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In earlier publications (Suppes, 1976, 1979; Suppes & Macken, 1978), I have 
emphasized the development of a model-theoretic semantics for English sen­
tences, which uses neither quantifiers nor variables, bu~ only constants denoting 
given sets and relations, and operations on sets and relations. I first want to 
survey these developments and then consider some extensions to procedural 
semantics. 

The set-theoretical apparatus is that of what I call extended relation algebras. 
To the ordinary concept of a relation algebra with Boolean operations and oper­
ations on relations such as converse and relative product, the standard operation 
of forming the image of a set under a relation is added. (There are important 
features of natural language that this framework does not easily account for. A 
good example would be the semantics of prepositional phrases.) 

There is one strong computational advantage of the kind of "algebraic' t 
semantics I am proposing. A full Zermelo-like hierarchy of sets is not needed for 
the model structure as it is, in principle, for Montague semantics. Some aspects 
of the analysis run contrary to many standard linguistic ideas. This is perhaps 
especially true of my insistence that such expressions as every man, all sopho­
mores, and some lovers are not noun phrases. As should be evident from what 
has been said, the English quantifier words every, all, some, etc., do not denote 
at all but function as control structure words. 

In the matter of the denotation or lack of it of every man, or all men, we can 
prove in a simple way that the conventional production rules will not permit a 
semantic account of the syllogism at the level of Boolean algebra, that is, at the 
level of subsets of the domain, but require what from a semanticaI or set­
theoretical standpoint is to be regarded as an artificial escalation of type. This 
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nonempty sets; N is a subset of Y; S is in N; and P k N* x Y+, where N* is the 
set of all finite sequences whose terms are elements of Nand Y+ is Y* minus the 
empty sequence. The grammar G is context-free if and only if P k N x Y+. In 
the usual terminology, Y is the vocabulary, N is the nonterminal vocabulary, S is 
the start symbol of derivations or the label of the root of derivation trees of the 
grammar, and P is the set of production rules. I assume as known the standard 
definitions of one string of Y* being G-derivable from another, the concept of a 
derivation tree of G, and the language L(O) generated by G. (For a detailed 
treatment of these concepts, see Hopcroft & Ullman, 1969.) A context-free 
grammar 0 is unambiguous if and only if every terminal string in L(G) has 
exactly one derivation tree (with respect to G). . 

Semantics may be introduced in two 'Steps. First, the grammar G is extended 
to a potentially denoting grammar oy assigning at most one set-theoretical func­
tion to each production rule of G. We may show these functions in general by 
using a notation of. square braces; for example, [NP] is the denotation of NP. In 
the case of Fig. 2.1, 

Production Rule 
S -+ EQ + NP + YP 

VP -+ Aux + Neg + TY + EQ + NP 

Semantic Function 
[S] = [ft[N!J n [YP]] r 0] 

[YP] = (' [TY])"[NP], 

where the Frege function [t¥P] is defined for any (extensional) sentence 4J as fol­
lows: 

( <p] = { T if cp is .true (in the given model) 
ft F otherWise. 

(This definition is slightly reformulated below, in order to make it explicitly 
Boolean.) And in the case of the other nodes with only one descendant, the 
semantic function is identity if there is a denotation. For example, 

TY -+ drink [TY] = [drink]. 

The second step is the characterization of model structures. In the general 
theory of model-theoretic semantics for context-free languages, I use the concept 
of a hierarchy 1(D) of sets built up from a given nonempty domain 0 by closure 
under union, subset, and power set "operations," with T and F excluded from 
the hierarchy and T r F. A model structure for a given grammar G with terminal 
vocabulary YT is a pair (D,v) where D is a nonempty set and v is a partial 
function from Yt to :reeD). Explicit details are to be found in Suppes (1973b). 
The treatment here is restricted. First, only terminal words, not terminal phrases, 
are permitted to denote, so that the domain of the valuation function v is YT , not 
Yt. (The function v remains a partial function because many terminal words­
e.g., quantifier words-do not denote.) 

The more important restriction is in the hierarchy. In line with my earlier 
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I restrict the model structures to the power set of the 
the set of aU subsets of and the power set of the Cartesian 

relations are considered, I define 

u X 

G<~" for extended relation algebras of sets, a termU'llOI4:>gy 
earlier paper. The valuation function v is then a function from 

The "algebraic" operations on elements of ~(D) have already been 
mentioned: union, intersection. and on arbitrary sets; the con-
verse of relations; and the image of a set under a R"A. In addition, we 
need the restriction of the domain of a relation R to a set A. which is 
defined as: 

=Rn x &ll(R». 

where @l(R) is the range of the relation R. 

As always. complementation is relative to some given set, From the 
standl)Ollrnt of ~(D). the natural set-theoretical choice is DUx 
conceptually this is not very intuitive. For if L is the relation of 
then iL should be the relation of not loving. that is, 

-,L= x - L. 

Consequently. complementation is here taken to mean complementation with 
respect to D x D in the case of relations and with respect to D in the case of sets 
that are subsets of D, The only point of ambiguity concerns complementation of 
the empty set or relation. and the context will make clear which is meant. 

In the earlier paper on these matters (Suppes, 1976), I introduced the notation 

n(R,A) = n {R"{a}) 
aEA 

for the appropriate denotation when a verb phrase uses a universal quantifier in 
object position, This use may be seen in the semantic tree (Fig. 2,2) for Some 
people drink all wines, I note that UQ is the nonterminal symbol for the universal 
quantifier all. In direct analogy with 0 syllogistic propositions-being the con­
tradictory of A propositions, we may define n(R,A) in the fonowing manner 
(Suppes, 1979) for R ~ D X D and A ~ D, 

n(R,A) = (i«iR)"A», 

Note that the "inside" complementation is with respect to D X D and the 
Uoutside" one with respect to D. 

I now apply these ideas to prove the theorem mentioned earlier, To prove the 
theorem we need to define two grammars, one, Gh that does not assign a 
denotation to all men, etc. The grammar G2 , in contrast, is meant to capture the 
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Figure 2.2. 

widely accepted linguistic idea that all men is a noun phrase and has a denota­
tion. (In both grammars I use only plural verbs and nouns in order to avoid 
problems of inflection.) 

To keep the grammars simple, I shall restrict them to generating sentences of 
the standard A, E, I, and 0 forms used in the classical syllogism. It is apparent 
that the results can be generalized to the kinds of relational examples discussed 
earlier. 

Grammar G t has the following structure. The set Nl of nonterminal vocabu­
lary consists of S, NP, VP, UQ, EQ, NQ, N, Cop, Adj, and Neg, each with its 
nearly Classical grammatical meaning, for example, NP for noun phrase. Also 
the lexical production rules for function words are these: UQ -+ All, EQ -+ 
Some, NQ -+ No, Cop -+ are, Neg -+ not. The many lexical rules for Nand Adj 
are left open, and so the set V of vocabulary is left unspecified but will be taken 
to be the same for both grammars considered. 

The set PI of production rules, minus the lexical rules, is as follows, where the 
associated semantic function for each rule is also given, although the semantic 
functions for the three top-level rules are made explicitly Boolean later: 

S-+ UQ + NP + VP/EQ + NP + VP/NQ + NP + VP 
[S] = [ll[NPl ~ [VP]] I [ll[NPl n [VPl r 0] I [ll.[NPl n [VP] =0] 

NP -,)- N 
[NPl = [N] 
VP -+ Cop + N I Cop + Adj I Cop + Neg + N I Cop + Neg + Adj 

[VP] = [N] I [Adjl'i [N] /-,[Adjl 

(11le slash "/" is used to present several rules that have the same nonterminal 
symbol on the left; thus there are eight rules given here.) 

The grammar O2 has the same nontenninal vocabulary as 0 1, SO Nt = Nt, 
and, as already stated, the same tenninal vocabulary. The production rules, 
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context-free grammar G is Boolean if and only if for any Boolean model struc-
ture of every semantic function of G has as its value a subset of 
whenever its are subsets of D. Making the Boolean semantic 
functions that G1 Boolean is routine based on the and 
details will not be repeated, but it is worth maJuIllg e:K.Pllclt 
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for the universal function? E for existential quan-
tifier and N for the function, we have for any set A 

U(A) 

= 

{ 
D if A = D 
Oif AT D 

DifATO 
o if = 0 

N(A) = { D if A = 0 
o if A T O. 

II am indebted to Barbara Partee for pointing out to me the need for a more explicit treatment of 
these matters than I gave in Suppes (1976). 
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Thus, explicitly, for the top-level rules of 0 1 

S-+ UQ+NP+VP 
[S] = U(r[NP] U [VP]) 
S-+ EQ+NP+VP 

[S] = E([NP] n [VP]) 
S-+ NQ+NP+VP 

[S] = N([NP) n [VP)). 

It is important for later purposes to note that for ~ two-element Boolean algebra 

and 

where the subscript has been introduced to denote the number of elements in the 
Boolean algebra. A Boolean grammar is semantically correct if and only if it has 
a semantically valid model theory of the syllogism. The theorem I want now to 
prove is a negative one about grammar G2 • I interpret the theorem as being a 
semantically based argument against the possibility of having both a standard 
linguistic parsing of quantifiers and an appropriately simple model theory of the 
syllogism. 

THEOREM. The grammar G1 for the syllogism is Boolean and semanti­
cally correct. In contrast, neither grammar G2 nor any of its conservative exten­
sions can be both Boolean and semantically correct. 

PROOF. The proof for G1 is obvious. I therefore give only the negative proof 
for Gz• To begin with, I shall assume that UQ and EQ do not have a denotation. 
Later it will be apparent that the same argument works when they do denote. 
Also, for the proof it is necessary to consider only two of the three quantifiers and 
so I omit any consideration of NQ. 

In general, for the rule NP ~ UQ + N we have a semantic function f such that 

[NP] = f([N]), 

on the assumption already made that UQ does not denote. Similarly, for the rule 
NP ~ EQ + N we have a semantic function g such that 

[NP] = g([N]). 

It is required that these semantic functions be Boolean. There also must be a 
Boolean semantic function cp for the top-level rule S -+ t\TP + VP. At this point 
we specialize to a two-element Boolean algebra to provide a simple coun­
terexample to the semantic validity of G2 • We must then have for the universal 
quantifier 

(I) <I>([NPj, [VP]) = <I>(f([N),[VP)), 
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and so xn ~he ~wlO-elemen~ mOlde! we must have the results fOlr the 
varilOus values of 310d in 31ccOlrdance with the standard seman~ 
tics IOf A pr()PClsltmn.s: 

we must have fer I t)f()POlsitJllOns: 

\Ve must shOlW that the BOlQlean functiOlnal Qf and 
sOlluti~Dn. that there are nOl BOQlean functiQns 

these eQlllatllens. 

de nOlt 
f, and g 

we nOlte from the first and third Qf that f cannQt be a 
CQnstant that is, we can have neither = 0 ner reO) = fO) = 
1. The sec end and fQurth equatiOlns Olf shQW that g alse cannet be a censtant 
function. we nQte from the first Qf and (3) that T g(O), se 
f and g must have OGopposite" values fQr the same argument. We are thus left 
with tWQ PQssibilities: Either 

f(G) = 0, = 1, g(O) = 1, gO) = 
lOr 

(5) f(O) = 1, fO) = 0, g(O) = o. g(l) = 1. 

CQnsider. first. (4). Then we must have: 

cb(f(O),O) = 1 = c/l(O,O) 
cb(g(l),O) = 0 = 4>(0,0). 

which is a contradictiOln. The same kind Qf analysis shows (5) cannQt lead tQ a 
sOllutiQn, fOlr we have: 

4>(f(O),O) = 1 = 4>0,0) 
4>(g(1).O) = 0 = cPO ,0). 

The conceptual situation is not changed by permitting UQ and EQ to denote, 
for they would need to be constant denotations, and they could do no more than 
select functions f and g as just analyzed. Thus we conclude that G2 cannot be 
both Boolean and semantically correct. This conclusion also dearly holds for its 
conservative extensions. 
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A quite different sort of application of variable-free semantics to prosodic 
variations of negation is given in Suppes (1979). 

II. PROCEDURAL SEMANTICS 

It is obvious to anyone that the kind of set-theoretical semantics described thus 
far in this chapter cannot hope to offer a direct psychological model of speech 
production or comprehension. I have recently outlined my approach to pro­
cedural semantics, which is meant to move a step :toward a more psychologically 
realistic theory (Suppes, 1980). Without repeating the general themes of that 
paper here, I want to sketch how I currently view the problems of moving from a 
set-theoretical to a procedural version of the highly restricted fragment of lan­
guage encompassed by grammar G1 • Certainly from a psychological standpoint 
this grammar is nQt really interesting because it is far too restricted in its range, 
but it can serve as a kind of toy example for the discussion of the problems of 
working out in partially satisfactory form a procedural approach. 

What is Procedural Semantics? Without giving a general definition or a 
systematic characterization of expected properties, I would like in an informal 
way to describe how I think about procedural semantics. The basic and funda­
mental psychological point is that, with rare exception, in applying a predicate to 
an object or judging that a relation holds between two or more objects, we do not 
consider properties or relations as sets. We do not even censider them as some­
how simply intensional properties, but we have procedures that ~ompute their 
values for the object in question. Thus, if someone tells me that an object in the 
distance is a cow, I have a perceptual and conceptual procedure for making 
computations on the input data that reach my peripheral sensory system, and as 
these data change with the shortening of the distance between the object and me, 
my computations change and I come to a firm view as to whether the object in 
question is indeed a cow. In the same way, if someone says to me that the sum of 
653 and 742 is 1,395, I do not have an abstract, set-theoretical way of deriving 
the answer but an algorithmic procedure that I learned early in school, 'lnd that 
perhaps I have since modified to some degree but that in essence is similar to an 
algorithm taught throughout the world to children of about 8 to 10 years of age. 
Fregean and other accounts of number scarcely touch this psychological aspect 
of actually determining by application of a specific algorithmic procedure a truth 
claim about the sum of certain numbers. As a third example, if someone asks me: 
Have you ever been to Katmandu, I am able to make a very quick computation 
and respond almost immediately, uNo." On the other hand, if I am asked 
whether I have ever been to Paris, I can with at least as great an ease compute a 
positive answer. These three examples certainly do not exhaust the range of 
computational procedures but they are typical cases, and a psychological theory 
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of is a serious account of how utterances Oll' 

parts of utterances are either listeners. 
In the paper mentioned earlier to a somewhat 

detailed account in the final section of how to from a pfclce«iural 
stand.1Pmnt. the of declarative statements. or 

ele:mfmt,uy arithmetic. 

Procedures. It has been a familiar in 
l"iF'r~1tnll"V that classes are abstractions of The 
prc,pertlE~s stand in the same relation to procedures that 

dasses stand to For the of a number prime 
can be tested by different and among this indefinitely large 
number of procedures some will of course be much more efficient or faster than 
others. It is of the thesis of the earlier paper on procedural semantics that I 
have mentioned to claim that the procedures used each of us in talking and 
listening, or indeed in perceiving and and mdllvlld.uclUv 
IGIIOSvnCI'atlIC. These private talk about properties. 
Two of us can agree that a of heavy but we 
may this in different ways, for example, with 
different reference objects. 

In intensional logic has made the move from classes to but 
not the additional move from properties to procedures. The line of attack for 
moving from classes to properties, in terms of the grammar G1 and its associated 
semantics, is straightforward and scarcely needs detailed discussion here. I shan 
restrict myself to sketching one way of approaching this step. Each of the non~ 
functional lexical items, that is, adjectives and nouns, as introduced by the 
unstated lexical rules of is represented by a set of properties, based upon 
some primitive list, perhaps. This list of properties, for example, the list of 
properties of cows or of numbers, is not something we always, consciously know 
but is part of our psychological-in particular of our linguistic-development. 
Of course, there are immediate questions that arise about the list of properties 
that belong to a given adjective or noun. Is the list composed entirely of essential 
properties or are there also accidental properties? And under what formal oper­
ations do we think the list of properties is closed? In other words, what do we 
maintain is the algebra of properties? Once we start talking about closure prop­
erties of the algebra of properties, it is also easy to move away from a psycholog­
ically realistic model, just as it is unrealistic to believe that any logical conse­
quence of our beliefs must also be a belief. On the other hand, some kinds of 
highly constructive closure properties seem natural and psychologically rela­
tively acceptable. Thus, if an object that falls under some noun has two prop­
erties, we would ordinarily think of it as having the property consisting of the 
conjunction of these two properties. 
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When we are prepared to make an explicit commitment to the list of prop­
erties, then the logical structure of sentences and their relationships can be 
studied in a formal manner, a topic that is rather removed from a psychological 
model of speech. For example, when the property lists are explicit, then those 
universal propositions that are necessary are easily identified, namely, just those 
sentences generated by grammar 0 1 for which the properties of the subject are a 
subset of the properties of the predicate. 

The formal generalization of the semantics of Section I to properties is obvi­
ous: The denotations of individual lexical items are replaced by functions from 
possible worlds to subsets of each world in th~ standard manner of possible­
world semantics, and the set-theoretical operations of combination as we move 
up the semantic tree of a sentence are modified accordingly. The totally unrealis­
tic computational aspects of this procedure make it unreasonable to pursue fur­
ther in the present context. 

Procedures and Computations. As we move from properties to procedures, 
the steps should be obvious. We replace the functions just described, which in 
tum replace the standard sets, by procedures, and the procedures are combined 
into a program in accordance with the structure given by the semantic trees 
considered earlier. But there is now another difficulty. What are the input data 
for the procedures, and is there more than one way to convert a semantic tree in 
the sense of Section I into a procedural tree? Both questions have answers that 
lead to difficulties. 

Avoiding these difficulties for the moment, let me try to illustrate in a schema­
tic way how procedural ideas might be developed from the simplest sort of 
example. Suppose that we are in a room with a fair number of objects and 
somebody asserts HSome balls are green. H The sentence is uttered in such a 
context that it refers to balls in the room and not to balls elsewhere. We might 
describe in English the following program or procedure that tests for the truth or 
falsity of this sentence. 

Look at the fIrst object on the left. 
Is it round? If yes, is it green? 
If yes, stop and answer "true." 
But if not round or not green, look for a next object. 
If there is a next object, proceed as before. 
If there is no next object, stop and answer "false." 

Here the assumption is that the predicate round has an underlying procedure that 
provides an adequate test for an object being a ball in the present context, and 
also there is a perceptual procedure back of the color word green that tests 
whether an ordinary object in direct perception is green or not. Thus, in this 
example we need two lexical procedures, the one for round and the other for 
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green, The program then a way of the truth or IOf the 
statement • 'Some balls are in the context in which the statement is made. 

This illustrates several features of my current about these 
matters. The most idea is that there is no to out a 
nrimit'lv"," machine language that the individual uses» for it is my daim that this 
machine is and unknowable. there is no reason to 
introduce a technical language. It is very that the ordinary use of is 

intertwined for of English with their machine language, 
and it is better to use English than an mifidallanguage for describing procedures 
because it is in this language that we give one another instruction on how to 
construct new procedures. Second, the program that I have written down is 
meant to be only an example of the way that the ideas are organized. and a given 
individual will not follow this exact setups in accordance with my claim of 

UUllllV\\J,F.U English words are used extensively in the giving of 
instruction and in the putting of new and more procedures from 
1:11",n1.,,!I" ones 9 once a complex procedure is learned the English-labeled usub~ 
routines" illustrated in the example are almost surely eliminated and a more 
efficient internal procedure is used without reference to the kinds of English 
phlraslmg I have used. Roughly speaking. this corresponds to compiling into 
machine language a procedure written in a high-level language in standard com-

practice. there are no procedures that we describe in English that 
are primitive, The primitive procedures are in a machine language we cannot get 
our hands on precisely. although we might make some naive guesses from 
psychophysiological studies. Thus, any sentence, no matter how simple. can be 
explained in words we as English-speaking adults already understand. The pro­
cedures that are caned by English phrases can be used to interdefine appropriate 
procedures for one another. It is also apparent that I have not really specified a gen­
eral constructive way in which the objects in the room are sc~ned. It is certainly 
an unnecessary convention to begin by looking at the first object on the left 

One thing is evident. In the case of sentences as simple and as qualitative in 
character as "Some balls are green." much of the computing required is called 
for by the procedures denoted by lexical substantives, round and green in the 
present instance. In other cases the computation can be a good deal more difficult 
just because of the complexity of the structure of the sentence. Another point is 
that I have presented the procedure as a linear program rather than as a procedural 
tree. Just as in the case of grammatical derivations for contex.t-free grammars, 
there is a natural relation between linear programs and procedural trees, but I 
shall not pursue technical details here. which do need to be worked out. It seems 
likely that a realistic computational model of speech processing will be structur­
ally more complex than either linear programs or semantic trees. 

Procedures and Variable-Free Semantics. Something needs to be said about 
the way in which the two main sections of this chapter are related, The variable-
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free set-theoretical semantics outlined in Section I is, in my view, a natural 
abstraction of the procedures sketched in Section II. The algebraic character of 

.the semantics of Section I and the highly constructive character of the repre­
sentations, due to the absence of variables, make a computational model already 
implicit in the formalism. Second, the set-theoretical semantics is meant to fit 
hand in glove with the structure of the English sentences, and this, too, accords 
well with the intertwining of th~ procedural approach I have described to the 
surface structure of English. 

If I were willing to commit to a specific machine language, it would then be 
straightforward to prove some representations of procedures at an abstract level 
in terms of the set-theoretical semantics of Section If but I have come to view 
such a commitment as a mistake. On the other hand, because of the complexity 
of working out details of the procedural approach, the greater abstraction and 
simplicity of the set-theoretical approach will continue to be of value as an 
intermediate step of analysis. However, I do want to insist on the point that it 
should be regarded as an intermediate step and not in any sense as providing a 
fully satisfactory theory of the semantics of language as actually used. 

Procedures and Meaning. This takes me to my final point. In the paper 
mentioned earlier (Suppes, 1980) I have defended the thesis that the meaning of a 
sentence is a procedure or a collection of procedures and that this meaning in its 
most concrete representation is wholly private and idiosyncratic to each indi­
viduaL2 This private representation is the most detailed sense of meaning. Thus, 
for example, the meaning of a proper name is a procedure--or, better yet, a 
private collection of procedures-that each of us uses in various contexts for 
recognizing the person or object denoted by the proper name. Public meaning is 
obtained by abstraction from the great variety of private meanings. Sufficiently 
coarse congruence relations take us ail the way back to set-theoretical semantics. 
I have outlined the beginnings of a theory of congruence for set-theoretical 
semantics in Suppes (1973a), but a psychologically realistic theory of congru­
ence that takes into account not only procedures but also intentions and emotional 
states of speakers and listeners is needed as part of any empirically satisfactory 
theory of communication. 
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