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Chapterr  1 
Introductio nn &  Overview 

Iff  we like, we can look on theory as a game. The winner is the 
mann who can deduce the largest variety of empirical findings from 
thee smallest number of general propositions, with the help of a 
varietyy of given conditions. . .. A science whose practitioners 
havee been good at playing it has achieved a great economy of 
thought.. No longer does it face just one damn finding after an-
other.. It has acquired an organization, a structure. . .. But if 
theoryy is a game, it must like other games be played according 
too the rules, and the basic rules are that a player must state real 
propositionss and make real deductions. Otherwise, no theory! 

—Georgee Caspar Homans, The Nature of Social Science 

Thee common availability of powerful computers can radically change the way sci-
encee is performed. To realize this potential we need to make scientific knowledge 
accessiblee to our computers. Over the last decades, advances in computer science 
havee allowed for the large-scale, computational representation of scientific data. 
Thee same progress has not yet been achieved for the most distinguished form 
off  scientific knowledge—our scientific theories. Before we can computationally 
reasonn with theories, we have to find a suitable representation for them. This 
thesiss presents a logical approach to computational theory building, that is to say, 
wee will investigate the representation of scientific theories in formal logic. 

Scientificc theories are usually viewed as systems of propositions: the theory 
makess particular claims that follow from a number of underlying assumptions. 
Thee argumentation for such a claim usually involves both assumptions about 
thee empirical reality, and general rules of inferencing (whose validity does not 
dependd on the case at hand). Logic is the scientific discipline that traditionally 
investigatess these general rules of inferencing. Formal logic provides rigorous 
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formalismss that can play at least a normative role for deciding the validity of 
arguments.11 The representation of theories as logical arguments is one of the 
leastt original thoughts in this thesis. It dates back long before the invention of 
computers,, and can be traced to the writings of Aristotle, who provided the first 
explicitt formal logic. In light of these historical facts, perhaps a more appropriate 
titl ee for this thesis would have been a computational approach to logical theory 
building? building? 

Thee merits of a logical representation of theories are well-understood and fre-
quentlyy elaborated, and it has been shown that interesting methodological issues 
cann be raised and discussed under the assumption that theories are axiomatized 
inn formal logic. However, it should be noted that, so far, logical axiomatizations 
off  significant scientific theories from the empirical sciences have rarely been con-
structed.. In other words, the practical use of formal logic to represent actual 
theoriess from the empirical sciences is far less understood. These practical as-
pectss will be the main focus throughout this thesis, and one of its main lines 
wil ll  be the logical formalization of actual scientific theories. In particular, we 
wil ll  provide or discuss formal renditions of actual theories or theory fragments 
inn each chapter of this thesis.3 For these applications of formal logic, we will use 
sociall  science theories from the field of sociology and, especially, its subfield of 
organizationn science. This is, perhaps, a surprising choice because the paradigm 
exampless of scientific theories in the empirical sciences belong to other domains, 
inn particular to the domain of physics. The field of sociology is even renowned 
forr its lack of systematic theory. Nevertheless, in as far as sociology is a science, 
itt should adhere to the same methodological principles as the other sciences (for 
example,, whether a theoretical argument in sociology is valid should be judged by 
thee same criteria as an argument in physics). As has been widely argued before 
(Nagell  1956; Rudner 1966; Popper 1969; Neurath 1970), the "logic" of the social 
sciencess is not different from the other sciences. 

^ h ee precise relation between logic and thinking is quite complex and need not concern us 
here.. Even though human reasoning frequently defies logical principles, it can usually be recon-
structedd as a logical argument, for example by making explicit the underlying tacit assumptions 
(Henlee 1962). 

Somee have argued against logical representations of theories because they are 'unrealistic,1 

inn the sense that there is littl e correspondence between logical and informal notions of theories 
ass they occur in the literature. More specifically, logical theories are commonly thought to be 
onlyy 'syntactic,1 having no place for the 'theoretical intuition' or the 'mental models' behind the 
theory.. To what extent this is a valid objection remains to be seen (at least, we will later present 
clearr cases that undermine this view). Here, we just want to make the following observation: 
evenn if this notion may seem unnatural for human theorizing (especially outside the fields of 
logicc and mathematics), it does seem a natural notion for computational theorizing. 

3Whetherr these formal theory fragments wil l qualify as full axiomatizations of significant 
scientificc theories remains to be decided, but they will suffice for substantiating the points we 
wantt to address. 
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1.11 Overview 

Thee chapters in this thesis are relatively self-contained, allowing for separate 
chapterss to be read independently. This thesis is structured as follows: 

1.1.11 Introductio n and Overview 

Thiss chapter wil l continue with an overview of the rest of this thesis. 

1.1.22 Formal Theory Buildin g Using Automated Reason-
ingg Tools 

Chapterr 2 prepares the ground for a computational methodology for axiomatizing 
scientificc theories. Its first goal is to explore how logical criteria for evaluating the-
oriess can be established, in practice, using generic automated reasoning tools. Its 
secondd goal is to investigate which logical criteria correspond to natural questions 
too be asked about theories from the social sciences. 

Computationall  support can be of decisive importance for providing actual 
formalizationss of theories. The automatization of logical inferencing has a long 
historyy (Newell and Simon 1956; Beth 1958b).4 A decision to use standard first-
orderr logic makes immediately available a wide variety of computer applications. 
Moree specifically, we can reuse generic tools developed in the field of automated 
reasoningg (Wos et al. 1992). In this chapter, we wil l investigate whether current 
automatedd theorem provers and model generators can be of use to determine some 
off  the familiar criteria for evaluating theories as proposed in logic and philosophy 
off  science, such as the consistency and falsifiability of theories, and the soundness 
off  derivations. This was inspired by earlier papers on the logical formalization of 
sociall  science theories (Péli, Bruggeman, Masuch, and O Nuallain 1994; Péli and 
Masuchh 1997) that use an automated theorem prover to prove the derivability 
off  theorems.5 By extending the range of criteria we can make a more detailed 
evaluationn of the formal theory. 

Theree are convincing philosophical arguments that social science theories 
shouldd be evaluated by the same criteria as theories from other disciplines (Rud-
nerr 1966; Popper 1969). This does not imply that these criteria are directly 
applicablee to theoretical writings in sociology. More specifically, these criteria 

4Newell,, Shaw, and Simon (1957) report the remarkable achievements of their computer 
program,, the Logic Theory Machine, which discovered proofs of 38 out of the first 52 theorems 
inn the second chapter of the Principia Mathematica (Whitehead and Russell 1962, probably 
theoremss *2.02-*2.521 on pp.98-107). 

5Earlierr papers also addressed the consistency of their theories by checking whether the 
search-spacee of an automated theorem prover contained a contradiction. Of course, it is likely 
thatt the theorem prover would have found a contradiction in case the theory was inconsistent. 
However,, being unable to find a contradiction in this necessarily limited search-space does not 
inn itself prove that the theory under consideration is consistent. 
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mightt address issues that do not (yet) appear to be relevant to theorizers in so-
ciology.. The main part of this chapter is a case study of the formalization of a 
sociologicall  theory, Hopkins (1964) "The Exercise of Influence in Small Groups." 
Ass it turns out, several of the standard criteria are relevant for this specific theory 
underr consideration. Moreover, we succeeded in computationally evaluating each 
off  these criteria using automated reasoning tools. Specifically, we formally and 
computationallyy proved the soundness of theoretical inferences; proved the con-
sistencyy of the theory; proved the falsifiability and satisfiability (and, therefore, 
thee contingency) of the theorems; proved that additional theorems do belong to 
thee theory (when interpreted as a deductive system); proved that the axioms of 
thee theory are not independent; and, finally, provided minimal axioms sets of the 
theoryy (which are proved to be independent). The use of automated reasoning 
toolss is subject to various limitations, think of the undecidability of first-order 
logic,, and practical limitation of CPU-power, memory, and time. However, using 
onlyy default settings for the programs, none of the actual proof or model searches 
forr determining the criteria required more than five seconds. That is to say, the 
evaluationn of sociological theories seems to be within the computational power of 
currentt automated reasoning tools. 

Realizingg the full potential of these automated reasoning programs requires an 
intimatee knowledge of the internal machinery. First, it requires an understand-
ingg of the automated reasoning techniques (see [Fitting 1996] for an overview). 
Forr example, interpreting the proofs generated by an automated theorem prover 
requires,, at least, knowledge of the used inference rules (for example, OTTER [MC-

Cunee 1994b] can use a dozen inference rules). Moreover, since there does not exist 
aa uniform output-format, interpreting generated proofs also requires knowledge 
off  the internal representation format used by the program. If a theorem prover 
failss to generate a proof, then examining a trace of the failed proof attempt is 
evenn far more bewildering. Second, using automated reasoning tools also requires 
heuristicc knowledge on the choice of inference rules and search strategies (there 
aree surprisingly few publications that address this, a notable exception is [Wos 
1996]).. Most of our problems turned out to be relatively simple, in the sense that 
theyy can be solved by the programs using the default settings. At least, this is 
truee for the simplified and cleaned-up final versions of the theories presented in 
thiss thesis. Some of the intermediate versions did require serious efforts to be 
provenn automatically, including modification of the used programs themselves.6 

Ourr main concern is how these types of tools can be used for the formalization of 
theories.. Therefore, we will abstract away from program-specific details as much 
ass possible. 

66 For example, the substantive theories used in this thesis usually have large vocabularies, 
whereass the distributed version of MAC E accepts at most a total of twelve constants, predicates, 
andd functions (including functions resulting from Skolemization). Most programs are distributed 
withh their source-code, allowing modifications to these programs to be implemented by the user. 
Wee will gladly spare the reader the details. 



1.1.1.1. Overview 5 5 

1.1.33 A Formal Theory of Organizations in Action 

Chapterr 3 presents an axiomatization of a classic organization theory, Thomp-
sonn (1967) "Organizations in Action." Thompson's book is one of the classic 
contributionss to organization theory: it provides a framework that unifies the 
perspectivee treating organizations as closed systems, with the perspective that 
focusess on the dependencies between organizations and their environment. This 
frameworkk has influenced much of the subsequent research in organization theory. 
"Organizationss in Action" is an ordinary language text, in which only the main 
propositionss are clearly outlined. This chapter provides a formal rendition of the 
firstt chapters of the book, by reconstructing the argumentation used in the text. 

Althoughh the text of "Organizations in Actions" does not contain explicit 
definitions,, the use of terminology in the text strongly suggests strict dependencies 
betweenn several important concepts. This allowed for the definition of these 
conceptss in terms of a small number of primitive notions of organization theory. 
Inn the formal theory, the key propositions of (Thompson 1967) can be derived 
ass theorems. The proofs of these theorems are based on a reconstruction of the 
argumentationn in the text. Additionally, the formal theory explains why the 
theoryy is restricted to a particular type of organizations. Moreover, it derives a 
heretoforee unknown implication of the theory that relates Thompson's theory to 
recentt empirical findings and current developments in organization theory. 

1.1.44 Criteri a for  Formal Theory Buildin g 

Thee social sciences are renowned for the richness of their vocabulary (one of the 
mostt noticeable differences with theories in other sciences). Social science theories 
aree usually stated using many related concepts that have subtle differences in 
meaning.. As a result, a formal rendition of a social science theory will use a large 
vocabulary.. In the formalization of chapter 3 we started to experiment with the 
usee of definitions as a means to combine a rich vocabulary with a small number 
off  primitive terms. 

Noww definitions are unlike theorems and unlike axioms. Unlike the-
orems,, definitions are not things we prove. We just declare them by 
fiat.fiat. But unlike axioms, we do not expect definitions to add substan-
tivee information. A definition is expected to add to our convenience, 
nott to our knowledge. (Enderton 1972, p.154) 

Iff  dependencies between different concepts are made explicit, we may be able 
too define some of the concepts in terms of the other concepts, or in terms of 
aa smaller number of primitive concepts. If the theory contains definitions, the 
definedd concepts can be eliminated from the theory by expanding the definitions. 
Eliminatingg the defined concepts does not affect the theory, in the sense that the 
modelss and theorems of the theory remain the same. 
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Chapterr 4 extends the initial discussion of criteria for evaluating theories in 
chapterr 2. Our earlier discussion did not distinguish between types of premises. 
Here,, we discuss how to augment these criteria for scientific theories containing 
definitions.. We will provide practical operationalizations of criteria for evaluat-
ingg theories, including the consistency (existence of a model) or inconsistency 
(derivabilityy of contradictory statements) of the theory; the soundness (existence 
off  a proof) or unsoundness (existence of a counterexample) of conjectures and 
theorems;; the satisfiability and falsifiability of theorems; and the independence 
off  axioms. The tests for the criteria, in practice amounting to particular proof or 
modell  searches, can be directly performed by existing automated reasoning tools. 

Wee used the criteria to evaluate a formal rendition of a classic organization 
theory,, the formal theory of "Organizations in Action" discussed in chapter 3. 
Assessingg the criteria allows for an exact evaluation of the merits of a theory. In 
somee cases, this may reveal important facts about the theory, for example, the 
casee study showed that one of the derived statements is unfalsifiable—empirical 
investigationn of it can, at best, confirm its trivial validity. 

1.1.55 The Process of Axiomatizing Scientific Theories 

Scientificc activities are traditionally dichotomized into the context of justification 
andd the context of discovery. Within this distinction, the axiomatization of the-
oriess is viewed as the ultimate step in the justification of a theory. Chapter 5 
dealss with the question to which extent the axiomatization of theories should be 
consideredd as strictly justification. 

AA first-order logic rendition of a theory gives an explicit, unambiguous expo-
sitionn of the theory. As discussed in chapter 4, there exists a number of criteria 
(mostt importantly, the consistency of theories and the soundness of derivations 
off  theorems) that can be evaluated using generic tools from automated reason-
ing.. We can make a rigorous evaluation of a scientific theory by assessing these 
criteria.. However, we do not view these criteria as rigid, final tests. Quite the 
opposite,, in our experience the criteria are especially useful during the process 
off  formalizing a theory. The tests we suggest to evaluate the criteria do not 
onlyy prove a criterion, but also present a specific proof or model that is available 
forr further inspection. Specifically, during the construction of a formal theory, 
thee criteria can provide useful feedback on how to revise the formal theory in 
casee of a deficiency. For example, any exposition of a theory in ordinary lan-
guagee makes various theoretical presuppositions. Formalizing a scientific theory 
requiress these presuppositions to be made explicit. To identify these implicit 
backgroundd assumptions is one of the thorniest problems in the formalization of 
aa theory, requiring a deep understanding of the substantive field under consider-
ation.. If the appropriate background assumptions are not added to the formal 
theory,, various conjectures may not be derivable. However, if we can find specific 
counterexampless to such an underivable conjecture, it is immediately clear why 
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ourr proof attempt has failed. In particular, these counterexamples reveal which 
implicitt (background) assumptions need to be added to the formal theory. 

Wee will give a detailed illustration of this by formalizing a theory fragment 
fromm Zetterberg (1965) "On Theory and Verification in Sociology." As it turns 
out,, we will repeatedly revise the formal rendition of the theory, by adding im-
plicitt background knowledge, reformulating the conjectures, and changing the 
axiomss of the theory. This process of formalization is essentially interactive. 
Wee attempt to use computational support for those tasks for which computers 
aree better equipped. For example, we use automated reasoning tools for finding 
proofss or models. Notice that human theorizers have often difficulty in finding 
counterexampless that were not intended to be models of the theory. Theorizers 
tendd to ignore these models since they conflict with their common-sense or with 
theirr understanding of the substantive domain. Fortunately, an automated model 
generatorr does not have such a bias. On the other hand, a human theorizer can 
usee this knowledge to distinguish between non-intended models and genuine coun-
terexamples.. This decision is crucial because it determines whether we need to 
revisee the premises (in case of a non-intended model) or whether we need to revise 
thee conjecture (in case of a genuine counterexample). The product of our axiom-
atizationn attempt, a first-order logic rendition of a theory, is a deductive theory. 
However,, the process of axiomatizing a theory is essentially non-deductive. For 
example,, we may decide to revise the theory to account for a counterexample. 
Suchh an attempt to revise the theory is abductive. In fact, we use an extended 
formm of abduction, since we may either decide to change the premises to explain 
thee claim (traditional abduction), or decide to change the claim such that it can 
bee explained by the premises as they stand. 

Finally,, and most importantly, the revision of the formal theory may have an 
impactt on the original theory. This can be of great importance since even a minor 
modificationn of the original theory may avoid the costs involved in the empirical 
testingg of incorrect or irrelevant hypotheses. The used criteria facilitate a piece-
meall  revision of the theory, resulting in a cyclic process of theory development, 
muchh like the discussion of the polyhedra conjecture in (Lakatos 1976). 

1.1.66 Partial Deductive Closure 

Chapterr 6 presents earlier work on an implemented program to enumerate a 
certainn class of theorems. 

Inn formal logic, the deductive closure of a theory is taken for granted—in fact, 
thee formal definition of a "theory" is a set of sentences closed under the rules 
off  inference (Tarski 1956). In reality, however, it is impossible to generate the 
completee deductive closure of a premise set, for the resulting set is infinite (since 
itt contains all tautologies, i.e., expressions that are always true and hence follow 
fromm any set). In consequence, the complete deductive closure of a premise set 
iss neither realizable nor desirable—only partial deductive closures provide useful 
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results.. In this chapter, we present an algorithm that performs an efficient partial 
deductivee closure for an important class of formulas, i.e., conditional formulas 
thatt relate two relevant domain properties. Statements of this form provide the 
backbonee of any empirical social science; arguably, it is the most important class 
off  empirical statements in the social sciences. 

Thee implemented program is applied to a first-order logic rendition of Hannan 
andd Freeman (1984) "Structural Inertia and Organizational Change" as published 
byy Péli et al. (1994). As it turns out, our algorithm generates more theorems 
thann the original discursive theory of organizational inertia made explicit, some 
off  which are of theoretical interest. 

1.1.77 Qualitative Reasoning beyond the Physics Domain 

Thee ability to reason qualitatively about physical systems is important to under-
standingg and interacting with the physical world for both humans and intelligent 
machines.. Accordingly, its study has become an important subject of research 
inn artificial intelligence. Most of the theories in the social sciences are qualita-
tivee theories. Chapter 7 does not discuss the formalization of theories in logic, 
butt the modeling of theories using qualitative reasoning techniques (Weld and 
dee Kleer 1990). Qualitative reasoning techniques are almost exclusively applied 
too the domain of physics (explaining the alternative names 'qualitative physics' 
andd 'naive physics'). This chapter makes a case for the application of qualita-
tivee reasoning techniques outside the domain of physics. As a case in point, this 
chapterr provides a qualitative simulation model of the density-dependence theory 
off  organizational ecology (Hannan and Carroll 1992), using the General Archi-
tecturee for Reasoning about Physics (GARP [Bredeweg 1992]).7 The simulation 
modell  is shown to generate results of theoretical relevance. The chapter discusses 
differencess between the application of qualitative reasoning techniques to physics 
andd to the social sciences. 

Reasonn for inclusion of this chapter is that sociological theories^unlike the-
oriess in physics—are usually qualitative descriptions, making them suitable can-
didatess for modeling with these techniques. Moreover, this type of 'cognitive1 

modelingg of qualitative theories has been very influential on the logical formaliza-
tionn view as outlined in earlier chapters. The qualitative reasoning techniques are, 
forr a large part, rooted on artificial intelligence research on common-sense rea-
soningg and, in particular, efforts to formalize knowledge of the everyday physical 
worldd (Hayes 1979, 1985b). Hayes' proposal stated explicitly: 

Itt is not proposed to develop a new formalism or language to write 
7Thiss system largely incorporates the Qualitative Process Theory (QPT [Forbus 1984]). 

Theree also exists a mathematically elegant system for reasoning with qualitative differential 
equationss {Kuipers 1994) (to which more expressive systems like QPT can be translated [Far-
quharr 1993]). 
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downn all this knowledge in. In fact, I propose (as my friends will 
havee expected) that first-order logic is a suitable basic vehicle for 
representation.. (Hayes 1985b, p.3). 

Thiss dictum is, in a sense, precisely what we did in earlier chapters. In this chapter 
wee will use one of the 'special' programming languages that was developed later.8 

Too no great surprise, there are direct ways to axiomatize these special qualitative 
reasoningg languages in first-order logic (Davis 1990, 1992). 

1.1.88 Discussion and Related Work 

Finally,, chapter 8 contains some discussion and references to related work. 

8Theree were legitimate computational reasons to develop these special languages. These spe-
ciall  languages allowed for building complex systems far beyond what computational inferencing 
inn first-order logic allowed. Earlier chapters show that this may be no longer the case. 




