this indication of the appropriate time to flip our gestalt switch.

An example of this in scientific practice is given by Brigitte Falkenburg with her analysis of the calculations made by Bethe and Motte in the 1930’s for particle trajectories.  The calculations are a conceptual mishmash of mathematical pieces taken from numerous different theories and juxtaposed to produce the tools still used today to analyze particle tracks.  No deductions, no neat transitions: correction term after correction term are added from quantum mechanics and statistical mechanics to a classical root to generate an equation not really from any of the theories to apply to this phenomena at the area of overlap of the respective domains.  This is the numerical stitching-together of related theories regarding a shared phenomenon.


Segue from one theory to another occurs in diachronic relations, also.  “The important point to notice here is that, as detailed historical analysis shows, theories do not spring fully-armed out of nowhere, but evolve from existing theories with which they are linked by some relations of ‘Correspondence’.”
  The problematic points of reduction2 are avoided: failure to account for current theory relationships certainly doesn’t apply; characterizing valid nontrivial formal reductive operations is unnecessary with an emphasis on the intuitive aspect of recognizing numerical correspondence for given phenomena, not entire sections of theory; and segue doesn’t run only one way, if a theory introduces us to another through a few shared phenomena, the other serves as well to lead back to the first.  


A segue is not transitive, in the same manner as territorial borders: one can cross from Canada to the United States and from the U.S. to Mexico, but not straight from Canada to Mexico.  Theories will not segue into every other theory; Nagel’s reply to Feyerabend is pertinent, that there must be at least some shared terms for an operational definition in a given setting to be possible.  Biochemistry or neurology may segue into psychology, and psychology into economics, but neurology itself doesn’t have the point of contact with economics via which to segue.  


This intertheoretic relationship takes place through the domains of the theories.  Changing interphenomenal relationships are associated with diachronic segues, where the main body of theory will be a recognizable descendant of its predecessor.  Ontological connections are unnecessary although the few deductive reductions or ontologically translatable theories will be special cases of the general segue relationship.  

To roughly evaluate this new picture of intertheoretic relations and ordering of levels I’ll refer back to the advantages claimed for reductionism and the motivations for the unities of science.  The three points made by Oppenheim and Putnam for their account of microreduction was its accuracy as a synopsis of scientific practice, fruitfulness, and description of the “Democritean tendency.”  Given the scarcity of classic reductive instances and alternative ordering of reductive levels, microreduction seems far less viable as an accurate description.  Falkenburg’s case of particle track calculations doesn’t fit in with microreduction.  Thinking of particle physics as liminal, not fundamental, is more accurate of scientific practice.  The stimulation of research may sometimes occur because of investigation into macro/micro relationships and sometimes it may not, fitting in with the more Feyerabendian new characterization allowing more diverse transitions between theories than merely microreduction.  The tendency to seek connections between phenomena is not an inherent feature of relationships between theories or between a theory and domain.  


Supervenience plays a far less prominent role in an experiential ordering of levels as compared to the former hierarchy.  Supervenient relationships do exist but it is no longer possible to declare all higher levels causally dependent on lower ones; each segue has to be individually evaluated to determine a causal structure.  An impetus for both reduction and unification is the plausibility of mechanism, which fits beautifully with the concept of principle theories.  Asking how the next level could be such that what we observe would result is asking for the mechanism by which it’s produced.  In theories where one domain contains the constituents of another, it is not necessary to precisely define then in terms of each other – the segue demonstrates a sufficient link to rule out the miraculous.  Genes can be recognized as sufficiently underpinned by the structure of DNA to displays a coherent mechanism while the exact relationship between genes and DNA remains slightly ambiguous.


Whether or not this constitutes a unification of language is less important than the unification at the point of action it does accomplish.  The stitching together of theories to deal with phenomena at the intersection of their domains, and the specificity of domains to include only phenomena for which a theory can provide concrete predictions, together imply the ability to coordinate specialists in different fields to cohesive action, which was Neurath’s goal.  Similarly, there seems little point to working out whether or laws, explanatory principles or causality have been unified, if we think of unity as the ability to move around this territory of science without hitting an impasse of irreconcilability between parts.  Ian Hacking breaks unity into two aspects of singleness and integrated harmony
; the monolithicity of singleness is a vestige of traditional reduction but integrated harmony is a wonderful way to describe experiential levels located distally from a center and segue transitions between theories with dovetailing domains.  The goals of reduction and unification are noble but can’t be effected with the limited previous accounts.  The picture of the sciences towards which philosophy is moving is much closer to this newer system.
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