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Chapterr 4 

Criteriaa for Formal Theory Building 

Thiss chapter provides practical operationalizations of criteria for evaluating scien-
tifi cc theories, such as the consistency and falsifiability of theories and the sound-
nesss of inferences, that take into account definitions. The precise formulation of 
thesee criteria is tailored to the use of automated theorem provers and automated 
modell  generators—generic tools from the field of automated reasoning. The use 
off  these criteria is illustrated by applying them to a first-order logic representation 
off  a classic organization theory, Thompson's Organizations in Action. 

4.11 Introduction 

Philosophyy of science's classical conception of scientific theories is based on the 
axiomatizationn of theories in (first-order) logic. In such an axiomatization, the 
theory'ss predictions can be derived as theorems by the inference rules of the 
logic.. In practice, only very few theories from the empirical sciences have been 
formalizedd in first-order logic. One of the reasons is that the calculations involved 
inn formalizing scientific theories quickly defy manual processing. The availability 
off  automated reasoning tools allows us to transcend these limitations. In the 
sociall  sciences, this has led to renewed interest in the axiomatization of scientific 
theoriess (Péli et al. 1994; Péli and Masuch 1997; Péli 1997; Bruggeman 1997; 
Hannann 1998; Kamps and Polos 1999). These authors present first-order logic 
versionss of heretofore non-formal scientific theories. 

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.. We recently started to experiment with the use of definitions as a 
meansmeans to combine a rich vocabulary with a small number of primitive terms. 

Noww definitions are unlike theorems and unlike axioms. Unlike the-
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oreras,, 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 to 
definee some concepts in terms of other concepts, or in terms of a smaller number 
off  primitive concepts. If the theory contains definitions, the defined concepts can 
bee eliminated from the theory by expansion of the definitions. Eliminating the 
definedd concepts does not affect the theory, in the sense that the models and 
theoremss of the theory remain the same. 

Thiss chapter provides practical operationalizations of criteria for evaluating 
scientificc theories, such as the consistency and falsifiability of theories and the 
soundnesss of inferences. In earlier discussion of the criteria for evaluating theories, 
wee did not distinguish between different types of premises (Kamps 1998a). Here, 
wee want to consider cases in which some of the theory's premises are definitions.1 

Inn this chapter, we will provide practical operationalizations of these criteria that 
takee definitions into account, and illustrate their use on a formal fragment of 
organizationn theory. 

4.22 Logical formalization 

Mostt social science theories are stated in ordinary language (except, of course, 
forr mathematical theories in economics). The main obstacle for the formalization 
off  such a discursive theory is their rational reconstruction: interpreting the text, 
distinguishingg important claims and argumentation from other parts of the text, 
andd reconstructing the argumentation. This reconstruction is seldom a straight-
forwardd process, although there are some useful guidelines (Fisher 1988). When 
thee theoretical statements are singled-out, they can be formulated in first-order 
logic.. The main benefit of the formalization of theories in logic is that it provides 
clarityy by providing an unambiguous exposition of the theory (Suppes 1968). 

followingg (Enderton 1972), predicate definitions are formulas of the form: 

Vx i , . . . , x„„  [P(x i , . . . , xn) «  tp(xi,...,xn)] 

wheree P is a (new) n-ary relation symbol, and \p a formula in the original language (i.e., not 
containingg P) in which only xi,...,xn may occur free. Function definitions are formulas of the 
form: : 

V x i , . . . , x n + 11 [ f (x i , . . . ,x„ ) = xn+i ++  jp(x1,...,xn+1)} 

wheree f is a (new) n-ary function symbol, and ip a formula in the original language (i.e., not 
containingg f) in which only x i , . .. ,x„+i may occur free. A function f is well defined if and only 
iff  the theory contains 

Vx i , . . .. ,x„3!x n +i [0 (x i , . .. ,xn + 1) ] 

Definedd symbols are only allowed in the defining formulas if this does not lead to circularity. 
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Moreover,, the fields of logic and philosophy of science have provided a number 
off  criteria for evaluating formal theories, such as the consistency and falsifiability 
off  theories and the soundness of inferences. Our aim is to develop support for 
thee axiomatization of theories in first-order logic by giving specific operational-
izationss of these criteria. These specific formulations are chosen such that the 
criteriaa can be established in practice with relative ease, i.e., such that existing 
automatedd reasoning tools can be used for this purpose.2 

4.2.11 Criteria for Evaluating Theories 

Wee will use the following notation. Let £ denote the set of premises of a theory. 
AA formula tp is a theorem of this theory if and only if it is a logical consequence, 
i.e.,, if and only if E f= tp. The theory itself is the set of all theorems, in symbols, 

{HEhv?}--

Consistencyy The first and foremost criterion is the consistency of a theory: 
wee can tell whether a theory in logic is contradiction-free. We can prove the 
consistencyy of a theory by generating a model of the premises. This model will 
bee a model of the entire theory, i.e., all derivable theorems will necessarily hold 
inn it. If a theory is inconsistent, it cannot correspond to its intended domain 
off  application. Therefore, empirical testing should focus on identifying those 
premisess that do not hold in its domain. The formal theory can suggest which 
assumptionss are problematic by identifying (minimal) inconsistent subsets of the 
premises. . 

Thee theory is consistent if we can find a model A such that the premises are 
satisfied:: A (= £. A theory is inconsistent if we can derive a contradiction, _L, 
fromm the premises*. S H I . 

Soundnesss Another criterion is the soundness of arguments in a theory: we 
cann tell whether a claim undeniably follows from the given premises. Many of our 
basicc propositions are inaccessible for direct empirical testing. Such propositions 
cann be indirectly tested by their testable implications (Hempel 1966). In case of 
unsoundd argumentation, examining the counterexamples provides useful guidance 
forr revision of the theory. 

AA theorem ip is sound if it can be derived from the premises E H- (p. A theorem 
<p<p is unsound (i.e., <p is no theorem) if we can construct a counterexample, that 
is,, a model A in which the premises hold, and the theorem is false: A (= E and 
A£<p. A£<p. 

2Off  course, we hope that this will be regarded as an original contribution, but the claim to 
originalityy is a difficult one to establish. The novelty is in the combination of ideas from various 
fieldsfields and our debts to the fields of logic and philosophy of science fan out much further than 
specificspecific citations indicate. 
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Falsifiabilityy Falsifiability of a theorem means that it is possible to refute the 
theorem.. Self-contained or tautological statements are unfalsifiable—their truth 
doess not depend on the empirical assumptions of the theory. Falsifiability is an 
essentiall  property of scientific theories (Popper 1959). If no state of affairs can 
falsifyy a theory, empirical testing can only reassert its trivial validity. A theory 
iss falsifiable if it contains at least one falsifiable theorem. 

Ann initial operationalization of falsifiability is: a theorem <p is unfalsifiable if 
itit  can be derived from an empty set of premises: h <p and falsifiable if we can 
constructt a model A (of the language) in which the theorem is false: A \£ <p. Note 
thatt we cannot require this model to be a model of the theory. A theorem is nec-
essarilyy true in all models of the theory (otherwise it would not be a theorem). We 
shouldd therefore ignore the axioms of the theory, and consider arbitrary models 
off  the language. This initial formulation works for some unfalsifiable statements 
likee tautologies, but may fail in the context of definitions. Consider the following 
simplee example: a theory that contains a definition of a Bachelor predicate. 

\/x\/x [Bachelor(;r) <-» Man(a;) A Unmarried(x)] 

Inn such a theory, we will have the following theorem. 

Va:: [Bachelor(x) —> Man(x)] 

Usingg falsifiability as formulated above, we would conclude that this statement is 
falsifiable.. It is easy to construct models (of the language) in which the theorem is 
false,, that is, models in which an object a occurs such that Bachelor(a) is assigned 
truetrue and Man (a) is false. However, if we expand the definition, then the theorem 
becomes s 

Vxx [Man(x) A Unmarried(a;) —> Man(ar)] 

Thiss expanded version of the theorem is tautologically true and therefore unfal-
sifiablee by the above formulation. This is problematic, since "we do not expect 
definitionss to add substantive information" (Enderton 1972, see the above quo-
tation)) . Therefore, the elimination of defined concepts should also not affect any 
off  the criteria for evaluating theories. Although we have to ignore the axioms, we 
mustt take the definitions into account when establishing falsifiability. 

Inn the context of definitions Edef C E, a theorem <p is falsifiable if there exists 
aa model A in which the definitions hold, and the theorem is false: A f= Edef and 
AA \£ (p. A theorem ip is unfalsifiable if the theorem can be derived from only the 
sett of definitions: Edef \~ 'P-

Satisfiabilityy Satisfiability is the counterpart of falsifiability. Satisfiability of 
aa theorem ensures that it can be fulfilled. Self-contradictory statements are un-
satisfiable.. It makes no sense to subject an unsatisfiable theorem to empirical 
testing,, since it is impossible to find instances that corroborate the theorem. 
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InIn the context of definitions Edef C S ,a theorem <p is satisfiable if there exists 
aa model A in which the definitions hold, and the theorem is true: A \= E ^ and 
AA (= (p. A theorem <p is unsatisfiable if we can derive a contradiction from only 
thee set of definitions and the theorem: Edef U {ip}  h _L 

Contingencyy Theorems that can both be fulfilled and refuted are called con-
tingenttingent—their—their validity strictly depends on the axioms, they are neither tautolog-
icallyy true, nor self-contradictory. The empirical investigation of non-contingent 
theoremss does not make any sense because the outcome is predetermined. 

AA theorem is contingent if it is both satisfiable and falsifiable. A theorem is 
non-contingentnon-contingent if it is unsatisfiable or unfalsifiable (or both).3 

Independencee The set of premises should contain no superfluous premises, 
thatt is to say each premise should be independent of the other premises. An set 
off  premises is independent if all premises are independent of the other premises. 

AA premise a is independent of the other premises if neither its truth, nor its 
falsityy is implied by the other premises: if E \ {a} \f a and E \ {a} \f -*o. The 
firstt part amounts to finding a model A such that A f= E \ {a} U {a}, which is of 
coursee a model A \= E, equivalent to our operationalization of consistency. The 
secondd part amounts to finding a model B such that B \= E \ {a} U {""c} -

Furtherr advantages Making the inference structure of a theory explicit will 
makee it possible to assess the theory's explanatory and predictive power (by look-
ingg at the set of theorems because these are the predictions of the theory, and 
thee proofs give explanations for them); its domain or scope (by investigating the 
modelss of the theory); its coherence (for example, a theory may turn out to have 
unrelatedd or independent parts); its parsimony (for example, it may turn out that 
somee assumptions are not necessary, or can be relaxed); and other properties. 

Thiss list of criteria should not be considered as final, and may be extended 
withh various other criteria if they appear useful. For example, one of the criteria 
thatt is frequently discussed is completeness. A theory is complete if of any two 
contradictoryy sentences formulated in terms of theory under consideration at least 
onee sentence can be proved in that theory (Tarski 1946, p. 135). One attempts 
too formulate a set of axioms that would allow for the derivation of the largest 
possiblee set of statements that can be established as valid (and not a single false 
one).. Due to a logical law, the law of the excluded middle, one of every two 
contradictoryy sentences must be true. Hence, this would ultimately lead to a 
completee theory (provided that the vocabulary is finite). It is clear that none 
off  the sociological axiomatizations we discuss realizes this ultimate ideal, it is 

33 We can also apply the above operationalizations to the definitions. All definitions turn out 
too be non-contingent, since any definition will be unfalsifiable. This neatly corresponds to the 
factt that definitions should not add to our knowledge (Enderton 1972, p. 154). 



76 6 ChapterChapter 4- Criteria for Formal Theory Building 

evenn unclear whether there will ever be a complete axiomatization of a significant 
empiricall  science theory. 

4.2.22 Computational tools 

Thee above operationalizations require particular proof or model searches for es-
tablishingg the criteria. The field of automated reasoning has provided us with 
automatedd theorem provers and model generators—generic tools that can directly 
bee used for computational testing of the criteria. Automated theorem provers, 
suchh as OTTER (McCune 1994b), are programs that are designed to find proofs 
off  theorems. Typical theorem provers use reductio ad absurdum, that is, the pro-
gramm attempts to derive a contradiction from the premises and the negation of 
thee theorem. A theorem prover can also be used to prove that a theory is in-
consistentt if it can derive a contradiction from the set of premises of the theory. 
Automatedd model generators, such as MACE (McCune 1994a), are programs that 
cann find (small) models of sets of sentences. A model generator can prove the 
consistencyy of a theory, if it can generate a model of the premises. It can also be 
usedd to prove underivability of a conjecture, by attempting to generate a model 
off  the premises in which the conjecture is false. Table 4.1 summarizes how to test 

CRITERIONN OTTER MACE 

Consistencyy (3.4) .4 f= £ 
Inconsistencyy E h l 
Soundnesss £ U {-«p} h JL 
Unsoundnesss (3.4).4 (= £ U {-><£>} 
Falsifiabilityy (3A)A \= £def U {->tp} 
Unfalsifiabilityy £def U I-"/7}  l~ -L 
Satisfiabilityy (3A)A f= £def U M 
Unsatisfiabilityy £def U {<£>}  h J_ 
Independencee (3A) A (= £ and 

(Vgg 6 £)(3ff) B \= £ \ {a} U {-*7> 
Note:: S denotes a premise set, with S,̂  C E the definitions in this set and a € £ an 
individuall  premise, and <p a conjecture or theorem. 

Tablee 4.1: Criteria and Automated Reasoning Tools. 

forr the criteria.4 

Thee decision to use either automated theorem provers or model generators is 
nott an arbitrary one. Although (syntactic) proof-theoretic and (semantic) model-

4OTTERR and MACE are companion programs that can read the same input format. This 
facilitatess switching between theorem proving and model searching, depending on which type 
off  tool is most suitable for the specific proof or disproof attempt at hand. Kamps (1998a) 
discussess the use of these tools for formal theory building in detail. . 
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theoreticall  characterizations are logically equivalent, determining the criteria is a 
differentt matter. First, there is a fundamental restriction on what we can hope to 
achievee because first-order logic is undecidable. Although undecidable, first-order 
logicc is semi-decidable—we can prove E t-  if it is true. We suggest the use of 
theoremm provers only for cases in which a contradiction can be derived. The other 
casess are, in general, undecidable (causing theorem provers to run on for ever). 
However,, finding finite models is, again, decidable—we can find a finite model A 
suchh that A |= £ if there exists such a finite model. Current model generators 
cann only find finite models—even only models of small cardinalities. We have no 
solutionn for those cases in which only infinite models exist (or only models that 
aree too large for current programs). Second, the tests we suggest to evaluate the 
criteriaa do not only prove a criterion, but also present a specific proof or model 
thatt is available for further inspection. In simple cases theorem provers may 
terminatee after exhausting their search space without finding a contradiction, 
provingg indirectly that the problem set is consistent, or that a conjecture is not 
derivable.. Even in these cases a direct proof is far more informative, for example, 
iff  we can find specific counterexamples to a conjecture, it is immediately clear 
whyy our proof attempt has failed. 

4.33 Case Study: A Formal Theory of Organiza-
tionss in Action 

Wee will illustrate the criteria outlined above by applying them to the formal the-
oryy of Organizations in Action (Kamps and Polos 1999), a formal rendition of 
(Thompsonn 1967). Thompson (1967) is one of the classic contributions to or-
ganizationn theory: it provides a framework that unifies the perspective treating 
organizationss as closed systems, with the perspective that focuses on the de-
pendenciess between organizations and their environment. This framework has 
influencedd much of the subsequent research in organization theory. Thompson 
(1967)) is an ordinary language text, in which only the main propositions are 
clearlyy outlined. Kamps and Polos (1999) provide a formal rendition of the first 
chapterss of the book, by reconstructing the argumentation used in the text. 

Thee formal theory uses the predicate symbols reprinted in Table 4.2. Al-
thoughh the text of (Thompson 1967) does not contain explicit definitions, the use 
off  terminology in the text strongly suggests strict dependencies between several 
importantt concepts. This allowed for the definition of these concepts in terms of 
aa small number of primitive notions of organization theory. Table 4.3 lists the 
premisess (both definitions and assumptions) and theorems of the formal theory. 
Inn the formal theory, the key propositions of (Thompson 1967) can be derived as 
theoremss (theorem 3, corollaries 8, 9, and 11). The proofs of these theorems are 
basedd on a reconstruction of the argumentation in the text (assumptions 1-8). 
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PREDICATES S 

Primitive: : 
0(o) ) 
SO(o,, so) 
TC(o,te) ) 
REVA(o,*c) ) 
UC(o,u) ) 
RED{o,i,£c) ) 
FL(<c,/,o) ) 
CSS (£c, c, o) 
C(i,, w) 
HC(o,z) ) 

Defined: : 
C0(o) ) 
ENVI(te,, i,o) 
SEFF(o,, i, tc) 
ATO(o) ) 
BUF(o,/,ic) ) 
ANA(o,c,<c) ) 
CEE(oi,o2) ) 
SM(o,/,te) ) 
NEG(o,c,ic) ) 

oo is an organization 
soo is a suborganization of o 
tctc is the technical core of o 
tctc is rationally evaluated by o 
oo has uncertainty u 
oo attempts to reduce i for tc 
tctc is exposed to a fluctuation ƒ from o 
tctc is exposed to a constraint c from o 
ii  causes u 
oo has control over i 

oo is a complex organization 
tctc is exposed to an influence i from o 
oo seals off tc from i 
oo is an atomic organization 
oo buffers ƒ for tc 
oo anticipates and adapts to c for tc 
0202 is in Oi's controlled environment 
oo smoothes ƒ for tc 
oo negotiates c for tc 

Tablee 4.2: Predicates (Kamps and Polos 1999). 
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PREMISESS AND THEOREMS 

Premises: : 
Def.11 Vx[CO(x) <-> 0(x)A3y[S0(x,y)ATC(x,y)]] 
Def.22 Vx,y,2[ENVÏ(x,y,2) o FL(x,y,2) V CS(x,y,2)] 
Def.33 Vx,y,2 [SEFF(x,y,2) ++  SO(x,z) A3v,w [ENVI(z,y,v) A \JC(z,w) AC(y,w) A 

RED(x,, it;, 2)]] 
Def.44 Vx[ATO(x) «-  0(x) A ^CO(x)] 
Def.55 Vx,y,2[BUF(x,y,2) o S0(x,2) A FL(2,y,x) A RED(x,y,2)] 
Def.66 Vx,y,2 [ANA(x,y,2) <-  S0(x,2) A CS(z,y,x) A RED(x,y,2)] 
Def.77 Vx,y[CEE(x,y) o 0(x) A V2 [ENVI(x,2,y) -+ HC(x,z)]j 
Def.88 Vx,y,2 [SM(x,y,2) o SO(x, 2) A 3u [FL(x,y, u) A RED(x,y,2)]] 
Def.99 Vx,y,2 [NEG(x,y,2) o S0(x,2) A 3v [CS{x,y,v) A RED(x,y,2)]] 
Ass.11 Vx,y, 2 [TC(x,y) A TC(x, z) -  ̂ y = z] 
Ass.22 Vx,y[TC(x,y) -J- REVA(x,y)] 
Ass.33 Vx,y,2 [SO(x,y) AREVA(x,y) AUC(y,2) -»  RED(x,2,y)] 
Ass.44 Vx,y,2 [ENVI(x,y,2) -)  3v [UC(x, u) A C(y, u)]] 
Ass.55 Vx,y [0(x) ATC(x,y) A ->SO(x, y) -* x — y) 
Ass.66 Vx,y,2,v,w [ENVI(x,y,2) AUC(x,w) AC(J/ ,D) AUC{X, W) AC(y,w) -* v = if] 
Ass.77 Vx,y,z,v [0(x) ASO(x,y) A ENVI(y,2,v) -> HC(x,2)] 
Ass.88 Vx,y,2,t? [RED(x,y,2) AC(u,y) AHC(x,v) -> RED(x,i>,2)] 

Theorems: : 
Lem.11 Vx,y [CO(x) ATC(x,y) -  SO(x,y)] 
Lem.22 Vx,y,2 [CO(x) A TC(x,y) A UC(y,2) -»  RED(x,2,y)] 
Thm.33 Vx, y, 2, v [CO(x) A TC(x, y) A ENVI(y, 2, t>) -»> SEFF(x, 2, y)] 
Lem.44 Vx [ATO(x) <-» 0(x) A -3y [SO(x, y) A TC(x, y)]] 
Lem.55 Vx, y [ATO(x) A TC(x, y) ->  x = y] 
Thm.66 Vx,y,2,v,K; [ATO(x) A TC(x,y) A ENVI(y,u,2) A UC(y,w) A C(v,w) -> 

3uu [UC(x, u) A C(D, U) A W — u]\ 
Thm.77 Vx,y,2,v[C0(x) ATC(x,y) AENVI(y,2,w) -+ RED(x,2,y)] 
Cor.88 Vx,y,2 [CO(x) A TC(x,y) A FL(y, 2, x) -> BUF(x,2,y)] 
Cor.99 Vx,y,2 [CO(x) A TC(x,y) A CS(y, 2, x) ->  ANA(x, 2, y)] 
Thm.100 Vx,y,2, w, w [CO(x) A TC(x,y) A ENVI(y,2,x) A CEE(x, t>) A ENVI(x, w,v) A 

C(UJ,Z)) -> RED(x, u-,y)] 
Cor.111 \fx,y,z,v,w [C0(x)ATC(x,y)AFL(y,2,x)ACEE(x,v)AFL(x,w,f)AC(w,2) —» 

SM(x,w,y)] ] 
Cor.122 Vx, y, 2,v,u> [CO(x)ATC(x, y)ACS(y, 2,x)ACEE(x,i>)ACS(x, w, U)AC(KJ, 2) —>

NEG(x,w,y)] ] 

Tablee 4.3: A Formal Theory of Organizations in Action (Kamps and Polos 1999). 
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Lem.1 1 
Lem.2 2 
Thm.3 3 
Lem.4 4 
Lem.5 5 
Thm.6 6 
Thm.7 7 
Cor.8 8 
Cor.9 9 
Thm.10 0 
Cor.. 11 
Cor.. 12 

Consistent t 

yes s 

Sound d 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 

Falsifiable e 
yes s 
yes s 
yes s 
no o 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 

Satisfiable e 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 

Contingent t 
yes s 
yes s 
yes s 
no o 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 

Tablee 4.4: Evaluating the Theory. 

Additionally,, the formal theory explains why the theory is restricted to a particu-
larr type of organizations (theorem 6). Moreover, it derives a heretofore unknown 
implicationn of the theory (corollary 12) that relates Thompson's theory to recent 
empiricall  findings and current developments in organization theory. For detailed 
discussionn we refer the reader to (Kamps and Polos 1999). 

Thee criteria of the previous section played an important role during the con-
structionn of the formal theory. Table 4.4 give an assessment of the final version 
off  the theory in terms of the criteria. 

Consistencyy Using an automated model generator it is easy to find models of 
thee theory. MACE produced a model of cardinality 4 within a second (a model 
havingg universe {0,1,2,3}, reprinted in tables 4.5 and 4.6). This is a prototypical 
modell  of the theory corresponding to the claims of theorem 3, theorem 7, and 
corollaryy 8. It represents an organization that seals its core technologies off from 
environmentall  fluctuations, by the use of buffering (for example the stockpiling 
off  materials and supplies). It is easy to verify that all premises (and theorems) 
holdd in the model—the model proves that the theory is consistent. 

Findingg any arbitrary model of the theory is, formally speaking, sufficient to 
provee its consistency. We can find models on smaller cardinalities. For example, 
onn cardinality 1 there exists a trivial model that assigns false to all predicates. 
Inn practice, we try to find more natural models of the theory. That is, we can 
examinee the models and see if they conform to our mental models of the theory. 
Thiss is an easy safeguard against hidden inconsistencies—theories that are only 
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Tablee 4.5: A Model of the Theory (only primitives). 

ENVI(1,2,0)) = T and 
EUV\{x,yEUV\{x,yyyz)z) = F other-
wise. . 

SEFF(0,2,1)) = T and BUFF(0,2,1) = T and 
SEFF(:r,, y,z) = F other- BUFF(x, y, z) = F other-
wise,, wise. 
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Tablee 4.6: Selected Defined Predicates (extending Table 4.5). 
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consistentt because background knowledge has remained implicit.5 We can look 
forr prototypical models of the theory directly by adding premises that express 
appropriatee initial conditions (typically existential statements). If we find a model 
off  this enlarged set of premises, it is obviously also a model of the theory. 

Soundnesss In the final formal theory (as reprinted in Table 4.3), all theorems 
aree derivable. Figure 4.1 shows the inference structure of the formal theory. None 

Figuree 4.1: Inferences in the Formal Theory 

off  the proofs is very complex (the automated theorem prover OTTER required only 
122 seconds for the longest proof). 

Thee original text of the theory presupposes common background knowledge— 
assumptionss taken for granted in the substantive field. In order for the theorems 

5Considerr the following simple example: 

Vz[Dog(x)) -4 Bark(z)] 

Rottweiler(Johnny) ) 

^Bark(Johnny) ) 

Cann we find a model of this theory? Yes, although inspection of the models wil l reveal that in 
everyy model of the theory, Johnny the rottweiler is not a dog. These models are nonintended 
modelss because of the (implicit) background knowledge that rottweilers are a particular breed 
off  dogs. 

VxVx [Rottweiler(x) -» Dog(x)] 

Addingg this assumption to the theory will make it inconsistent, that is, we can then derive a 
contradictionn from it. 
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too be deductively derivable, several implicit assumptions had to be added to the 
theoryy (notably assumptions 1, 6 and 7). Which precise background assumptions 
too add is one of the thorniest problems in the formalization of a theory, requiring 
aa deep understanding of the substantive field under consideration. Fortunately, 
thee formal tools can help: suppose we cannot derive a theorem due to a missing 
backgroundd assumption. We can prove that the theorem is underivable by gen-
eratingg counterexamples, that is, models of the premises in which the theorem is 
false.. If the unsoundness of the theorem is due to missing background knowledge, 
inspectionn of the counterexamples will reveal that they are nonintended models— 
modelss that violate our common sense, or implicit background assumptions from 
thee substantive domain. For example, we found models of organizations having 
moree than one operational core (conflicting with assumption 1, which is implicit 
inn the original text). We can make the theorem derivable if we add sufficient 
assumptionss to exclude these nonintended models from the theory. 

Falsifiabilityy We tried to prove the falsifiability of the theorems as discussed 
above:: by finding a model in which the definitions hold and the theorem is false. 
Wee failed to find such a model for lemma 4. As it turns out, lemma 4 can be 
derivedd from just definitions 1 and 4—proving that this lemma is unfalsiflable. 
Lemmaa 4 is true by definition, and therefore does not make an empirical claim. 
Iff  we would subject lemma 4 to empirical testing, we will be unable to refute it, 
butt can at best reassert the trivial validity of the statement. 

Fortunately,, the other theorems of the formal theory are falsifiable. For each 
off  these theorems, we can find models of the definitions in which the theorem is 
falsee (not reproduced here). MACE generated these models in a matter of seconds. 

Satisfiability/Contingencyy For proving the satisfiability of the theorems, we 
needd to find models that make both the definitions and the theorem true. The 
modell  of tables 4.5 and 4.6 also proves the satisfiability of all theorems. As 
aa result, we can conclude that only lemma 4 is non-contingent—it is not an 
empiricall  statement, but its truth is determined by virtue of the definitions only. 
Thee other theorems make empirical claims that can, in principle, be corroborated 
orr refuted by empirical testing. 

Independencee For proving independence of the premises, we need to show that 
neitherr the truth, nor the falsity of a premise is implied by the other premises. 
Thee model of tables 4.5 and 4.6 also proves that the falsity of each premise 
cannott be implied by the other premises. We can show that neither the truth is 
impliedd by, for each premise, generating models in which the premise is false, and 
thee other premises hold. MACE has no problems generating these models (not 
reproducedd here), thereby proving that the premises are independent—none of 
themm is superfluous. 
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4.44 Discussion and Conclusions 
Thiss chapter discussed the axiomatization of scientific theories in first-order logic. 
Wee provided practical operationalizations of criteria for evaluating scientific the-
ories,, such as the consistency and falsifiability of theories and the soundness of 
inferences.. The precise formulation of these criteria is tailored to the use of 
computationall  support. The tests for the criteria, in practice amounting to par-
ticularr proof or model searches, can be directly performed by existing automated 
reasoningg tools. 

Thee efficient treatment of definitions is one of the basic research problems in 
automatedd reasoning (Wos 1988, Problem 30). A naive approach is to eliminate 
alll  defined predicates and functions from the problem set by expansion of the 
definitions.. This, however, also eliminates useful ways chunking information and 
ass a result it "increases the likelihood that a program will get lost" (Wos 1988, 
p.62).66 Since only few problems are provable without the expansion of {some of) 
thee definitions, dealing with definitions is a difficult challenge for automated rea-
soningg tools. As a result, most automated theorem provers treat definitions and 
axiomss alike (a notable exception is [Giunchiglia and Walsh 1989]). Interestingly, 
thee above argument does not seem to apply to automated model generators.7 The 
searchh space of automated model generators is the set of all possible models, i.e., 
alll  possible interpretation functions of the vocabulary. Reducing the vocabulary 
off  the formal language by eliminating the defined concepts will proportionally 
reducee this search space. Moreover, after eliminating the defined concepts, the 
definitionss themselves can be removed from the problem set, which reduces the 
numberr of "constraints" that need to be taken into account when deciding whether 
aa particular interpretation is a model of the problem set. 

Wee used the criteria to evaluate a formal rendition of a classic organization 
theoryy (Kamps and Polos 1999). Assessing the criteria allows for an exact eval-
uationn of the merits of a theory. In some cases, this may reveal important facts 
aboutt the theory, for example, the case study showed that one of the derived 
statementss is unfalsifiable—empirical investigation of it is futile. However, we 
doo not view the criteria as rigid, final tests. Quite the opposite, in our experi-
encee the criteria are especially useful during the process of formalizing a theory. 
Duringg the construction of a formal theory, the criteria can provide useful feed-
backk on how to revise the theory in case of a deficiency. For example, examining 

6Thiss is substantiated by the theory in our case study: after eliminating all defined pred-
icates,, O T T ER proved several theorems slightly faster, but some others slower. These are 
preliminaryy observations without taking into account the time needed expand the definitions 
(aa preprocessing step that is done once for any number of queries). This expansion was done 
manuallyy but is of no great complexity: since definitions are not allowed to be circular, we only 
needd to expand each definition once. 

77 For the theory in our case study, eliminating defined concepts gave significantly better 
performancee on all model searches (roughly halving MACE'S processor and memory usage). 
Again,, these are preliminary observations that do not consider the preprocessing of definitions. 
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counterexampless can reveal which implicit (background) assumptions need to be 
addedd to the theory. There are, of course, important principled and practical lim-
itationss to the axiomatization of theories in first-order logic: the undecidability 
off  first-order logic, the scientific knowledge available in the substantive domains, 
orr the availability of resources like processor power, memory, and time. There is 
yetyet no equivocal answer to the question whether it is possible, or even desirable, 
too axiomatize large parts of substantive domains. Axiomatization is often viewed 
ass the ultimate step in the lifetime of a scientific theory—the axioms are frozen 
inn their final form, and active research moves on to areas where still progress can 
bee made. The main motivation for the research reported in this chapter is that 
thee formalization of theories can play a broader role: it need not end the life of a 
theory,, but rather contribute to its further development. 




