
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

A logical approach to computational theory building : with applications to
sociology

Kamps, J.

Publication date
2000

Link to publication

Citation for published version (APA):
Kamps, J. (2000). A logical approach to computational theory building : with applications to
sociology. [, Universiteit van Amsterdam]. Institute for Logic, Language and Computation.

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/a-logical-approach-to-computational-theory-building--with-applications-to-sociology(fc5b2c28-b8d7-42f1-819a-b5b84183e25f).html


Chapterr 8 

Discussionn & Related Work 

Butt to come very near to a true theory, and to grasp its 
precisee application, are two very different things, as the his-
toryy of science teaches us. Everything of importance has 
beenn said before by somebody who did not discover it. 

—Alfredd North Whitehead, The Organisation of Thought 

Ann exhaustive discussion of relevant related work is beyond the scope of this 
thesis,, since it would need to consider a seemingly endless list of various issues 
fromm diverse fields as organization theory, sociology, methodology, philosophy, 
logic,, automated reasoning, and artificial intelligence. Instead, we will address 
somee relatively isolated issues, mainly focusing on those not already discussed in 
earlierr chapters. 

8.11 Computational Theory Building 

Thee main line of this thesis has been the practical application of logic to scientific 
theories,, with a special focus on the role that computational support can play 
inn formal theory building. Of course, any of the computational derivations we 
madee in our case studies could have been made 'by hand' by anyone with suffi-
cientt proficiency in logic. In fact, each of these derivations, when considered in 

145 5 



146 6 ChapterChapter 8. Discussion & Related Work 

isolation,, would be regarded as rather simple by logicians.1 However, perform-
ingg large numbers of these derivations in practice is a different matter and here 
computationall  support can play a crucial role. The crucial importance of support 
toolss was recognized long before the availability of computers. One of the ear-
liestt formalizations, outside mathematics, of a scientific theory using first-order 
logicc addressed biology (Woodger 1937, 1939). Woodger (1939) deliberates in an 
epiloguee about what a modern visitor to the Solomon's House from Bacon's New 
AtlantisAtlantis would encounter. The main change he envisions is 

aa Calculator—a category of worker not provided for by Bacon. The 
Calculatorr operates a gigantic machine, like our machines but of very 
muchh wider scope, being capable of working out the consequences 
off  any hypothesis which can be formulated in the universal notion. 
(Woodgerr 1939, p.79) 

Inn a sense, we have been trying to provide the type of machine that Woodger 
envisioned,, by investigating the ways in which modern computers can support 
thee axiomatization of, and computational reasoning with, scientific theories. Al-
thoughh the role of computational support should not be underestimated—it played 
aa crucial role and, either directly or indirectly, motivated many decisions we 
made—thee number of pages that explicitly discuss the computer-based imple-
mentationn has remained fairly limited. This can be immediately explained by our 
decisionn to reuse generic computational tools from the field of automated reason-
ingg for the search for proofs and models. As a result of this, the quest for com-
putationall  support amounts to finding appropriate operationalizations from the 
variouss logically equivalent ways to characterize various criteria, such as the con-
sistencyy of the theory and the soundness of theoretical derivations. It is important 
too note that, due to the undecidability of first order logic, there are fundamental 
restrictionss on what we can ultimately achieve (Beth 1958b). Well within these 
limitations,, the developments of modern software and, especially, hardware have 
caused,, and continue to cause, a spectacular increase in the amount of problems 
thatt can be solved by computational tools (Wos 1998). For example, automated 
reasoningg tools did solve various open problems in mathematics (Slaney 1994a). 
Thee relative simplicity of the derivations gives us, perhaps, some confidence that 
thee queries we pose can be solved in practice by computational tools. 

Thee computational component is also one of the main distinctions with earlier 
effortss to formalize theories in logic, such as the formal approach of (Kyburg 1968) 
andd the structuralist approach to theories (Balzer et al. 1987). Our approach 
closelyy resembles that of Kyburg (1968), who presents first-order logic renditions 

1Wee are here ignoring the fact that human proofs are usually only partially formal, and 
thatt human theorem proving can be error prone (even logicians can have a 'bad' day, see also 
[Hodgess 1998]). Moreover, some of the derivations are, albeit technically not very complex, still 
difficultt to perform by human theorem provers; think of the construction of counterexamples 
thatt are nonintented models of the theory. 
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off  theory fragments from the fields of mathematics, geometry, physics, psychology, 
sociology,, and biology. There are striking similarities between our case studies and 
thee sociological example used in Kyburg's chapter 2, and the formalization of a 
psychologicall  theory in his chapter 11. Kyburg's chapter on sociology, chapter 12, 
iss perhaps somewhat different for it mainly relies on the differential equations used 
inn Simon's mathematical model (1952; 1957) of Homans' theory of the human 
groupp (1950). Perhaps the main difference with our computational approach is 
thatt Kyburg makes all his derivations manually—indeed an admirable effort. 

Thee structuralist approach is representing theories as set-theoretic models and 
allowss for the substantial use of standard mathematics (Balzer et al. 1987).2 The 
structuralistt approach has been widely applied to a variety of theories from the 
empiricall  sciences. Although mainly motivated by the formalization of physics 
(Sneedd 1971), there are various applications of the structuralist approach to other 
empiricall  sciences (Stegmiiller 1986; Balzer, Moulines, and Sneed forthcoming, 
see).. These applications include structuralist formalizations of sociological the-
oriess (for example, Balzer 1990; Manhart 1994), notwithstanding their (initial) 
disclaimerr that contemporary sociological theory may simply not yield the de-
mandedd formal structures (Balzer et al. 1987, p.xix). The wide range of ap-
plicationss shows that the structuralist approach provides convenient notions for 
formallyy expressing scientific theories.3 However, it is yet unclear whether these 
notionss are equally attractive for computational reasoning with them. 

8.22 Formal Theory 

Thee formalization of scientific theories in formal logic has a long history. The 
intimatee relation between logic and scientific methodology was at the core of 
thee logical positivism of the Vienna Circle (Carnap 1928; Ayer 1959; Neurath 
ett al. 1970).4 Many of the classic textbooks on logic have even the dual goal 
off  introducing both logic and scientific methodology (for example, Cohen and 
Nagell  1934; Tarski 1946; Carnap 1958). There are various ways in which formal 
logicc can be applied to scientific theories (see, for example, the discussion of the 
potentiall  interaction between modern logic and philosophy of science in [Van 

2Thee structuralist approach is also known as the 'non-statement view' on theories (Stegmiiller 
1973),, also sometimes called the new structuralism (to distinguish it from the 'old' structuralism 
whichh was in fact closely connected with the traditional axiomatic method [Piaget 1971]). 

3Whetherr there are fundamental reasons for using set theory is debatable. As Hintikka 
(1998,, p.304) writes: "[W]hen the sharpest philosophers of science realized that a study of 'the 
logicall  syntax of the language of science' was not enough, they resorted to set theory for their 
conceptualizations.. Ironically some misguided philosophers of science have continued to seek 
salvationn in set theory long after the development of logical semantics and systematic model 
theory." " 

44 Although logical positivism was for some time out of favor in philosophy, there is a current 
re-evaluationn of logical positivism (Friedman 1988, 1991). 
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Benthemm 1982]). Despite this potential and despite the illustrious history, there 
aree few current interfaces between logic and philosophy of science (Kuipers 1997). 
Moreover,, there is no equivocal advise on which formalism is most suitable to 
representt particular theories. Therefore, we decided to apply only classical, well-
understoodd formalism and notions. We used classical first-order logic, and viewed 
theoriess as deductive systems (Tarski 1956), in which theoretical explanations and 
predictionn correspond to deductions of theorems (Popper 1959).5 Of course, this 
shouldd not be interpreted as a claim that first-order logic is the most suitable logic 
forr representing scientific theories, nor even as a claim that such a logic exists. 

Throughoutt the thesis, we have provided formalizations of actual theories from 
thee field of sociology and, especially, its subfield of organization science. This is, 
perhaps,, a controversial choice, because the paradigm examples of theories in the 
empiricall  sciences belong to physics. The field of sociology is even renowned for 
itss lack of systematic theory, and consequently, sociology appears as an unlikely 
subjectt for an axiomatization attempt using formal logic. Nevertheless, all sci-
ences,, including the social sciences, share the same methodological principles. In 
particular,, whether a theoretical argument in sociology is valid should be judged 
byy the same criteria as an argument in physics. In short, the "logic" of the social 
sciencess is not different from that of the other sciences (Nagel 1956; Rudner 1966; 
Popperr 1969; Neurath 1970). 

Thiss does not imply that browsing through a sociological journal gives the 
samee impression as browsing those of fields like, say, physics. There are, of 
course,, major differences between the actual theories of sociology and those of 
physics.. One of the most noticeable differences is the rigorous, mathematical 
discoursee of physics and the informal, qualitative, verbal discourse of sociology. 
Sincee descriptions of sociological theories are stated in ordinary language, they 
aree usually partial and incomplete. This is not to say that these verbal theories 
doo not contain creative and interesting ideas. Quite the contrary, sociological 
theoriess contain as a rule many original ideas, some of which are genuine insights. 
Unfortunately,, these insights are easily lost within the bewildering richness. The 
logicall  formalization of theories is an attempt to ferret out these insights. 

Inn physics, the axioms of theories are regarded as fundamental laws of nature. 
Thee premises of the formal theories we reconstruct are not necessarily such self-
evident,, universally true statements. Our goals are much more modest; we want to 
representt the theories as they appear in the literature. Our formal reconstructions 
usee assumptions that are, in general, more basic statements than the theorems. 

5Thee view of a theory as a deductively closed set of sentences is attributed to Alfred Tarski. 
Althoughh we will use the expressions 'deductive theory' and 'deductive system' synonymously, 
itt is perhaps worth to point out that Tarski (1956, p.343) uses them "in quite distinct senses." A 
'deductivee theory' is a realization (or model) of an axiom system, whereas every set of sentences 
whichh contains all its consequences is a 'deductive (closed) system.' See (Putnam 1962; Hempel 
1970;; Suppe 1974) for discussion and criticism of standard notions of theory, and see (Balzer 
ett al. 1987) for a set-theoretic representation of scientific theories. 
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However,, it seems unrealistic to expect that any of them wil l turn out to be 
aa fundamental law of nature. At least, we would not regard these more basic 
assumptionss as 'final' statements. The axioms we postulate are provisional, in 
thee sense that they may turn out to be oversimplifications.6 In as far as such 
provisionall  axioms are insightful and aid us in understanding the theory, this is 
inn itself a valuable contribution to the theory.7 We want to stimulate further 
developmentt of the theories by making their underlying assumptions part of the 
discussion.. If some of the assumptions do not withstand the test of criticism, 
wee can immediately show which of the theorems have to be retracted as well, 
orr which alternative assumptions would rescue them. In short, finding the more 
basicc underlying assumptions can be an important step towards finding some of 
thee (more) fundamental laws of the social sciences. 

Althoughh we have focused on the axiomatization of (fragments of) social sci-
encee theories, there seem to be no fundamental reasons why the application should 
bee restricted to theories from this particular field. Although we did not investi-
gatee the axiomatization of other substantive disciplines, we would want to argue, 
withh a touch of irony, that the logic of the natural sciences is not very different 
fromm the logic of the social sciences. Therefore, the tools we used in the for-
malizationn of theories from sociology, may also be of use for the formalization 
off  theories from other fields, including physics and even mathematics. It should 
howeverr be noted that there are important factors that may impede the logical 
formalizationn of theories from natural science domains like physics. Formal logic 
seemss particularly well suited to represent the informal, qualitative discourse of 
sociology.. Perhaps the most important reason for this—and one that is easily 
overlooked—iss simply the use of primitive (or undefined) terms. 

66 This is, of course, a matter of degree rather than a fundamental difference between the 
sciences:: even the celebrated theories of physics give only approximate explanations of empirical 
phenomenaa (for example, by the use of various simplifying assumptions). As Popper (1959, 
p.Il l )) put it "The empirical basis of science has thus nothing 'absolute1 about it. Science does 
nott rest upon solid bedrock. The bold structure of its theories rises, as it were, above a swamp. 
Itt is like a building erected on piles. The piles are driven down from above into the swamp, 
butt not down to any natural or 'given' base; and if we stop driving the piles deeper, it is not 
becausee we have reached firm ground. We simply stop when we are satisfied that the piles are 
firmfirm enough to support the structure, at least for the time being." 

7Usingg the distinction between heuristic and nonheuristic axioms (Suppes 1993), it is clear 
thatt the axioms we have in mind should have a heuristic value in understanding the theory 
underr consideration. The notion of heuristic axioms may seem like a contradiction in terms: 
'heuristics'' are often interpreted as informal rules of thumb, much like the exact opposite of 
formall  axioms. It is in this sense that Pólya (1957, p.113) writes, "What is bad is to mix up 
heuristicc reasoning with rigorous proof." We also do not want to mix up layers of informal 
andd formal reasoning, but, just as the informal reasoning, we want the formal reasoning to 
bee insightful and aid in understanding of the theory. Heuristic axioms are "axioms that seem 
intuitivelyy to organize and facilitate our thinking about the subject, and in particular our ability 
too formulate, in an ordinarily self-contained way, problems concerned with the phenomena 
governedd by the theory and their solution" (Suppes 1993, p.58). 
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Ourr knowledge of the things denoted by the primitive terms . .. is 
veryy comprehensive and is by no means exhausted by the adopted 
axioms.. But this knowledge is, so to speak, our private concern which 
doess not exert the least influence on the construction of our theory. 
Inn particular, in deriving theorems from the axioms, we make no use 
whatsoeverr of this knowledge, and behave as though we did not under-
standd the content of the concepts involved in our considerations, and 
iff  we knew nothing about them that had not been expressly asserted 
byy the axioms. We disregard, as is commonly put, the meaning of the 
primitivee terms adopted by us, and direct our attention exclusively 
too the form of the axioms in which these terms occur. (Tarski 1946, 
pp.121-122) ) 

Thiss is of course a particularly useful feature if there is no clear intuition (and 
onlyy partial consensus) on the meaning of primitive terms. Even if the underlying 
intuitionss on the meaning of primitive terms are incommensurable (Kuhn 1996), 
researcherss may still agree on a number of axioms in which these primitive terms 
appear.. The rigorous, mathematical, quantitative discourse of physics would re-
quiree the formalization of substantial parts of quite advanced mathematics before 
substantivee results of theoretical interest can be reached. Think of the mathe-
maticss presupposed by Einstein's theory of relativity (Friedman 1983), although 
evenn in case of relativity theory there are efforts to formalize this theory in formal 
logicc (Rakic 1997a,b; Andréka, Madarasz, Németi, Sagi, and Sain 1998). 

8.33 Logical Criteria 

Wee used only fairly standard, or naive, criteria for evaluating theories. This can 
bee easily explained by the fact that we restricted our methodological discussion 
too issues that actually arose in the formalization of these theories. The moti-
vationn for this restriction is that it ensures that we deal with issues that are 
practicallyy relevant, and avoid overemphasizing extremely exceptional cases, or 
evenn a digression into purely hypothetical cases. The immediate consequence of 
thiss restriction is that we extensively dealt with issues that would be regarded 
ass well-known and elementary in other fields.8 This should, of course, not be 

8Ass Lazarsfeld (1962, p.463) observed: "[MJodern philosophers of science are only concerned 
withh the natural sciences [and] do not pay attention to the empirical work in social research 
thatt is actually going on today. In a way, this is easily understood. In the correct sense of the 
term,, as yet there is no systematic theory in the social sciences, only research procedures and a 
numberr of low-level generalizations. This would force the philosopher to become acquainted with 
technicall  details and results which are often rather boring, and would put him on a disadvantage 
vis-a-viss a colleague who can speculate on the meaning of such basic ideas as the uncertainty 
principlee or the notion of relativity. The reading of empirical social research, which often lacks 
thee big sweep of the more developed natural sciences is not only personally unrewarding but 
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interpretedd to imply that we regard any of our notions as final. We would not 
hesitate,, and do even anticipate, to incorporate various further refinements. 

Thee result of an axiomatization attempt should be a better understanding of 
thee structure of a theory by clarifying the underlying assumptions and require-
mentss that the theory makes. One of the crucial motivations for an attempt to 
formulatee more perspicuous theories is to facilitate their empirical testing. Un-
earthingg the structure of the theory allows us to assess the consequences of the 
outcomee of empirical research. In particular, we can single-out problematic parts 
off  the theory in case of an unfavorable outcome.9 In practice, empirical testing 
off  theories depends largely on the used operational definitions of measurements 
(Bridgmann 1927). In the social sciences, these operational definitions are seldom 
straightforwardd measurement conventions. There is littl e consensus on the opera-
tionall  definition of crucial concepts in the social science, and empirical researchers 
take,, for understandable reasons, considerable freedom in their choice. As a re-
sultt of this, empirical testing in the social sciences is frequently inconclusive: 
empiricall  confirmation is, at best, restricted to the particular operationalization 
att hand, and empirical refutation can be even totally due, or at least blamed on, 
thee choice of a particular operationalization. Moreover, it is far from straightfor-
wardd to compare different empirical tests of the same theory. The gravity of this 
problemm is greatly enhanced by the fact that theories in the social sciences use a 
largee vocabulary of terms that have various subtle differences in meaning. 

Althoughh many of the primitive concepts that sociological theories use are 
clearlyy related, there are seldom attempts to systematize the vocabulary. In 
chapterr 3, we made such an attempt by formulating definitions of previously un-
definedd concepts.10 Before the introduction of definitions we would have regarded 
alll  terms as observational (conform the original texts). Introducing defined no-
tionss (although we would regard these as descriptive rather than stipulative defi-
nitionss [Hempel 1966]) prompts questions on which terms should be regarded as 
theoreticall  and which as observable. Although there is no natural demarcation 
betweenn observational and theoretical terms (Lakatos 1970), there are, at least 
intuitive,, differences in the degree of observability of primitive terms (or perhaps 

alsoo does not confer much prestige. Understandably the general reader is more curious about 
thee philosophical implications of the natural sciences which have so greatly influenced our daily 
lives." " 

9Despitee popular folklore, a theory can of course only be refuted by a falsifying hypothesis 
andd not by a single falsifying observation (Popper 1959, pp.86-87). Such a falsifying hypothesis 
shouldd be a reproducible effect, of some generality, that is in itself falsifiable, and has received 
sufficientt empirical confirmation or corroboration. 

10Inn retrospect, this was done roughly along the lines of Carnap's explication of familiar but 
vaguee concepts (Carnap 1950, esp. chap.1). This is probably no great surprise, since Carnap 
(1970,, p.59) wrote much earlier, "The last field to be dealt with is social science. ... Here we 
needd no detailed analysis because it is easy to see that every term in this field is reducible to 
termss of the other fields. . .. Many terms can even be defined on that basis, and the rest is 
certainlyy reducible to it." 
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ratherr in the degree of nonobservability). It may be not unreasonable to identify 
somee notions as theoretical terms (for concrete examples, think of notions like 
'legitimation'' and 'competition' in the theory of chapter 7). Theoretical terms 
definedd by simple definitions are easy to eliminate from a theory. It seems of 
greatt importance to investigate ways to define theoretical terms, or if they turn 
outt not to be definable, find other ways to eliminate them (for example, along the 
liness of [Ramsey 1931]). Introducing a clear distinction between observable and 
theoreticall  terms, for example by simply assuming that the vocabulary consists of 
twoo disjoint sets (similar to Simon 1977, chap.6.7), will also allow for the further 
refinementt of some of the used criteria (especially of the falsifiability criterion). 

Wee have used various criteria for the (computational) evaluation of theories, 
suchh as consistency, soundness, falsifiability, satisfiability, contingency, and inde-
pendence,, that basically amount to the standard criteria from logic and philoso-
phyy of science. The criteria of the consistency of a theory and soundness of the 
derivationn of theorems are stable notions from the field of logic. Nevertheless, 
theree can still be various refinements in the way these formal criteria are used in 
practice.. For example, we do not look for arbitrary models when proving con-
sistency,, but try to establish whether intended models (corresponding to typical 
casess of the theory) are models of the theory. Another example is to distinguish 
betweenn various types of counterexamples, i.e., by distinguishing nonintended 
modelss from 'real' counterexamples. 

Thee criterion of falsifiability is not as straightforward and there exist various 
proposalss for it.11 We used falsifiability as a criterion for theorems, while falsi-
fiabilityfiability  is usually used as a criterion of theories (including Popper 1959). The 
reasonn for this is simple: the consistency of a theory directly implies the consis-
tencytency of every statement of the theory. In case of falsifiability this is reversed, the 
falsifiabilityy of any single statement of the theory implies the falsifiability of the 
entiree theory. Simply put, a falsifiable theory can still have unfalsifiable theorems 
(forr example, see the theory in chapter 4), and to identify them can be of obvious 
relevancee for empirical research on the theory. 

Thee notion of falsifiability as used in this thesis is formulated in terms of 
models:: in its naive form, a theorem (or theory) is falsifiable, if there exist models 
inn which the theorem (or theory) is false. This seems very different from Popper's 
originall  proposal, which is defined in terms of basic statements. 

AA theory is to be called 'empirical' or 'falsifiable' if it divides the 
classs of basic statements into the following two non-empty subclasses. 
First,, the class of all those basic statements with which it is incon-
sistentt (or which it rules out, or prohibits): we call this the class of 
potentialpotential falsifiers of the theory; and secondly, the class of those basic 

111 For a particular strict form of falsifiability, see also the FITness (Finite and Irrevocably 
Testable)) criterion (Simon and Groen 1973; Simon 1983). Theories that satisfy this criterion 
havee the property that all their theoretical terms are eliminable. 
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statementss which it does not contradict (or which it 'permits'). We 
cann put this more briefly by saying: a theory is falsifiable if the class 
off  its potential falsifiers is not empty. (Popper 1959, p.86) 

Popper'ss famous notion of basic statements is referring to formulas of "the form 
off  singular existential statements" (Popper 1959, p.102) with the additional re-
quirementt that these statement must be "asserting that an observable event is 
occurringg in a certain individual region of space and time" (Popper 1959, p. 103). 
Thiss syntactic notion of basic statements is, of course, very different from our 
semanticc notion of models.12 

Takingg into account the elementary logical relations between statements and 
theirr models, the resulting notions of falsifiability are not so different. First, fal-
sifiabilityy in terms of statements implies falsifiability in terms of models. Assume 
thatt a theory is falsifiable in the Popperian sense, i.e., there exists a basic state-
mentt that the theory prohibits. Then, in all models in which this basic statement 
iss true (there are such models since basic statements are presumably satisfiable), 
thee theory must be false. Consequently, there do exist models in which the theory 
iss false, i.e., the theory is falsifiable in terms of models. This immediately ensures 
thatt those theories that we would regard as unfalsifiable, are also unfalsifiable in 
thee Popperian sense, i.e., if there are no models in which the theory is false, there 
cannott exist (consistent) basic statements that the theory prohibits. Second, it 
iss less clear whether falsifiability in terms of models implies falsifiability in terms 
off  basic statements, for we would need to construct a basic statement. Assume 
thatt there exists a model in which the theory is false. With some handwaving, 
onee could think of a model as a very long conjunction of literals (atomic formulas 
orr their negations) by writing out the interpretation function (at least for small, 
finitee models). These literals (at least the positive ones) closely resemble (rela-
tivelyy atomic) basic statements. Given the fact that all consistent conjunctions of 
basicc statements are basic statements (Popper 1963, p.386), this long conjunction 
is,, arguably, a basic statement. Recall that the theory was false in this model, 
therefore,, the theory cannot be consistent with this long conjunction. 

Wee did not deal with the material testability requirement so far, but there is 
12Havingg said this, one could nevertheless ponder about a direct relation between (the in-

tuitionss behind) these two notions, considering the fact that formal semantics was developed 
muchh later. It is interesting to note that it makes perfect sense to substitute 'models' for every 
occurrencee of 'basic statements' in the definition of falsifiability (Popper 1959, p.86, quoted 
above).. In fact, we would get an exact description of how models work. Any theory partitions 
itss class of models of the language (or structures) into two disjoint subclasses: a subclass of 
modelss in which it is true {i.e., the models of the theory), and a subclass of models in which 
thee theory is false. There are remarkable similarities between the notions of models and the 
developmentt of basic statements (or 'test statements' as they are later called [Popper 1974, 
p.1106]).. In particular, see the discussion in (Popper 1959, pp.100 103), (Popper 1963, p.386), 
andd especially (Ayer 1974; Popper 1974), where 'test statements' and 'counterexamples' are 
usedd on par. Kuipers (1987, pp.82-85) makes similar remarks when providing structuralist 
explicationss of various Popperian notions. 
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ann elegant way to incorporate it into the notion of models. We are of course free 
too choose a universe for the models of a first-order logic language. Specifically, we 
cann choose a (non-empty) set of objects that fulfil l these testability requirements, 
i.e.,, 'observable' events that are spacio-temporally sufficiently restricted. The 
resultingg models with this universe will be as 'observable' as the primitive terms 
permitt them to be (if observable and nonobservable terms are distinguished, one 
couldd further refine this material requirement). 

8.44 The Process of Axiomatization 

Thee application of formalization approaches is, of course, not restricted to sci-
entificc theories.13 Although risking to end up in an infinite regress, we can even 
tryy to apply our formalization method to the formalization process of chapter 5 
itself.. That is, we can extend our informal discussion of chapter 5 by trying to 
formalizee the process of formalizing theories. Although this is not the proper 
placee to pursue this subject extensively, we will here make an initial first step by 
rationallyy reconstructing the axiomatization process (mainly in order to highlight 
similaritiess and differences with related work). 

Whenn undertaking an effort to axiomatize a substantive theory, the ultimate 
goall  is to provide a formal theory that is consistent, in which the conjectures are 
derivable,, theorems are falsifiable, and the axioms are independent. There are 
logicall  dependencies between these criteria, that suggest the order in which tests 
forr them should be performed. These dependencies include: (i) It seems a natural 
choicee to establish the consistency of the axioms before testing the soundness 
off  derivations of conjectures.14 The soundness criterion has no discriminating 
effectt on an inconsistent theory; every formula is a theorem of an inconsistent 
theory.. Moreover, we do not need to know the precise theorems, before we can 
investigatee the theory's consistency. Deductive theories are defined as the set of 
logicall  consequences of a set of premises. As a result, we only need to consider 
thee theory's premises when testing for consistency—soundly derived theorems 
cannott make a theory inconsistent, (ii) It seems natural to test for soundness 
off  the derivations before testing for the falsifiability and satisfiability. We use 
falsifiabilityy and satisfiability as criteria of theorems. Therefore, it is reasonable to 
firstfirst establish the theorem-hood of conjectures, (iii ) The satisfiability of theorems 
cann be tested for indirectly: if the theory is consistent, then a soundly derivable 

13Althoughh it is clear that the formalization of other domains requires some changes, i.e., 
thee restriction to universal premises; the use of classical, monotonie logics; or even bringing in 
"psychologism""  (Beth and Piaget 1966). 

14Notee that these are merely heuristics, one could just as well argue that the underivability 
off  some conjectures is far more likely than that the theory turns out to be inconsistent. This 
mayy result in modification of the axioms, which would require establishing consistency anew. 
Fortunately,, the final result seems invariant of the order in which tests are performed, provided 
thatt the theorizer makes consistent decisions. 
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theoremm is satisfiabte. If a conjecture is not derivable, it is relevant to test whether 
thee conjecture is at least satisfiable. (iv) Independence of axioms should be tested 
forr after establishing consistency. Consistency implies one side of the tests for 
independence,, namely that the negation of each axiom is not implied by the other 
axioms.. Moreover, if a subset of the axioms is inconsistent then all other axioms 
(andd their negations) will be derivable. 

Keepingg these dependencies in mind, we will give an initial rational recon-
structionn of the formalization process.15 Before any of the criteria can be applied, 
wee have to formulate an initial formal version. 

1.. Reconstruct the theory, and give an initial formalization of the premises (£) 
andd conjectures (r). 

Thee sociological theories treated in this thesis are based on publications in the 
sociologicall  literature. Since descriptions of sociological theories are, in general, 
statedd in ordinary language, they are usually partial and incomplete. The first 
stepp towards their formalization is to reconstruct the theoretical argumentation 
inn these texts. This crucial rational reconstruction is largely outside the scope of 
thiss thesis.16 In some of the chapters we have, for this reason, selected scientific 
textss that do not require extensive rational reconstruction. We have mainly dealt 
withh the formal part of the formalization process, i.e., what happens after an 
initiall  reconstruction of a theory is completed. The rational reconstruction gives 
aa non-formal description of the theory, which at least contains an explicit set of 
premisess and an explicit set of (intended) theorems. The next step is to formalize 
thee reconstructed premises and theorems in logic. The argumentation of this 
initiall  formal theory will closely resemble the argumentation of the original text, 
inn particular, it may still be partial and incomplete. In the next steps, we will 
tryy to refine the initial formalization into a formal theory, i.e., a set of formulas 
thatt represent the premises, and a set of theorems that can be derived from the 
premises. . 

Thee first criterion to test for is consistency. 

15Readerss should bear in mind that this initial reconstruction is highly provisional and makes 
severall  serious simplifications. For example, we will ignore definitions because that would 
requiree a far more complicated (and more interesting) reconstruction. Moreover, we wil l here 
assumee that we can conclusively determine the criteria. Of course, models may be too large, 
orr proofs too complicated for us to find in practice (or in principle, since first-order logic is not 
decidable).. Therefore, it is very well possible that we can neither find a derivation, nor a model. 

16Thee rational reconstruction seems to be an art rather than a science (although there are 
somee definite do's and don'ts). We want to distill from this description, at least, 1) the most 
importantt concepts and claims, 2) the assumptions that are presupposed by these arguments, 
andd 3) the justification or argumentation for these claims. The excellent (Fisher 1988) gives 
aa general method for analyzing scientific argumentation (a close reading method that is non-
formall  but strongly motivated by insights from logic). 
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2.. Test for (in)consistency of E by generating at least one model of E (proving 
thatt E is consistent), or by deriving a contradiction from E (proving that 
EE is inconsistent). 

Iff  there exist models then (check model(s) and) proceed with step 3 

Iff  the theory gives rise to a contradiction, then the proof singles out a spe-
cificc derivation of a contradiction from a subset of the premises. If this 
contradictionn can be resolved, then redo step 2 (there may be other contra-
dictions).. Otherwise, abandon the (formal) theory. 

Inn practice, we will generate a number of models corresponding to typical 
scenarioss treated by the theory, by adding appropriate initial conditions (typically 
existentiall  statements). For example, if the conjectures are conditional statements 
(likee in the theories treated in this thesis), we can try to find models in which the 
antecedentt part of a conditional conjecture is satisfied. Testing for consistency in 
thiss sense roughly amounts to testing whether (some of) the intended models of 
thee theory are allowed for by the formal axioms. 

Thee theories we treated consist entirely out of universal conditional formulas 
and,, as a result, they make no existential claims. It is therefore impossible that 
theyy are formally inconsistent, because there will be models of the theory in 
whichh none (or only few) of the antecedents are satisfied.17 Of course, something 
weakerr than a formal inconsistency may be the case: we may be unable to find 
somee of the intended models of the theory. In these cases, the combination of the 
theoryy with some common initial conditions (existential statements) is formally 
inconsistent.. A typical case of such a hidden inconsistency is when a premise 
iss overstated and does not take particular exceptions into account. To resolve 
suchh an 'inconsistency' we simply have to extend the conditional part of the 
overstatedd assumption, such that all known exceptions are taken into account. 
Theree do exist logics, in particular nonmonotonic logics (Ginsberg 1987; Brewka, 
Dix,, and Konolige 1997), that can deal with some of these 'inconsistencies.' Since 
thee detection of these inconsistencies and the resulting revisions are likely to be 
off  theoretical interest, we prefer to use a logic that does not implicitly resolve 
suchh deficiencies. 

Ourr discussion in chapter 5 mainly focused on the soundness of derivations of 
conjectures. . 

3.. For each conjecture 7, € T, test whether there exists a proof such that 
EE h ji  (proving that % is soundly derivable, shortly 7*  is sound) or models 
AA such that A f= E U {->7i}  (proving that E ^ 7,, i.e., % is not soundly 
derivable,, shortly 7? is unsound). 

17Exceptt for very contrived cases: for example, {Vx[A(x) -> B(x)], Vx[A(x ) ->  ->B(;r)], 
Vx[-iA(:r )) -» B(x)], Vx[->A(x) ->  ->B(x)]}  is formally inconsistent. 
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Iff  there exist a derivation then (check proof and) proceed with next conjec-
turee 7i+ i . 

Iff  there exist counterexample(s) A then distinguish between: 

(a)) Is A a nonintended model (conflicting with common-sense or with 
implicitt background assumptions), then revise E by adding background 
knowledgee a such that A \£ £ U {a}. 

Thenn redo step 2 (prove consistency) and retry deriving this 7̂  (there 
mayy be other counterexamples; earlier proven conjectures will still be 
theorems). . 

(b)) If step 3a fails, then A is an exception to 7J. Try to revise 7̂  by 
weakeningg it to 7̂  in such a way that 7- is true in A, in symbols, 
AA (= %'
Thenn retry proving this 7J (there may be other counterexamples; the 
theoryy is still consistent and earlier proven conjectures will still be 
theorems). . 

(c)) If step 3b fails, then try to restrict the domain of the theory by 
strengtheningg E to E' in such a way that A is no longer a model 
off  the restricted theory, in symbols, A ¥= E'. 

Iff  there is an acceptable restriction E' then redo step 2 (proving consis-
tency)) and retry proving this 7, (there may be other counterexamples; 
earlierr proven conjecture will still be theorems). 
Iff  there is no acceptable restriction, then proceed to step 3d.18 

(d)) Discard 7̂  as a false conjecture, and proceed with the next conjecture 
7t+i--

Itt is important to note that the revision of axioms to make a conjecture 
derivablee is not a deductive step—it is a form of abduction.19 The traditional 
formm of abduction in artificial intelligence is: given a background theory K and 
ann observation F, abduction computes an explanation E such that 

KK U E \= F 

wheree K U E is consistent (Poole 1988). Typically, the explanation, E, is a 
conjunctionn of initial conditions that allows the knowledge base, K, to entail a 

18Thiss is a good place to test whether 7, is at least satisfiable, i.e., whether there exists 
modelss A such that A \= 7*. Recall, that we ignore here the presence of definitions (discussed 
inn chapter 4). 

199 Abductive inferences are widely studied from the point of view of modern logic (Tan 1992; 
Flachh 1995; Aliseda-LLera 1997), see also (Janssen and Tan 1992) on abductive explanations 
inn economics. 
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particularr observation, F. That is, K is a set of general statements, and E and 
FF are (conjunctions of) ground facts. 

Inn case that K \= F an empty explanation suffices (in other words, traditional 
deductivee explanations apply). Most literature on abduction ignores this case, 
andd focuses on what one might call abduction proper, that is, the case that 
KK ty= F. Most of the abduction literature assumes A' ^ F as a given, whereas 
wee first have to establish it in step 3. Notice that proving S ^ 7 is non-trivial 
inn first-order logic, even undecidable in general, although in many cases small 
counterexampless exists. Finding such a counterexample not only proves that 7 
iss underivable, but can also be used to decide between further revisions of the 
theory.. Most abduction systems use a one-step approach. That is to say, they will 
immediatelyy generate a set of explanations, i.e., a set of £"s such that KuE f= F 
andd K U E consistent (sometimes these explanations can be pruned using various 
criteria).. The revisions we have in mind deal only with a (particular set of) 
counterexample(s).. It is not unlikely that we may have to deal with a number of 
differentt (sets of) counterexamples. This results in a piecemeal revision, which 
mayy require both revision of the axioms as well as revision of the conjecture. 

Ourr approach was to clearly distinguish between revising the theory (either 
byy adding implicit background knowledge, or a proper revision by making E 
strongerr such that the models that were counterexamples are no longer models of 
thee theory), or revising the intended theorem (by making 7 weaker such that it 
wil ll  be true in the models that were counterexamples). The abduction literature 
generallyy does not make this distinction, and seems to cover only the case in which 
thee theory is revised. However, recall that the explanation typically represents 
thee appropriate initial conditions that allow for a singular fact to be deduced 
fromm a general knowledge base. This seems intuitively a revision of the intended 
theoremm and, consequently, we would prefer the alternative notation:20 

KK (= (E -> F) 

wheree A' ^ ~^E. The resulting explanations (i.e., the £"s) are the same, but 
theree is of course a fundamental difference between the revision of a theory (or 
knowledgee base), or the reformulation of a conjecture (or 'observation'). Whether 
thiss distinction is also relevant for other domains may depend on the specific 
knowledgee base. 

AA common refinement of the abduction pattern is to study cases in which the 
observationn is an anomaly. The observation F is an anomaly if it is contrary to 
ourr expectations, that is, in case the theory predicted the opposite K j= ->F. 
Noticee that the 'standard' abduction pattern fails in this case.21 If we want to 

20Usingg the deduction theorem: EU {4>}  h i>  if and only if S H {<f>  -  ip) with <j>  having no free 
variabless (Chang and Keisler 1990). 

2' I ff  K \= -«F then (in monotonie logics) for all explanations E, it is the case that KuE \= ->F. 
Iff  now E also explains F, that is, if KUE \= F, then we know that KliE is inconsistent (contrary 



8.4-8.4- The Process of Axiomatization 159 9 

havee a consistent theory that predicts F, we have to retract some axioms first. 
Inn other words, we have to find a contraction E\ and an extension E2 such that 

( A ' \ E 1 ) U £2 f = F F 

andd (K\Ei)UE2 is consistent. These patterns are widely studied in the literature 
onn belief revision or theory change (Alchourrón, Gardenfors, and Makinson 1985). 

Assumee we want to derive an intended theorem and it is the case that the 
negationn of this theorem is already implied by the theory. In this case, we will 
bee unable to find models of the axioms in which the theorem is true. This 
amountt to a test whether an intended theorem 7, is at least consistent with the 
premises,, i.e., whether there exists a model A such that A \= SU{7,} , or whether 
SS U {-"7i }  h 22 A good place to test for this is immediately after establishing 
thatt a conjecture is not derivable in step 3. Alternatively, we could try to prove 
thiss immediate after proving the consistency of the premise in step 2, by trying 
too find a model A such that A \= £ U I\ 

Itt is unclear whether these patterns do occur in our setup. In our case studies 
alll  the conjectures have' the form of a universal statement. Now suppose we would 
bee able to derive the negation of such a statement. Because the negation of a 
universall  statement is an existential statement, this implies that we can already 
derivee an existential theorem. We have dealt with strictly universal theories, 
whichh do not imply existential statements. Nevertheless, it seems that our earlier 
methodd can also be applied in this, hypothetical, case. That is to say, inspection 
off  models and counterexamples can lead to appropriate revision of the theory, 
includingg the retraction of some axioms if some of the intended models cannot be 
constructed. . 

Finally,, we should test for the falsifiability of the theorems, and the indepen-
dencee of the axioms. The falsifiability is tested by showing the logical possibility 
off  a theorem to be false:23 

4.. For each 7*  € T, test whether there exist models A such that A j= ->7t 
(provingg that 7*  is falsifiable), or a proof such that h 7, (proving that 7, is 
unfalsifiable). . 

too the above requirement). At least, this is the case for monotonie logics—the abduction pattern 
dependss on the used logic. If the underlying logic is nonmonotonic (denoted by the'(~') then the 
traditionall  abduction pattern should be extended (Inoue and Sakaraa 1995). In nonmonotonic 
logicss we have also negative explanations, since we can also make F derivable by deleting some 
EE from K. That is, a revision from KftF to K\E)~F (called extended abduction in [Inoue 
andd Sakama 1995]). Specifically, in nonmonotonic logics there may exist consistent revisions 
fromm K |~ -,F to K \ E |~ F and from K |~ ->F to K U E f- F. 

222 Notice that this is a stronger requirement than satisfiability as operationalized in chapter 4. 
Ourr notion of satisfiability is the counterpart of falsifiability and therefore ignores the axioms 
off  the theory (although definitions are taken into account). 

23Recalll  that we assume here that there are no definitions. An operationalization of falsifia-
bilit yy that takes definitions into account was discussed in chaper 4. 
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Iff  a theorem 7, is unfalsifiable, then we may decide to exclude it from the 
sett of singled-out theorems (i.e., from T). 

Iff  there is at least one falsifiable theorem, then the theory is falsifiable. Notice 
thatt even in the extreme case that all the singled-out theorems are unfalsifiable, 
wee cannot immediately conclude that the theory as a whole is unfalsifiable. The 
theoryy may still have other falsifiable consequences, and in this extreme case the 
theoryy may therefore still be perfectly falsifiable. In such cases, one could decide 
too test the falsifiability of the axioms themselves, and if at least one of the axioms 
iss falsifiable, the theory is falsifiable. Only if all the axioms are unfalsifiable, we 
cann conclude that the theory is unfalsifiable. We restrict here our attention to 
thee falsifiability of theorems because the falsifiability of axioms is closely related 
too their independence. If some of the axioms are unfalsifiable, then these axioms 
wil ll  be necessarily not independent of the other axioms. The independence of the 
axiomss is investigated in the following manner. 

5.. For each Oi e E, test whether there exist models A such that A f= £ \ 
{ai}{ai}  U {->o-i}  (together with consistency proving that <7, is independent of 
thee other axioms) or a proof such that E \ {ui}  h <Tj (proving that Oi is not 
independentt of the other axioms). 

Iff  an axiom ui is not independent of £\{<r j then we can make the axiom set 
moree parsimonious by moving o~i from the set axioms to the set of theorems, 
andd redo step 5 with the smaller axiom set E' (with E' = E \ {<Tj}) . 

Thiss concludes our initial rational reconstruction of the process of axiomati-
zation.. We will not pursue a formal reconstruction of this process here, but it 
iss clear that this process not deductive. This corresponds to the well-known fact 
thatt theory revision is nonmonotonic even if the underlying theory is monotonie 
(Makinsonn and Gardenfors 1991 ).24 Rott (1991) is an excellent source for further 
discussionn on nonmonotonic theory revision. Despite the overwhelming number 
off  different nonmonotonic logics (Brewka et al. 1997), it is unclear whether any 
off  these logics can be used for a formalization of the axiomatization process. 

8.55 Discovery? 

Thee process of axiomatization as discussed in the previous section shows a clear 
relationn with Lakatos' famous heuristic pattern of mathematical discovery as dis-
cussedd in his "proofs and refutations'': 

244 Of course, a theory about the revision process may again turn out to be monotonie. 
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Theree is a simple pattern of mathematical discovery - or of the growth 
off  informal mathematical theories. It consists of the following stages:" 
(1)) Primitive conjecture. 
(2)) Proof (a rough thought-experiment or argument, decomposing the 
primitiveprimitive conjecture into subconjectures or lemmas). 
(3)) 'Global' counterexamples (counterexamples to the primitive con-
jecture)jecture) emerge. 
(4)) Proof re-examined: the 'guilty lemma' to which the global coun-
terexampleterexample is a 'local' counterexample is spotted. This guilty lemma 
maymay have previously been 'hidden' or may have been misidentified. 
NowNow it is made explicit, and built into the primitive conjecture as 
aa condition. The theorem - the improved conjecture - supersedes 
thethe primitive conjecture with the new proof-generated concept as its 
paramountparamount new feature. 
Thesee four stages constitute the essential kernel of proof analysis. But 
theree are some further stages which frequently occur: 
(5)) Proofs of other theorems are examined to see if the newly found 
lemmalemma or the new proof generated concept occurs in them: this concept 
maymay found lying at cross-roads of different proofs, and thus emerge as 
ofof basic importance. 
(6)) The hitherto accepted consequences of the original and now refuted 
conjectureconjecture are checked. 
(7)) Counterexamples are turned into new examples - new fields of 
inquiryinquiry open up. 

aAss I have stressed the actual historical pattern may deviate slightly from this 
heuristicc pattern. Also the fourth stage may sometimes precede the third (even in 
thee heuristic order) - an ingenious proof analysis may suggest the counterexample. 

(Lakatoss 1976, pp.127-128) 

Lakatos'' brilliant essay "proofs and refutations," an extensive discussion of the 
polyhedrapolyhedra conjecture, goes far beyond the simple example we discussed in detail 
inn chapter 5. This conjecture, baptized the "Euler's formula" by Pólya (1954a, 
p.52),, states that for polyhedra the number faces plus the number of vertices 
equalss the number edges plus two, in symbols, F + V = E + 2 or, equivalently, 
VV — E + F — 2.25 Lakatos (1976) discusses in great detail, based on historical 

25Thee Euler's formula is extensively discussed in (Pólya 1954a, chap.III, pp.35-58). Lakatos' 
essayy dramatically extends Pólya's initial discussion: 

Thee phase of conjecturing and testing in the case o(V — E + F = 2is discussed in 
Pólyaa ([1954], vol. I, the first five sections of the third chapter, pp.35-41). Pólya 
stoppedd here, and does not deal with the phase of proving ... Our discussion 
startss where Pólya stops. (Lakatos 1976, p.7) 

Ratherr surprisingly, and notwithstanding Lakatos' contribution, this seems not to give Pólya 
adequatee credits: First, the discussion does in fact continue for two more sections (Pólya 1954a, 
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material,, the intricate process of incessant improvement of guesses by speculation 
andd criticism. His discussion includes dealing with global and local counterex-
ampless (falsifying whole conjecture or an intermediate lemma); rejection of the 
conjecture;; improving the conjecture by exception-barring methods (comparable 
too what we called weakening of the conjecture); rejection of counterexamples by 
monster-barringg or monster-adjustment (comparable to what we called the re-
movall  of nonintended models by adding implicit background knowledge). Most 
off  the revisions in case of the polyhedra conjecture concern the used definitions. 
Thee similarities will become even more apparent if we extend our discussion by 
consideringg the revision of definitions. Notice, however, that this will make the 
processs more complicated for the revision of a definition will affect all occurrences 
off  the defined term. A defined term may, of course, occur in several of the con-
jectures,, but the same term may also occur in some of the axioms (in which case 
aa revision of the definitions yields a different theory). Moreover, the effect of 
suchh a revision also depend on where the defined term occurs in a conjecture or 
axiom.. For example, if we strengthen the definition of a defined term occurring 
inn a conjecture that is a conditional statement, the conjecture will become weaker 
iff  the defined term occurs in the antecedent part, and stronger if it occurs in the 
consequentt part of the conjecture. 

Lakatos'' heuristic pattern of mathematical discovery, influenced by the revival 
off  mathematical heuristics (Pólya 1945, 1954a,b, 1962, 1965), is discussing infor-
mall  mathematics. Our investigations are based on the logical axiomatization of 
scientificc theories, a pre-eminent part of formal mathematics. As a result, there 
are,, despite the various similarities, also some notable differences. Perhaps the 
mostt prominent difference is the trivial but extremely useful observation that, in 
aa strictly formal theory, counterexamples need not mysteriously "emerge" nor be 
suggestedd by "an ingenious proof analysis"—they are merely formal models of 
thee theory. 

Itt is important to note that Lakatos is explicitly dealing with mathematical 
discovery.. This immediately suggests links between our computational approach 
andd research in machine discovery or scientific discovery (Langley et al. 1987; 
Shragerr and Langley 1990; Simon 1995).26 Most of the machine discovery sys-
temss deal with the induction of theories from facts or data, and our theory-driven 

§111.6/7,, pp.41 43), among others discussing critical counterexamples like the picture-frame 
orr doughnut shaped polyhedra (that feature prominently in Lakatos' method [Lakatos 1976, 
p.. 19]). Second, the discussion even further continues in the remarks and comments on chapter 
II II  (Pólya 1954a, pp.52-58) by refining the statement and eventually leading to exercises 9, 29 
andd 39 in which versions of the Euler's formula are to be proved. Third, there is an appendix 
thatt gives the solutions of the exercises in chapter II I (Pólya 1954a, pp. 222-227), including the 
proofss of three version of the Euler's theorem. 

26Lakatos'' discussion plays an important role in reaseaxch on theory change (Darden 1990, 
1991,, 1992), and has inspired various systems in machine learning (Hayes-Roth 1984; Falken-
hainerr and Rajamoney 1988). The underlying Popperian methodology features prominently in 
(Shapiroo 1991), which provides an elegant algorithm that, given an unknown model that serves 
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approachh is complementary to these data-driven approaches. Our focus has been 
entirelyy on inferences at the theoretical level: addressing how to go from hypothe-
sess and conjectures to axioms and theorems, and for the time being ignoring how 
aa hypothesis or conjecture can be inductively inferred from empirical data. Many 
off  the working systems in machine discovery are based on heuristic search and 
cognitivecognitive models of science (Giere 1992) and usually does not worry too much 
aboutt the underlying principles involved (for which it has been criticized by some 
[Glymourr 1992a]). A striking example is the most famous machine discovery sys-
tem,, AM (Lenat 1976), whose impressive results seem to be difficult to reproduce 
(Ritchiee and Hanna 1984). A further difference is that early machine discovery 
systemss tried to de-emphasize human intervention and were supposed to operate 
autonomously,, whereas our approach is essentially interactive. Recent machine 
discoveryy systems have re-evaluated the role of user interaction. Human-computer 
collaborationn has now been identified as the source of generality among successful 
discoveryy programs (Valdés-Pérez 1999).27 De Jong and Rip (1997) give a vivid 
discussionn of how this role might evolve in the future. 

8.66 Sociology 

Throughoutt the thesis, our approach has been application-oriented. In all chap-
ters,, we provided or discussed formalizations of actual social science theories. The 
sociall  sciences have rarely been the subject of an axiomatization attempt using 
formall  logic.28 However, over the years, there has been a lot of effort in the math-
ematicall  formalization of the social sciences. The most successful efforts belong to 
thee field of economics, which is dominated by mathematical theories (an excellent 

ass an oracle deciding the truth of sentences in this model, can inductively infer a theory that 
impliess all (testable) sentences that are true in this model. 

277 Lenat always stated that all results were obtained in "totally unguided runs" (Davis and 
Lenatt 1982, p.129). However, the user could improve AM's performance with "about a factor 
off  2 or 3 speedup" by guiding AM to focus on specific concepts, and "obtain much nicer results" 
byy adding new concepts and results to AM's knowledge base. Moreover, Lenat already envi-
sionedd that machine discovery systems would ultimately be interactive: "There is one important 
observationn to be made: the very best examples of AM in action were brought to full fruition 
onlyy by a human developer. That is, AM thought of a couple of great concepts, but couldn't 
developp them well on its own. A human (the author) then took them and worked on them by 
hand,, and interesting results were achieved. These result could be told to AM, who could then 
goo off and look for new concepts to investigate. This interaction is of course at much lower 
frequencyy than the kind of rapidfire question/answering talked about above. Yet it seems that 
suchh synergy may be the ultimate mode of AM-lik e systems: creative assistants to experts" 
(Daviss and Lenat 1982, p.130). 

28AA notable exception in sociology is (Kyburg 1968, chap.12), which presents a first-order 
logicc version of Simon's mathematical model (1952; 1957) of Homans' theory of the human 
groupp (1950). 



164 4 ChapterChapter 8. Discussion & Related Work 

examplee is Debreu 1959) .29 Outside economics, however, the situation is differ-
ent.. Consider the field of sociology. The mathematical formalization of theories 
inn sociology was attracting much attention during the sixties and early seventies 
(forr example, Lazarsfeld 1954; Kemeny and Snell 1962; Coleman 1964; Blalock 
1969;; Fararo 1973).30 Many sociologists had high hopes that mathematical soci-
ologyy could provide a fruitful theoretical perspective that could further progress 
sociologyy as a scientific discipline, similar to Lewin's remarks on the neighboring 
disciplinee of social psychology: 

Thee greatest handicap of applied psychology has been the fact that, 
withoutt proper theoretical help, it had to follow the costly, inefficient, 
andd limited method of trial and error. Many psychologists working 
todayy in an applied field are keenly aware of the need for close co-
operationn between theoretical and applied psychology. This can be 
accomplishedd in psychology, as it has been in physics, if the theorist 
doess not look toward applied problems with highbrow aversion or with 
aa fear of social problems, and if the applied psychologist realizes that 
theree is nothing so practical as a good theory. (Lewin 1951, p.169) 

However,, the high hopes were never fulfilled and, despite all efforts, the in-
terestt in formal theorizing phased out during the seventies, and formal theory is 
noww situated at the periphery of sociology (S0rensen 1978; Hage 1994a; Hannan 
1997).. It is unclear what caused the untimely demise of formal theorizing in 
sociology.. Various knowledgeable insiders have tried to explain demise of math-
ematicall  theory (see the collection devoted to this [Hage 1994a]). There seems 
too be no simple explanation and we will here just reiterate three of the causes 
thatt seem pertinent. The reasons proposed include the fact that most sociologists 
seemm to be content with the relatively simplistic theories that are available. 

Nearlyy all sociologists give lip service to the notion that social reality is 
complex.. Yet we seem to prefer relatively simple theoretical explana-
tionss of this reality, together with data analyses and measurement-
errorr assumptions that are also highly simplistic. (Blalock 1994, 
p.121) ) 

AA second explanation is the fact that most applications of formal theorizing in 
sociologyy try to adopt formal theories from other disciplines, instead of formalizing 

29Inn economics, formal logic plays a similar role as in mathematics, i.e., logic is used for 
addressingg foundational issues and regular mathematics is thought to be informal (see the 
discussionn in Dow, Krugman, Weintraub, Backhouse, and Chick 1998). 

300 The relation between sociology and positivism dates back even longer: the introduction 
off  both the terms 'positivism' (or at least, 'positive philosophy1) and 'sociology' is commonly 
attributedd to one and the same person, Auguste Comte. Although it is the case that logic and 
sociologyy are put at considerable distance in his hierarchy of sciences, which is roughly a linear 
seriess starting with logic and mathematics and winding up with biology and sociology (Comte 
1830). . 
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theoriess that originate from sociology. 

Thee construction of models implementing a theory about a sociological 
phenomenonn would be regarded a central activity of mathematical so-
ciology.. It is, however, not the activity that dominates mathematical 
sociology.. Rather, most contributions to the literature apply math-
ematicall  models already existing and usually borrowed from other 
discipliness to sociological phenomena. The sociological interpretation 
off  these models renders them mathematical sociology. (S0rensen 1978, 
pp.345-346) ) 

AA third cause of the demise of formal theorizing in sociology may be a miss 
matchh between the vague, qualitative discourse of the verbal theories and the 
demandss of disciplined, mathematical discourse. 

Thee availability of natural-language theories were—and are—partial 
andd imprecise: use of formal languages, especially mathematics, de-
mandedd closure and extreme (usually metric) precision. Effort at for-
malizingg sociological theories with classical tools required the analyst 
too assume too much—e.g., to supply the missing assumptions about 
metrics,, continuity, and differentiability of functions. As a result the 
formalizationss offered during this period yielded models that failed 
too resonate closely with the original theories. The formalizers tended 
too blame the theorists for not building sufficiently precise theories, 
andd theorists increasingly stopped paying attention. (Hannan 1997, 
pp.145-146) ) 

Thee unfortunate result of all of this is that the current state of theory in 
sociologyy is a confused state of fragmentation and politicization (Hage 1994b). 
Somee of the theories in sociology contain insightful and important ideas, but these 
cann be easily lost in the overall confusion. 

InIn the light of these remarks above, it may be difficult to convince social 
scientistss that the current interest in logical formalization will not share the same 
fate.. Of course, only time can tell, but we believe that there are some important 
reasonss why the current interest in logical formalization need not share the fate 
off  its predecessors. 

Thee first reason is that logical formalization uses a formal language that allows 
aa precise and formal expression of statements that can still be as general as its 
naturall  language expression. Mathematical formalization, such as the construc-
tionn of causal models, typically requires quantification and closure (the assump-
tionn that all unmentioned variables and interactions are irrelevant), and various 
highlyy technical assumptions like the uncorrelatedness of rest terms with inde-
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pendentt variables in the same equation (Blalock 1969, 1971; Hannan 1971a).31 It 
importantt to note that none of these assumptions is required by the logical for-
malizationn of a theory. As Hannan (1997, p. 146) commented on the formalization 
off  parts of his theory: 

FOLL [first-order logic] allows natural language statements to be given 
ann expression that is formal (in the sense that it can be used in calcu-
lationss by a theorem prover) yet remains close to the natural language. 
Thee semantic richness of FOL narrows the gap between the theorist's 
statementt and the formalizer's rendition. 

Thee logical reconstruction of an ordinary language theory allows the analyst to 
followw the original theory's argumentation closely—making results obtained in 
thee formal version of the theory also apply to the original theory. The aim of an 
axiomatizationn attempt is to formalize the theoretical knowledge as captured in 
ann authoritative theory, and we do not expect to write down the basic axioms of 
sociologyy or organization science. Formalizing this theoretical knowledge can be, 
off  course, in itself an important, initial step towards the formulation of some of 
thee (more) basic axioms of sociology. 

Thee second reason is the current focus on the formalization of theories that 
originatee from the domain of sociology. We do not attempt to fit a sociolog-
icall  theory into a pre-existing mathematical framework, but attempt to fit a 
mathematicall  framework onto a pre-existing sociological theory—as readers who 
attemptt to see through our logical notation may have noticed. Of course, giving 
aa sociological interpretation to formal theories originating from other disciplines 
cann lead to important insights, or even start new research areas in sociology. 
Inn fact, some of the most important research is inspired by theories originating 
fromm other disciplines. Think for example of how economic game theory (Von 
Neumannn and Morgenstern 1944) inspired much research in decision-making, co-
operation,, and rational choice (see, for example, Axelrod 1984; Coleman 1990). 
Nevertheless,, we feel that there is a complementary need to formalize theories 
originatingg from sociology itself. 

Thee third reason is the availability of the computational support that can deal 
withh calculations that are required for the formalization of theories. If these tools 
playy only a small part of the role computational support played in advancing 

311 As Hannan (1971b, p.473) stated, "such approaches to making causal inferences from non-
experimentall  data place a number of constraints on the analyst. In particular, he must make 
explicitt most of the assumptions underlying both his model and analysis operations." In as far 
ass these are underlying assumptions of the model, making them explicit is an important con-
tributionn to the theory. However, in as far as these are underlying assumptions of the analysis 
operations,, they can be regarded as merely constraints on the applicability of these techniques. 
Thesee constraints seems to be non-trivial, considering that "[g]iven the state of theory and 
dataa in the nonexperimental social sciences, it is highly unlikely that all of the assumptions 
underlyingg any one of the techniques will be met in any substantively interesting application" 
(Hannann 1971b, p.473). 
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thee use of statistics in the social sciences, the prospects of logical formalization 
aree more than promising. Although too early for a full assessment, there are 
somee positive telltale signs: the field of automated reasoning recognized the use 
off  these tools for building and testing theories as one of its most important long-
termm applications (Loveland 1996). 

Thee fourth reason is that there are few alternatives that address sociological 
theoryy head on. Many theoretical texts in sociology are not very explicit on 
thee underlying assumptions that they make. If we want to advance the state 
off  sociological theory, it seems inevitable to make these underlying assumptions 
partt of the discussion. As Blalock (1964, p.171) put it: 

Quitee clearly, a failure to state one's assumptions explicitly does not 
makemake them disappear in some magical way. It does, however, make it 
muchmuch more difficult to evaluate and reject a given theoretical system. 
Theoreticall  inadequacies are harder to spot, and untestable theories 
remainn to clutter up the literature. Such a state of affairs is hardly 
desirable. . 

Sociologistss will not dispute the validity of this statement and will broadly agree 
withh it, however, it may remain a different matter whether they will also act 
accordingly.32 2 

Modernn statistics provides powerful tools for analyzing our data, logical for-
malizationn is an attempt to provide similar tools for analyzing our theories. First-
orderr logic is simple and clear (Kiser 1997), and does in itself not require expensive 
empiricall  research (Péli et al. 1994). Moreover, it may actually prevent us from 

322 As an anonymous reviewer confided to us in a revealing remark ending with some disquiet-
ingg questions: "This is an admirable sentiment, and one that I fully endorse, but I feel it may 
nott adequately take account of the realpolitik of our discipline (and perhaps most social science 
fields).fields). Cynical as it may sound, some major theorists may not welcome techniques that expose 
logicall  flaws in their theories and increase the theories1 exposure to critical assessment. While 
mostt of the major management theories have been subjected to empirical testing, it is very diffi -
cultt to think of a case in which that testing has been conclusive—either a conclusive verification 
orr a conclusive falsification. The openendedness of these streams of 'testing' research can be 
attributed,, at least in part, to the logical and empirical ambiguity of the theories being tested. 
Thiss openendedness is frustrating for those who want some empirical resolution of theoretical 
questions,, but it plays to the political interests of the theorists, who accumulate more citations 
too their work and more reputational advantages the longer an inconclusive stream of research is 
perpetuated.. There is littl e or no stigma attached to the theorist if her theory is never conclu-
sivelyy verified or falsified; instead, we tend to lay the blame for lack of empirical answers on the 
empiricall  researchers and their methods. Thus, I believe there is a disincentive on the part of 
theoristss to make their theories logical and falsifiable, and a resistance to the endeavors of those 
whoo would like to force theory in that direction. I do not argue that theorists intentionally 
sett out to make their theories murky or non-falsifiable; but there is an unconscious response to 
thee existing reward structure that reduces effort to rectify those conditions. Assuming there is 
somee validity to my argument, how would you 'sell' your logical formalization approach? How 
realisticc are the prospects that such a technique would ever be adopted by the 'towers of power' 
inn management?" 
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performingg empirical research on inconsistent or unfalsifiable theories. Neverthe-
less,, there are no silver bullets and logical formalization cannot be considered a 
panaceapanacea (Péli et al. 1994). The logical criteria are additional and complemen-
taryy to the standard, empirical criteria for evaluating theories and ignore many 
dimensionss that researchers use in order to discern useful theories, for example 
theirr empirical plausibility, their relevance, the insight they provide, their social 
orr political philosophy, or their elegance and intuitive appeal. This is not as 
disadvantageouss as it may appear at first glance. The logical criteria are objec-
tive,, structural criteria on scientific theories. They are fundamentally different 
fromm empirical, subjective, or political criteria. Confounding them can create 
unnecessaryy confusion (Masuch et al. 1996). 

Theree has been much debate on what constitutes a sociological theory (Freese 
1980;; Van de Ven 1989b; Sutton and Staw 1995). The case studies in this thesis 
presentt theories in the strict sense of a deductive system (Tarski 1956).33 One 
wayy to view this strict notion is as a theory in its purest form, or as an 'ideal 
type'' of theory. Few sociologists will argue against deductive systems satisfying 
thee criteria of theories (or even of good theories [Van de Ven 1989a], or of strong 
theoriess [Sutton and Staw 1995])—even without agreeing on the exact criteria 
thatt theories should meet. Using the strict notion of theories allows us to be 
onn the safe side, as it were. We do not want to de-emphasize the importance 
off  other, less formal notions of theory. Formulating theoretical ideas in a less 
formall  manner can be extremely useful, especially during earlier stages of theory 
development.. The discovery of theories requires creativity and insight—activities 
withh which formal logic is rarely associated. As Weick (1995) remarked: 'what 
theoryy is not, theorizing is.' The process of theory development may very well 
resemblee some form of 'disciplined imagination' (Weick 1989)—maybe logic can 
helpp us understand the 'discipline' involved. 

33Similarr views have been proposed earlier. This notion, although used informally, can be 
tracedd in the writings of (for example, Durkheim 1938; Weber 1968; Neurath 1970; Beth 1958a; 
Kaplann 1964; Homans 1967; Merton 1968; Stinchcombe 1968; Eister 1978). 


