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Abstract. This paper explores relational syllogistic logics. a family of logical systems related
to reasoning about relations in extensions of the classical syllogistic. These are all decidable
logical systems. We prove completeness theorems and complexity results for a natural subfamily
of relational syllogistic logics, parametrized by constructors for terms and for sentences.

§1. Introduction. This paper explores several fragments of relational syllogistic
logic and aims to provide completeness and complexity results for them. These are
among the simplest of all logical systems. To set notation and terminology by example,
let us consider the absolutely simplest logical system .4, the one for sentences “all
p are ¢~ introduced in [3]. The syntax begins with a set N, called the nouns. Then
the sentences of A are simply the expressions (all p ¢), where p and ¢ are nouns.
The semantics is equally straightforward. A model M is a set M together with an
interpretation function giving a subset [[p] € M for each noun p. We then define:

M allpqg iff [p] C gl (1)

We employ standard model-theoretic notation and terminology. We say that M satisfies
a sentence ¢, or that M is a model of ¢, when M |= ¢. A theory is a set of sentences.
Given a theory I', we write M =T to mean that M satisfies every sentence in I';
naturally we say that M satisfies ', or that M is a model of T'. We then have the usual
notion of logical consequence: given a theory I" and a sentence ¢, we write I' |= ¢ if
every model of T satisfies ¢.

We match the semantics with a proof system. Our system has two rules of inference,
shown below:

allxy allyz

BARBARA.

all x x all x z
In these rules, the material above the line is the set of premises, and the sentence below
is the conclusion. So (Ax) has no premises, and (BARBARA) has two. A substitution
instance of a rule is obtained by substituting nouns in N for the variables x. y, and z.
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RELATIONAL SYLLOGISTIC LOGICS 729

We can then define the provability relation I' F : this means that there is a tree whose
root is ¢, and every node in the tree is either a leaf and belongs to I', or else it is
the conclusion, and its children are the premises, of a substitution instance of one of
our rules. The soundness/completeness theorem for this system states that I |= ¢ iff
I' F ¢. For the proof, see [3].

1.1. Syntax and semantics of the logics in this paper. We are concerned not with
A but rather with a family of extensions of it. We start with a set N of nouns (just as
above), and also a set V, the verbs. Then we define terms and sentences via the syntax
below, where p is any noun in N, r is any verb in V, and x and y are any terms:

terms plrallx|rsomex|¥ )
sentences all x y | some x y.

Note that we have recursion here, so terms can be nested, e.g. (r all (s some p)).

For the semantics, we start with a model in our previous sense (to interpret the
nouns), and add interpretations of the verbs as binary relations: [r] € M x M for all
r € V. Then we interpret our terms in a given model by recursion as follows:

[rallx]={me M :foralln € [x], m[r]n}
[r some x] = {m € M : thereis n € [x] such that m[r]n}
[x1 = M\ [x].

Thus, the interpretation of every term is a subset of M. We define the truth-relation
for sentences and models by generalizing (1) above:

MEallxy if [¥1S D]
MEsomexy iff [x]N[y]#0.

The basic languages in this paper are all sublanguages of the language just presented,
which we call £s5. And they are all extensions of the language we call £;, which only
has the sentence former (all x y) and the term former (r all x). There are three features
in Ls.5 which are absent from £;: the sentence former (some x y). the term former (r
some x), and term complementation. We thus explore 2* = 8 logical systems, obtained
by all possible combinations of these features. Those languages are listed in the chart
in Figure 1. We organize matters by studying £, and £, s in Section n. Note that £;
and £, are related in the same was as £, and £, 5 for n > 2, namely by adding the
sentence former (some x y).

We are interested in complete proof systems and the complexity of the consequence
relation for each of these languages. By this we mean the computational complexity
of the following decision problem: given a finite theory I" and a sentence ¢, output
“yes” if T |= ¢ and “no” otherwise. Our results, which are summarized in the last two
columns of Figure 1, will be explained in more detail in §1.5 below.

1.2. Related work. This paper is similar in spirit to [10], which also considered
completeness and complexity results for decidable languages extending the basic
syllogistic logic A. In fact, the largest language of this paper, Lss, is essentially
equivalent to the largest language considered in [10], called R*' there (see Propositions
5.1 and 5.2 below). But there are several differences between the other languages in
[10] and in this paper. First, [10] allowed for complemented verbs, contrary to what we
do here. Second, [10] also explored logical systems where the two terms in sentences
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language term sentence additions to complexity of the
former(s) former(s) syllogistic logic consequence relation

Ly roall x all x y none PTIME
Ly roall x all x y.some x y || (CASES), or (CHAINS), PTIME

or extra syntax
L3 r all x,r some x all x y (CASES") & (CASES)) Co-NPTIME complete
L35 rall x,r somex | allxy somexy (CASES) & (CASES>) Co-NPTIME complete
Ly rallx, X all x y extra syntax & Co-NPTIME hard

schematic rules
Lys rallx,x all x y,some x y || extra syntax & (RAA) ExpTIME

& schematic rules

Ls rall x,r some x, X all x y ExPTIME complete
Lss rall x,r some x, X | all x y, some x y individual variables ExPTIME complete

Fig. 1. Languages in this paper, given by section.

like (all x y) were not treated the same. For example, in two systems there, the subject
noun phrase x was required to be (negated) atomic. Third, we allow nested terms,
which are not part of the syntax in [10]. The upshot is that there is no overlap in the
technical results from [10] and this paper, except for the result on £s 5 which we quote
in §5.

In [2], McAllester and Givan considered a language which is a slight extension
of our language L£35. In §3, we essentially provide a new proof of their result that
the consequence relation for this language is Co-NPTIME complete. Our version of
this result is slightly sharper, since we prove that the weaker language L3 is already
Co-NPTME hard, and we also provide complete (though nonsyllogistic) proof systems
for £5 and L3 5.

We began this paper with A, which was introduced in [3]. But the smallest language
in Figure 1 is £, which is the extension of A by the term former (7 all x). As a proof
system for £;, we take the rules (ax) and (BARBARA) above (but we allow terms, not
just nouns, to be substituted for the variables x, y. and z), together with a new rule:

all x y

all (rall y) (r all x) ANTE

It is easy to see that this proof system is sound (if I' - ¢, then ' |= ¢). Completeness
was shown in [8], which also contains completeness and complexity results for a number
of related languages. The completeness proof originated in [7], where it is also shown
that the consequence relation for £; is in PTIME. We reprove these results in §1.4 below,
but using a more general framework described in §1.3. This framework unifies the
PTiE results for £, and £, in §2.5, and allows us to obtain more precise negative
results for the other languages in the paper, as we shall see.

1.3. Syllogistic proof systems and bounded completeness. At this point, we wish to
formally state what we mean by a syllogistic proof system. To state rules, we employ
a language with noun variables p.q., ..., verb variables r, s, ..., term variables x., y, ...,
and sentence variables ¢. y. ... . (In practice, none of our rules will make use of noun
variables, and very few will make use of sentence variables.)

A term template is defined as in (2), but using noun and verb variables in place of
nouns and verbs, and with an additional base case: a term variable is a term template.
A sentence template is defined as in (2), but using term templates in place of terms,
and with an addition option: a sentence variable is a sentence template.
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A syllogistic rule p consists of finitely many (possibly none) sentence templates as
premises, and a single sentence template as a conclusion. A syllogistic proof system is
a finite set of syllogistic rules.

We use - to denote a syllogistic proof system. Given a syllogistic proof system,
we also use the symbol I for the (standard) provability relation, defined shortly. A
substitution instance of a rule p is obtained by substituting nouns, verbs, terms, and
sentences for all noun variables, verb variables, term variables, and sentence variables,
respectively. A proof tree over a theory T is a tree labeled by sentences, such that each
node is either a leaf and belongs to I', or else it is the conclusion, and its children are
the premises, of a substitution instance of one of the rules. We write I' - ¢ if there is a
proof tree over I whose root is ¢.

We should mention that a syllogistic proof system is subject to some important
limitations. First, the system cannot include rules which allow for the withdrawal of
assumptions, as in reductio ad absurdum, or proof by cases. (On the other hand, ex
falso quodlibet is a syllogistic rule; see [3].) Second, the premises of each rule must be a
fixed finite set of sentence templates; the set of premises cannot be listed as a schema.

Later in this paper, we shall see proof systems that are not syllogistic in our sense:
To obtain completeness theorems for various logics, we need to add the rule (CASES)
and its variants (CASES; ), (CASES’). and (CASES}) in §§2.3 and 3. the rule (RAA) in §4, and
the schema (CHAINS) in §2.4.

Next, we introduce a strengthening of the notion of syllogistic proof system, which
ensures that the consequence relation I' = ¢ is efficiently decidable, for any finite
theory I' and any sentence ¢.

DerNITION 1.1. Let £ be a language, equipped with a syllogistic proof system -,
and let 4 be any set of sentences in £. We write I' 4 ¢ if I - ¢ via a proof tree 7 with
the property that all sentences in 7 belong to 4.

ExampLE 1.2. This example is based on the observation that
{all x y,all y z} Fall (rall 2) (r all x). (3)

For example, here is a proof tree:

ally z all x y
ANTI ANTI
all (rallz) (rall y) all (rall y) (r all x)

BARBARA.
all (rall z) (r all x)

Let 4 be the set of all sentences y such that every subterm of y is in the set
{x,y.z,rall x,r all z} (this is the set of subterms of the sentences appearing in (3)).
Our tree above does not show that

{all x y,all y z} k4 all (r all z) (r all x). (4)
The problem is that the term (7 all ) is not in A. But the tree below does show (4):

all x all y z
aTxry alyz BARBARA

all x z ANTL

all (rall z) (r all x)
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DEerFINITION 1.3. A boundedly complete syllogistic proof system for L is a syllogistic
proof system I for £ which is sound, and such that that there exists a PTIME-computable
S Phin(L) = Pgn(L) such that whenever I' |= ¢, then T b q,y) -

ExampLE 1.4. Suppose we are working with the language £;. For any finite set
of sentences A, let f(A) be the set of all sentences ¢ such that every subterm of ¢
is a subterm of a sentence in A. Note that / is computable in polynomial time by
enumerating the subterms of sentences in A, and then forming all sentences (all u v)
such that # and v are on the list. In connection with Example 1.2, the set 4 there is
exactly f({all x y,all y z, all (r all z) (r all x)}). In Proposition 1.6 below, we are going
to show that the proof system with rules (AX), (BARBARA). and (ANTI) is boundedly
complete for £;. The function f could serve as a witness. But in order to simplify the
proof, we use a slightly different function g.

THEOREM 1.5. Fix a language L. Let = be a boundedly complete syllogistic proof
system for a language L. Then \- is complete, and for any finite theory I and any sentence
@, the problem of deciding whether I |= ¢ is in PTIME.

Proof. This is essentially Appendix A of McAllester [1]. Here is a sketch, based on
this, and also on a parallel result in [10] which was proved in the easier setting of
syllogistic logics without complex terms.

Let /' : Pgin(L) = Pn(L) be a PTIME-computable function such that T Fyr g, ¢
whenever I = . In particular, I' = ¢ implies that I' - ¢. So the proof system is
complete.

For the PTIME decidability, first compute f(I'U {¢}). Call this set 4. Let X, =
I'N A. We compute an increasing sequence of subsets of A4 by induction. Given X,
take each of the finitely many rules p of the logic, and do the following: compute the set
of all substitution instances of p whose premises are all in X,,; for each such substitution
instance, if the conclusion y belongs to 4, then add v to X, 1. Continue until the first
n* such that X« ;| = X,~. Since all the X, are subsets of 4, we have n* < 1 + |4|. And
I'4 piff o € X,=. We take it as standard that all of this can be done in PTime. [

1.4. Example: Completeness and PTIME decidability for L£y. We illustrate the
application of Theorem 1.5 to £; with the syllogistic proof system consisting of the
rules (AX), (BARBARA), and (ANTI).

For any set of sentences A, let T(A) be the set of subterms of sentences in A. Let
T*(A) be T(A) together with the terms (r all w) where w € T(A) and where r is a verb
which appears in A.

Let g(A) be the set of all sentences (all # v), where u € T(A) and v € T+(A). Note
that when A is finite, g is computable in PTIME.

PROPOSITION 1.6 [7]. If T |= . then T 41 (o)) - Hence the consequence relation
for Ly is in PTIME.

Proof. Fix a finite theory I" and a sentence ¢. We are going to save on some notation
in this proof by writing 7 for T(I' U {¢}). T* for T*(I' U {p}).and 4 for g(T' U {p}).
We make a model M as follows. The domain M of the model is 7. The structure of
the model is given by
tefp] iff Tkyallep
trJu iff Thyallz (rallu)
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(Recall that the set A4 is fixed as g(T' U {¢}). When we write I' 4  in this proof, we
are not changing the meaning of 4 to g(I' U {y}).)

Cram 1.7 (Truth Lemma). Foralla € T,
tefa] iff Traallza. (5)

Proof. The proof is by induction on a. When a is a noun, the assertion in (5) is
part of the definition of the model. Assume (5) for a. and consider (r all a). Since
(ralla) € T,thena € T = M as well. Note also that the sentence (all @ a) belongs to
A, and so I' 4 all @ a by (ax). By induction, a € [a].

Let ¢ € [r all a]. Since a € [a]., we have ¢[r]a. and hence T -4 all ¢ (r all @) by
definition of [[r].

Conversely, assume that ' 4 allz (ralla). Then t € T = M. We show that
t € [r all a]. For this, let b € [a], so by induction, I' 4 all > a. We must show that
t[r]b. equivalently T 4 all # (r all b). Note that b € M = T, so (r allb) € T*. The
key point is that the sentence all (r all @) (r all b) belongs to A, since (r all a) € T and
(rallb) € T*. Using (aNTI) and T" 4 all b a, we see that I -4 all (r all @) (r all b).
Then by (BARBARA), I' =4 all £ (r all b). O

We continue by showing that M = I'. For this, take any sentence (all u v) in T,
Let # € [u]. By (5). T 4 all t u. Now ¢, u, and v are in T, so the sentences (all u v)
and (all z v) are in A. By (BARBARA), I' 4 all £ v. By (5) again, ¢ € [[v]. Since 7 was
arbitrary, we have shown that [u] C [v], and M [ all u v.

Since M =T and T = ¢. the sentence ¢ holds in M. Let us write ¢ as (all a b).
Then a € T = M and the sentence (all @ @) belongs to 4, and so I' -4 all a a by
(ax). Thus, a € [a] by (5). So a € [b]. By (5) again, T" -4 all a b. This concludes the
proof. |

1.5. Results. Our two main themes are trade-offs between expressive power and
computational complexity, and also the variety of devices that one can add on top of
pure syllogistic logic in order to obtain sound and complete proof systems. Our results
are summarized in Figure 1.

We begin with a negative result: £, has no sound and complete syllogistic proof
system. The argument for this is combinatorial, and in outline it is based on a
similar result in [10] for R. Nevertheless, there are proof systems which capture the
consequence relation of £,. Most of §2 is devoted to several such logics, each of which
extends syllogistic logic in a different way. One way is to add a rule (cases) which
enables proof by cases, another uses a schema of rules called (CHAINS) (thus there are
infinitely many rules, but the set of rules is an easily-defined set), and the last is to
extend the syntax in such a way that the extension, called £; . does have a sound and
complete syllogistic proof system. In fact, this system is boundedly complete, and by
Theorem 1.5, the consequence relation of £7, and hence of its sublanguage £,. is in
PTIME.

Notice that what we will show is that £, has no sound and complete syllogistic proof
system, but the larger language £ does have such a proof system. The first example
of this phenomenon is in [9].

The lower bounds on complexity established in the rest of the paper show that
(assuming P # NP) none of the other languages admit boundedly complete syllogistic
proof systems.
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The languages £3 and L35 extend £; and £, with the term former (r some x). We
show that the smaller language £3 has a consequence relation which is Co-NPTIME
hard, via a reduction from the one-in-three positive 3-SAT problem. On the other
hand, a finite countermodel construction shows that the consequence relation of the
larger language L3 s is in Co-NPTIME. It follows that the consequence relation for both
languages are Co-NPTIME complete. We give sound and complete proof systems for
these logics which are not syllogistic: they use variants of the rule (CASES).

The languages £4 and L4 5 extend £; and £, with term complementation. As with
L3, we show that the consequence relation for £4 is Co-NPTIME hard, via a reduction
from 3-SAT. But this time we leave open the question of Co-NPTIME completeness:;
the upper bound of ExpTIME comes from the known complexity of the larger language
Ls5. We also leave open the problem of formulating proof systems for £4 and L45 in
their original syntax. Instead, we present a completeness result for an extension £ 5 of
L45. The proof system and the completeness result are comparatively simple, though
the proof system is decidedly nonsyllogistic: it includes a form of reductio ad absurdum
(RAA), as well as several rule schemas, and the syntax is not even finitary, since there is
an infinite family of sentence formers. This proof system restricts, by dropping (RAA),
to a sound and complete proof system for the corresponding extension £; of Ly.

The largest languages in this paper are L5 and L£s5s. We have the least to say about
them, mostly because £s 5 has been studied (in a different but equivalent formulation,
called R*") in [10], and the complexity result for it from [10] also holds for L5, as we shall
see. The sound and complete proof system for R** from [10] (which is nonsyllogistic
due to its use of individual variables) can be adapted to a similar proof system for Ls s,
but we do not make that explicit here. We leave open the problem of formulating a
proof system for Ls.

One might guess that when we explore a partial order of logics, stronger logics are
harder to work with and to prove completeness for. But this is not always the case. One
reason: as the logics get stronger, they include more and more features of first-order
logic and are thus easier to analyze, due to our experience with first-order logic. A
second reason: sometimes adding to the syntax of a logic restores harmony in some
way, thereby making it easier for us to work with. The examples of £, £, and £},
emphasize the fact that there is not a monotone relationship between the strength
of logical systems and their elegance, or between their strength and the difficulty
of proving completeness. It is an open problem to develop a general theory which
could explain this phenomenon. For example, why it is that some logical systems have
(boundedly complete) syllogistic proof systems (£3 ). while others do not (£5)? What
we have at present are some ad hoc results, and much remains to be done.

§2. L£,: Adding the sentence former (some x y) to £;. The main results on £, are
(1) it has no finite sound and complete syllogistic proof system; (2) nevertheless there
are several nonsyllogistic devices which allow us to obtain sound and complete proof
systems; (3) alternatively, we can extend the syntax of £ to a larger language £ in
such a way that £3 has a boundedly complete syllogistic proof system: and (4) as a
result of this last point, the consequence relation I' = ¢ for £3 (and hence £,) is in
PTIME.

2.1. The base systemt—y. We begin with a proof system in Figure 2 that will be used
in this section and beyond.

https://doi.org/10.1017/51755020320000386 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020320000386

RELATIONAL SYLLOGISTIC LOGICS 735

R allxy ally:z ARBARA allx y ANTI
——— AX ——————— BARBAR
all x x all x z all (r all y) (r all x)
some X y some x y somex y ally:z
some x x SOME some y x SOME, some x z DARII

Fig. 2. The proof rules of .

It is easy to check that the rules in Figure 2 are sound. Theorem 2.3 below shows
that they are also complete for conclusions of the form (all x y). Since the rules (AXx),
(BARBARA), and (ANTI) are complete for £, this result can be interpreted as saying that
L, is a conservative extension of £;. It is also possible to give a direct model-theoretic
proof of this conservativity result.

In many places in this paper, we will work with a set T of terms. We will always
assume that such a set T is closed under subterms. We could usually take T to be the
set of all terms in the language under study. But when we use T to build a model (as
we do just below), that model will be infinite when T is infinite. Working with a finite
set T allows us to build finite models in many situations.

We write I' - ¢ if there is a proof of the sentence ¢ from the theory I' using the
rules in Figure 2. We also write

x<y
to mean that I' - all x y. We use this notation because < is a preorder, due to (AX)

and (BARBARA). Please note that I is left off of this notation.

The first canonical model of a theory T. Let I be a theory, let T be a set of terms
(closed under subterms as usual), and let M be the set of unordered pairs {t,u} of
terms from T. This includes singletons {¢} = {¢, 7}. We define a model M(T", T) with
domain M by setting

{rutelpl iff t<poru<p
{t.u}[r{v.w} iff forsomea € {t,u}andb € {v,w}, a <rallb.

LemMA 2.1 (Truth Lemma). In M(T,T), for all terms x € T,

[x]={{t.u}e M :t <xoru<x}.

(6)

Proof. By induction on x. For a noun p € N, this is by definition of the model. For
a term of the form (r all x) € T, note that x € T, since T is closed under subterms.

Suppose that {z, u} € [r all x].Since x < x by (ax), the induction hypothesis implies
{x} € [x]- So {z,u}[r]1{x}. By the definition of [r], either # < r all x, or else u <
rall x.

Conversely, fix {¢,u} € M, and suppose that (without loss of generality) 1 < r all x.
Let {v,w} € M be an element of [x]. By the induction hypothesis, we have (without
loss of generality) v < x. By (ANTI), 7 all x < r all v. By (BARBARA), ¢ < r allv. So
{t,u}[r]{v. w}. and hence {¢,u} € [r all x]. O

Lemma 2.2. If (all x y) € T, then M(T,T) k= all x y. If x and y are any terms in T,
we have M(T', T) k= some x y. As a consequence, if T contains all subterms of sentences
inT, then M(T,T) =T.

https://doi.org/10.1017/51755020320000386 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020320000386

736 ALEX KRUCKMAN AND LAWRENCE S. MOSS

Proof. Suppose (all x y) € . If {r,u} € [x] in M(T,T), then by Lemma 2.1
(without loss of generality), ¢ < x. But then 7 < y by (BARBARA), so {t,u} € [¥]
by Lemma 2.1, and M(I",T) = all x y.

Now suppose x,y € T. Since x < x and y <y, we have {x,y} € [x]N[y] by
Lemma 2.1, so M(T", T) = some x y.

If T contains all subterms of sentences in I, then M(I",T) = all x y whenever
(all x y) € T by the first assertion, and M(I", T) |= some x y whenever (some x y) € T’
by the second assertion. |

THEOREM 2.3. IfT = all x y, then T kg all x y. Moreover, the proof only uses the rules
(ax), (BARBARA), and (ANTI).

Proof. Choose T so that it contains x, y, and all terms in I". If " = all x y, then
M(T,T) = all x y by Lemma 2.2. Then {x} € [x] C [»] by (ax) and Lemma 2.1. By
Lemma 2.1 again, I' k¢ all x y.

To see that the proof uses only the rules (aX), (BARBARA), and (ANTI), we just need
to examine the rules in the proof system and note that no rule which produces a
conclusion of the form (all x y) has a premise of the form (some a b). O

The proof of Theorem 2.3 shows thatif I I/ all x y, then there is a countermodel of
size O(n?), where n is the complexity of " U {all x y}. However, as noted in Lemma 2.2,
M(T', T) satisfies every sentence (some x y) with x, y € T. To obtain a countermodel
for sentences of this form, we will look at a submodel of M(I", T).

The second canonical model of a theory T. Let M’ be the set of unordered pairs
{t.u} of terms in T such that I -y some ¢ u. Note that we allow ¢ = u. Define a model
M'(T, T) with domain M’ just as in (6).

The proof system g is not complete for sentences of the form (some x y), but we
can prove a partial completeness result under the following additional hypothesis on
I', a form of which was first introduced by McAllester and Givan [2].

DErINITION 2.4, We say that I determines existentials for T if, for all verbs r € V and
all terms x, y € T, either I' g some x x or I all y (r all x).

The intuition behind this definition is that in any model M, for any term x, either
M = some x x, or [x] =, in which case [r all x] = M for any verb r, and M =
all y (r all x) for any term y.

LEMMA 2.5. Suppose I determines existentials for T. Then:

(1) In M'(T,T), for all terms x € T, [x] = {{t.u} € M':t < xoru < x}.
(2) If(allx y) € T, then M'(T', T) = all x y.
(3) If x,y € Tand (some x y) € I, then M'(T', T) |= some x y.

As a consequence, if T is any theory, T contains all subterms of sentences in T, and
I'* D T is a theory which determines existentials for T, then M'(I'*,T) ET.

Proof. The proof of (1) is exactly like the proof of Lemma 2.1, with the following
adjustment: If {7, u} € [r all x] and {x} € M’, the proof in Lemma 2.1 goes through
as written. Butif {x} ¢ M’, then T I/ some x x,so ¢ < r all x (and also u < r all x),
since I" determines existentials for T.

The proof of (2) is exactly as in the proof of Lemma 2.2.
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The proof of (3) is also exactly as in the proof of Lemma 2.2, with the following
adjustment: We need to use the fact that (some x y) € I to see that {x, y} € M’.

Putting this together, suppose I" is any theory, T contains all subterms of sentences in
I, and I'* D T determines existentials for T. If (all x y) € T C T'*, then M'(T'*,T)
all x y. And if (some x y) € T C T'*, then since x,y € T, M'(T'*,T) =some x y. 0

THEOREM 2.6. Suppose that T contains x, y, and all subterms of sentences in T,
and T* D T is a theory which determines existentials for T. If T |=some x y, then
I'* g some x y.

Proof. Since T C T'*, M'(I'*,T) =T by Lemma 2.5, so M'(I'*,T) = some x y.
Suppose {t,u} € [x]N[y]. Since {t,u} € M’, IT'* - some t u. And by Lemma 2.5,
I Fpallv xand I'™ b all w y for some v, w € {¢,u}. By analyzing the four cases and
using (SOME, ), (SOME,). and (DARII), we see that T'* -y some x y. O

COROLLARY 2.7. If T contains all subterms of sentences in T U {p} and T determines
existentials for T, then T |= ¢ if and only if T ¢ .

Proof. The implication I' ¢ ¢ implies I" = ¢ is just soundness of the rules in I-y. The
converse follows immediately from Theorems 2.3 and 2.6, taking ['* = I' in Theorem
2.6. O

We conclude this section with two proof-theoretic observations about the system .
If 7 = ry,....r, is a sequence of verbs and x is a term, we use the notation (7 all x) for
the term (ry all (5 all (... (r,, all x)))). When 7 is the empty sequence, (¥ all x) = x.

If w = all u v, we define

all (Fallu) (¥ allv) if the length of 7 is even

Anti(F, y) =
nti(7. ) {all (Fallv) (Fallu) if the length of 7 is odd.

Note that {w} k¢ Anti(7, ) by repeated applications of (ANTI).

DerINITION 2.8. Let I be a theory. A T'-sequence is a finite sequence of terms 71, ... , £,
such that for all 1 < i < n thereis a sentence y = (all a b) € T and a sequence of verbs
¥ such that (all ¢; ;1) = Anti(¥, w;).

LemmA 2.9. T kg all x y if and only if there is a T-sequence of terms ti, ..., t, such
that x =ty and y = t,.

Proof. Suppose x =t....,t, =y is a I'-sequence. If n =1, then x =y, and
I' o allx y by (ax). If n> 1, then for all 1 <i<n, I' ky all¢; £, by repeated
applications of (ANTI). And by repeated applications of (BARBARA), I' ¢ all x y.

We prove the converse by induction on the height of the proof tree. In the base case,
(all x y) € T, and x. y is a I'-sequence as desired.

Case 1: If the root of the proof tree is

all x x

then x is a I'-sequence from x to x.
Case 2: If the root of the proof tree is

all x all y z
axry alyz BARBARA
all x z
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then by induction we have I'-sequences 71, ... t, and [, ... . t;, withx = #;, y =1, = 1],

and z = 1,,. Then 1. .... t,.1.t{. ... t,, is a I'-sequence from x to z.
Case 3: If the root of the proof tree is

all x y

all (r all y) (r all x) ANTE

then by induction we have a I'-sequence fq,...,¢, with x =¢ and y =1,. Then
(rallt,),....(r all 1) is a T-sequence from (r all y) to (r all x). O

LemMA 2.10. Tt some x y if and only if there is a sentence (some 1) t) € T such
that T ko all t; x and T g all t; y. for some i, j € {1.2}.

Proof. Suppose there is a sentence (somet; #) € I' such that I' -y all #; x and
[ o all¢; y. for some i, j € {1.2}. Then applying (SOME;) or (SOME) if necessary.
I" iy some ¢; t; some ¢; t;. By two applications of (DARI) and (SOME,), I" k- some x .

We prove the converse by induction on the height of the proof tree. In the base case,
when (some x y) € I', we have I' ¢ all x x and I" ¢ all y y by (AXx).

Case 1: If the root of the proof tree is

some x y

———— SOME|
some X X

then by induction there is a sentence (some ¢; t;) € I' such that I" I all #; x for some
ie{l,2}.
Case 2: If the root of the proof tree is

some x y

- SOME
some y x SOME

then by induction there is a sentence (some t; t;) € I" such that I" ¢ all #; y and
I'koall ¢ x, for some 7, j € {1,2}.
Case 3: If the root of the proof tree is

somex y allyz
some x z

DARII

then by induction there is a sentence (some f; #;) € I' such that I I all #; x and
I' o allt; y, for some 7, j € {1.2}. But also I o allyz. so T ¢ all#; z by
(BARBARA). O

2.2. No sound and complete syllogistic proof system for L,. In this section, we prove
that there is no sound and complete syllogistic proof system for £,. This suggests that
we need nonsyllogistic devices like those which we shall see in coming sections of this
paper. But this talk of rules being “needed” is not precise, and at the end of the day, it
is not quite what we shall prove. At the same time, what we do prove is in a real way
stronger than the statement above. So we need to make all of this precise.

We return to our discussion of syllogistic rules in §1.3. Every syllogistic proof system
defines a provability relation between theories and sentences. In this section, we write
this relation as ' F"p. To be sound, we require that if T F*p, then T = . To be
complete, we require that if T |= ¢, then also I' H"¢.

The degree k consequence relation =y, is the relation between sets I' and sentences ¢
defined as follows: I" |=; ¢ if there is a finite tree with nodes labeled by sentences, such
that each node is either a leaf and in I', or else is a sentence ¢ with children v, .... y;
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for some j < k, and such that {y..... ¥;} = ¢. If we have a sound syllogistic proof
system ", then since it has only finitely many rules, each with finitely many premises,
there is a number k (the maximum number of premises in any rule in F*) such that
whenever I' H*p, we also have I' =, ¢.

THEOREM 2.11. For all n, there is a theory T, .1 and a sentence ¢ such that T, = .
and T, =, . As a consequence, there is no sound and complete syllogistic proof system

for L,.

Note that the first statement does not refer to proof systems in any way. It is
completely semantic. But it immediately implies the negative result about proof systems.

The setsT,. Foralln,letN = {a,b},letV = {r|,...,r,},andlet I', be the following
theory:

o = some (ry all (r; all @)) (ry all (ry all @)
@1 = all (ry all b) (5 all (p all @))
@y =all (ryall b) (r3 all (r3 all a))

;i = all (r; all b) (ri1q all (riy all @))

Pn-1 :.all (ru_y all ) (ry all (7, all @))
o = all (r, all b) a.

We will use I, as a recurring example in the forthcoming sections, to demonstrate
proof systems.

If r is a verb, then an r-king in a model M is an element x € M such that for all
yeM,x[r]y.

LEmMMA 2.12. T, = some a a.

Proof. Let M |=T,. If [a] # 0, we are done. So we shall assume that [a] = 0.
Then for any verb r, [ralla] = M. By o, M contains an ri-king x. Then ¢
implies that x is also an r,-king. Continuing by induction, ¢; implies that x
is an r;+1-king. Finally, x is an r,-king, and @ implies that x € [a]. which is
a contradiction. O

LemMA 2.13. If T, |= all u v, then either u = v, or (all u v) = Anti(¥. w), for some
sequence ¥ and some sentence y € T,,.

Proof. By Theorem 2.3, T';, k¢ all u v, and by Lemma 2.9, there is a I',-sequence
u=ty,..,ty, =v of length m. If m = 1, then u = v and we are done. If m = 2, then
(all u v) = Anti(¥, ) for some sequence 7 and some € I',;; we are again done.

It remains to prove a contradiction from m > 3. Suppose that we have . 0 € I',, and
sequences of verbs 7 and s such that (all #1 ;) = Anti(¥, w) and (all 1, 13) = Anti(5. 0).
Notice that f, must contain either a or b. Assume that 7, contains a. The argument
when 7, contains b is similar. Let m be the number of verbs in #,, the second term of
Anti(7, w). Since it is a rather than b which occurs in the second term of Anti(7, w), m
is even. We see this by examining the sentences in I',,. And let # be the number of verbs
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in t,, the first term of Anti(s, 8). This time, we see that n is odd. But m = n, since the
second term of Anti(7, w) is the first term of Anti(§, 0). This is a contradiction.  [J

The sets A, ;. Forallmandall 1 <i < n, let the theory A,; be given by

T\ {@:}) ifl1<i<n
A”~"{(rn\w(§ ;fi:n.

LemMA 2.14. Suppose that for some 1 < i < n and some terms u and v,
Ay E someu v.
Thenu = v = (ry all (r; all @)), so that (some u v) = a.

Proof. 1t suffices to show that for every term ¢ # (rq all (r1 all a)), there is a model
of A,; in which [¢] = 0. Indeed, then A,,; }~ some u v whenu =t orv = ¢.

We proceed by cases. In every case except t = a, we actually obtain a model of
I, in which [¢] = 0. Since the models M, of T, constructed in Case 4 have My (=
some a (ry all (r all @)), this implies the additional result that if ', |= some u v, then
u=v=_(rral(rjalla))oru=v=a.

Case 1:t = (5 allb) or t = (5 all @), where the length of 5 is odd. Let M| = {x}, and
define the model M; with domain M, by [a] = [b] = {x}, and [r;] = 0 for all i. In
M, we have

{+} if the length of § is even

Salla]l =[5 all b] =
[s all a] = [s all o] {@ if the length of § is odd,

soM; ET,.
Case 2: t = (§ all b), where the length of § is even. Define M, in the same way as
M. but with [b] = (. This time, we have

[F all a] = {*} if the length of 5 is even
|0 ifthe length of § is odd
[F all b] = () if the length of § is even
| {+} if the length of § is odd.

so again M, = Ty,.
Case3:t = a.Fix1 <i < n,let M5 = {x}, and define the model M3 (i) with domain
M3 by [a] = 0, [b] = {*}. and

o )} forj<i
[[rj]]_{ﬂ) for j > i

In M5(i), we have
[r; all a] = [6] = {*}

[r; all (r; all a)] = [r; all b] = {é*} I: izl

so M3(i) &= A,
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Case 4:t = (5 all @), where § = (s1.....5;). k is even and nonzero. and § # (r1.,r7).
Let My = {w. x, y,z}, and define a model M, with domain My by [a] = {w} and
[61 = {w. x. y, z}. To define the verb interpretations [r;], we break into subcases.

Subcase 4a: s # r1. Set x[[riJw, y[r1]x. z[sxJw. and no other instances of verbs:

Sk r sl
z w b y

Subcase 4b: s = r; and s;_; # ri. Set x[r1Jw, y[ri]x. and no other instances of
verbs.

r i
z W<—"X<—"Y

Subcase 4c: s, =ry, sp_1 =11, and k > 2. Set x[riJw, y[ri]x, z[sr—2]y. and no
other instances of verbs.

In all three subcases, [ all a] = {x} and [r; all (r; all @)] = {y}.s0o M4 E a. And
foralll <i <wn,[r; all b] = 0, so My |= T, It remains to show that [5 all a]] = 0. We
introduce some notation: write 5> ; for the sequence (s;. .... sx).

In subcase 4a. [si all ] = {z}. and [s>4_; all a] = 0. Since k is even we have

) ifj isodd

[s>;alla] = o
=/ M, if j is even,

and [5 all a] = [s> all a] = 0.
Insubcase 4b, [s; all a] = {x}.and [s>4; all a] = 0. Asinsubcase 4a. [5 all a] = 0.
In subcase 4c, [§>4 all a] = {z}. So [§>43 all a] = 0. And then since k is even and
k >4, [[521 all a]] = 0 by the same argument which we have seen above.
This completes the proof. O

LemMA 2.15. For any natural number k, and any n > k + 1, if T, =1 some u v, then
u=v=(rall (r; all @), so that (some u v) = a.

Proof. By induction on the depth of the tree witnessing I', = some u v. In the base
case, (some u v) is a leaf in T,,. Since « is the only sentence of the form (some u v) in
I',,, we are done.

Now suppose the root of the tree is (some u v) with children {y. ..., y;}. where
J<k.T,Erwyforalll <i<j and{yi....y;} =someuv.

We claim that for all y;, there is a single sentence y; € T, such that {y;,} E v;. By
induction, if y; has the form (some x y), then w; = o, and we can take y; = . On
the other hand. if ; has the form (all x y), then since ', = w;, by Lemma 2.13 either
w; = (all x x) and we can take y; to be any sentence in I',,, or w; = Anti(#;. ;) for
some y; € Iy, and {y;} F wi.

By the claim, {y; : k < j} = someu v. And since j <k <n -1, there is some
1 <i* <nsuchthat {y; : k < j} CA,;~. For this i*, we see that A, ;« = ;. for all
k < j,s0 Ay« = some u v. Our result follows from Lemma 2.14. |

Proof of Theorem 2.11. By Lemma 2.12, [, |=some a a. And by Lemma 2.15,
[yi1 Eusomea a.
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Suppose that F* is a sound and complete syllogistic proof system for £,. Let n be
the maximum number of premises in any rule in -*. Then since T',,.; = some a a, we
have I',,1 " some a a by completeness, and ', |=, some @ a by soundness. This is
a contradiction. O

We have shown that the full semantic entailment relation = for £, is not |, for any
n. This contrasts with logics like the one for £;; for that, = coincides with =, since
there is a sound and complete syllogistic proof system in which every rule has at most
two premises.

ReMARK. Our work in this section used the fact that our set V of verbs can be
arbitrarily large. It is open whether the negative result holds when V is a fixed finite set.

2.3. Completeness using the (CASES) rule. 'We have just seen that £, has no logical
system which is syllogistic, sound, and complete. The rest of this section rectifies this,
in three different ways.

In this section, we add a single rule. It is called (CASES). and while it is not syllogistic
as we defined the term in §1.3, it is simple and natural. Here is a statement of it.

MM

¥ ¥
% CASES (7)

The nonsyllogistic feature is that premises are withdrawn in derivations.' Let us explain
how the (casEs) rule is used. To prove ¢ from a set I, it is sufficient to take a term x,
prove ¢ from I’ U {some x x}, and also prove ¢ from I' U {all y (r all x)}. Here y can
be any term and r can be any verb.

In the logic itself, we take two derivations of ¢, and then in one we withdraw
a sentence (some x x), while in the other we withdraw a sentence of the form
(all y (r all x)) (for this same term x). We may withdraw zero occurrences or more
than one. The overall conclusion is ¢.

In this subsection, we write - for provability in the ¢y system from Figure 2.1,
together with (CASES).

LEMMA 2.16 (Soundness). If T, then T |= .

Proof. By induction on the number n of uses of (CASES) in derivations. For n = 0,
this is just soundness of -y. Assume our result for #, and let I - ¢ via a derivation with
n + 1 uses of (CASES). We may assume that the last use of (CASES) is at the root of the
proof tree. So we have

(1) TU{somex x}F ¢
(2) Tu{ally (rall x)} ¢,

where both derivations have at most # uses of (casgs). By our induction hypotheses,
(1) and (2) hold when I is replaced by . Let M [=I'. Then we have two cases. If

! The reader might wonder why we are indicating withdrawal of premises using a large “X”
rather than the standard notation of square brackets. The reason is that later in the paper we
use square brackets in our syntax, and we will thus need a different notation later to indicate
withdrawals.

https://doi.org/10.1017/51755020320000386 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020320000386

RELATIONAL SYLLOGISTIC LOGICS 743
[x] # 0, then M = some x x, so M = . And when [x] = 0, we have [[r all x] = M.
So M [=all y (r all x), and thus M = ¢. O
ExampLE 2.17. Here is a sample derivation.
{somec d.alla x,all a y,all (r all @) x,all (r all @) y} I some x y.
Let I' be the theory on the left. We show that

l. TU{somea a} I some x y.
2. Tu{allc (ralla)} tsome x y.

The first is easy from (all @ x) and (all @ y). The second comes from

allc (ralla) all(ralla)x

ss?)m: cccc{ SOME] all e x BARE
ome X DARII alle (ralla) all(ralla)y
>=_—— = SOME; BARB
some X ¢ allcy
Some Xy DARII

(Here (BARB) abbreviates (BARBARA).) Note that the premise (all ¢ (r all )) was used
twice.

ExampPLE 2.18. We show that I, - some @ a, where I, is the theory in §2.2.

First, note that AU {some a a} F some a a for any theory A. So by n applications
of (casEs), to show that I, - some a a, it suffices to show that T, U {all b (r; all a) :
1 <i<n}tsomea a.LetT? be the theory on the left.

Let y; =all (r; all (r; all @)) (r; all b). By (ant1), T} F w; for all 1 <i <n.
Repeatedly applying (BARBARA) to the sequence 1. @1, W2, . ..., ¥, @, we find that
[ Fall (ry all (ry all @) a. So by ., (DARI), and (SOME,), T’} - some a a.

THEOREM 2.19 (Completeness). If T |= ¢, then T+ .

Proof. By Theorem 2.3, if T" |= all x y, then already T b all x y. So we may assume
that ¢ has the form (some x y). We prove the contrapositive, so assume I' I/ ¢. Let
T be a set of terms. closed under subterms, which contains x, y, and all subterms
of sentences in I'. By Zorn’s Lemma?, let I'* O ' be a maximal extension, such that
I'™ I . The sentences in I'™* may contain any terms in the language.

Assume for contradiction that I'™* does not determine existentials for T. Then there
are terms x, y € T and a verbr € V such that I'* I/, some x x and I'* I/, all y (r all x).
In particular, I'* does not contain either of these sentences. By maximality, we have
I U {somex x} - pand * U{all y (rall x)} . By (casgs), T'* I ¢, contradiction.
Thus I'™* determines existentials for T.

Now since I'* I/ ¢, we clearly have T* I/ ¢. So by Theorem 2.6, T |~ ¢. This is what
was to be shown. a

The proofs of Theorem 2.3 and Theorem 2.6 show that if I" I/ ¢, then either M(I", T)
or M'(T"*, T) are countermodels, depending on the form of . Both of these models
have size O(n?), where n is the complexity of T U {¢}.

REMARK. Since I is already complete for sentences of the form (all a b), we only
need to use (CASES) in proofs of sentences of the form (some a b). Using Lemma 2.10,

2 Of course, we do not actually need the Axiom of Choice when the set of all sentences in the
language is countable.
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it is possible to show that (CASES) is equivalent over k- to the following rule:

Aot

allxa allxb some a b
somea b

CASES™

So the system with rules (AX), (BARBARA), (ANTI), (SOME;), (SOME;), (DARI), and
(cases*) is also sound and complete for £,. We chose to emphasize (CASES) rather
than (CASES*) because it made the completeness proof quicker, and because we will use
(cAsEs) again in §3.2.

2.4. Completeness using the (CHAINS) schema. In Theorem 2.11, we proved that
there are no syllogistic proof systems for £, which are sound and complete. We have
just seen that £, has a sound and complete proof system, but one which is not syllogistic
in our sense. In this section, we give another proof system, which this time makes use
of a schema of rules with arbitrarily long (but finite) premise sets.

DEerFiNITION 2.20. Let a and b be nouns. A chain linking a to b is a sequence C of
sentences
C = (allaui.allviuy,....allv; ujq, ....all vy, b),

such that for all 1 <i < m, either

1. u; = (¥ all z;) and v; = (¥ all (r all ¢;)). where 7 is a sequence of even length, or
2. u; = (Fall (r all t;)) and v; = (¥ all z;), where 7 is a sequence of odd length.

We say that this chain has length (m + 1), and the terms 11, ..., t,, are the missing link
termsin C.

Note that a chain of length 1 linking a to b is just the single sentence (all  ») and
has no missing link terms. Here are two chains of length 2 linking « to b:

(alla z.all (rall £) b)
(alla (s all (rall?)),all (s all z) b).

In both of these chains, ¢ is the missing link term.

Returning to the definition, we emphasize that the terms denoted z1, ..., z,, may be
arbitrary (they need not be nouns) and are not missing link terms. The sequence 7 is
also arbitrary.

LemMA 2.21. Suppose C = (all a uy. all vy us, ..., all v, b) is a chain linking a to b,
M = C, and [t] = 0 for every missing link term t in C. Then [a] C [b].

Proof. Since M satisfies all the sentences in C, [[a] C [u1], [v.] € [£]. and [v;] C
[[u; 1] for all i. So it suffices to show that [[u;]] C [v;] for all i.

Let #; be the missing link term for u; and v;. Since [#;] = 0, [r all ;] = M. So
[z:1 € [r all ] for any term z;. This is the desired inclusion when 7 is the empty
sequence. The result then follows by induction on the length of 7. using the fact that if
[x1 € [y]. then [r all ] < [ all x]. O

DEFINITION 2.22. Let x and y be terms. An (x, y) chain system is a sequence of chains
C1. ..., C; such that for every missing link term ¢ in every chain C,, there exist m, m’ < n
such that C,, links 7 to x and C,,» links ¢ to y. When x = y., we may take m = m’.
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If chains C,,, and C,,/ link ¢ to x and y, respectively, we can think of these chains as
witnessing that we are allowed to use ¢ as a missing link term later in the (x, y) chain
system. Of course, the first chain in an (x, y) chain system must have length 1, since
there are no available missing link terms from previous chains.

LemMA 2.23. Let Cy, ..., C; be an (x, y) chain system. Suppose M |= C; for all i, and
suppose that [x] N [y] = 0 in M. Then [a] C [b] whenever some C; links a to b.

Proof. By induction on /. When / = 0, there are no chains, so the conclusion is
vacuously satisfied. Now suppose Ci. ..., Ci41 is an (x, y) chain system. By induction,
the conclusion holds for the (x, y) chain system Ci. ..., C;. So suppose C; links a to
b. For any missing link term ¢ in C;,, there are chains C; and C; with i, j </, linking
ttoxand rtoy. So [¢] C [x]N[y] = 0. By Lemma 2.21, [a] C [#]. as desired. O

We introduce the new rule schema

someab C; .. ( CHAINS
some x y ’
where Cj. ..., C; is an (x, y) chain system, some C,, links a to x, and some C, links
btoy.
In this section, we write - for the proof system -y augmented by the rule schema
(CHAINS).

THEOREM 2.24. The (CHAINS) schema is sound.

Proof. Let (somea b), Cy, ..., C; be the premises of an instance of (CHAINS), and
suppose that M satisfies these premises. Suppose towards a contradiction that [x] N
[¥1 = 0. so Lemma 2.23 applies. Since some C,, links a to x and some C, links b to
y. we use Lemma 2.23 to see that [a] N [p] C [x] N [¥] = 0. But this contradicts the
assumption that M = some a b. O

ExamPLE 2.25. We show that [, - some a a, where T',, is the theory in §2.2. We will
find an (a, ) chain system which contains a chain linking (7| all (r1 all @)) to a.

C) = (all a a) is a chain of length 1 linking @ to a. This allows a to be used as a
missing link term in C,. Let  be the sentence

all (r1 all (ry all @)) (ry all (ry all @)).
Then

C= (o1 ...0n1.0)

is a chain linking (7| all (r; all a)) to a. in which the only missing link term is a.

Let’s check that C, is a chain. First, u; = (1 all (r1 all @)) and v; = (r; all ¢), so this
is alternative 2 in Definition 2.20, witht = a, z = ¢, r = 1, and ¥ = r;. All of the rest
of the links from u; to v; are justified in the same way.

Then we have a derivation:

(6 Cl C2 c S
somea a HAINS.

This shows that I',, - some a a, because a € T',,, and each sentence in C;, C;, is either
B. which is an instance of (AX), or an element of I',,.

THEOREM 2.26 (Completeness). If T = . then T I .
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Proof. By Theorem 2.3,if " |= all x y, then already I' k- all x y. So we may assume
that ¢ has the form (some x y). Let T be a set of terms, closed under subterms, which
contains x, y, and all subterms of sentences in I'.

For any term 7 € T, let A, = {all z (r all z) : z € T,r € V}. In order to extend I’
to a theory which determines existentials for T, we define an increasing sequence of
theories by induction. Set I') = I', and given I',,, define

I =T,u{allz(rallt):t,z€T,.reV,and T, U{somet} o}

So I';11 includes A, for all terms ¢ € T such that I, U {some ¢} k¢ ¢. Let T, =
Unew I',,. and let

I'"=T,U{somert:t€Tand A £ T,}.
Cram 2.27. There is some n such that Iy, F¢ . O

Proof. T* determines existentials for T, and by Theorem 2.6, I'* I ¢. By Lemma
2.10, there is a sentence (some a; a») € I'* such that I'* I all @; x and I'* ¢ all a;y
for some i, j € {1,2}. Since Fo-proofs of all-sentences are finite and never contain
some-sentences, there is already some 7 such that I', o all @; x and I', kg all a; y, and
we have I', U {some a; ax} o ¢.

It remains to show that the sentence (some a; a;) belongs to I' C I',,, since then
I', Fo ¢. Suppose not. Then (some a; a») is not in I',,. since the sets I', only add
sentences of the form (all z (r all ¢)) to I'. So (some a; a») is a sentence (some ¢ t)
such that A, Z T',,. But then I', U {some ¢} o ¢, so A, C T,y CT,, which is a
contradiction. O

Cram 2.28. If'there is some n such that Ty o . then T = .

Proof. Assume I' I/ ¢. Then we will prove the following two claims for all n, by
induction:

(1), For every k > 1 and every I',,-sequence of terms 71, ... #;, there is an (x, y)
chain system Ci, ..., Cy, such that C; links ¢, to #;, and such that for all
I1<i<fandally € C;, T I y.

(2),, l—‘n |7/0 ®.
So assume (1),, and (2),, hold for all m < n. We will first prove (1), by induction
on k.

In the base case, when k = 1, we have | = #, and T I- all #; #; by (ax). The chain
(all #1 ;) has no missing link terms and links #; to #;. So we have the required (x. y)
chain system, consisting of just this one chain.

Now suppose k > 1, and fix a T',-sequence 11,..., . Let Cy,..., C; be the (x. y)
chain system obtained by induction for the I',-sequence ¢y, ..., #4_;. Then C; links #,
to #;_1. so the last sentence in C; is (all ¢ #;_1) for some term c. By the definition of
I',-sequence, there is a sentence (all d e) € T, and a sequence of verbs 7 such that
(all [/ tk) = Anti(?, (aII d 8))

If (all d ¢) €T, then by repeated applications of (ANTI), T I~ all #;_; #;. Since also
I' - all ¢ #;_; by induction, we have I |- all ¢ #; by (BARBARA). Replacing the last
sentence of C, with (all ¢ #;), we are done.

If (alld e) ¢ T, then (all d e) € T'41 \ Iy for some 0 < m < n. It follows that
e = (r all ¢) for some term ¢ such that ', U {some 7 ¢} o . By Lemma 2.10, there
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is a sentence (some p ¢) in T, U {some ¢ ¢} such that for all w € {x, y} there is some
v € {p.q} such that [, k¢ all v w. If (some p q¢) € I, then T, I . contradicting
(2),n. Otherwise, the sentence (some p g) must be (some ¢ ¢). Thatis, p =g = ¢, so
Iyboallt xand Ty, o all £ y.

By Lemma 2.9, there are I',,-sequences linking 7 to x and ¢ to y. By (1),,. there are
(x.y) chain systems Cy..... C/, and C{'. ... C,;, such that C,, links 7 to x. C;}, links ¢
to y, and for every sentence y in every chain, I' - . Let C; be the chain C, with the
sentence (all #x ;) appended. Then C;* links 7, to 7. We either have ;| = (7 alld) and
tr = (¥ all (r all t)) where 7 has even length, or #;,_; = (Fall (r all ¢)) and ¢, = (¥ all d)
where 7 has odd length, so the missing link terms in C;® are those in C, together with
t. Also T F y for every sentence y in C;, by our assumption about C, and (ax). So
Cl.....C,,.C{"....C[},.Cy..... Cpy. C} is our desired (x. y) chain system.

Having established (1),. we prove (2),. Assume for contradiction that T, k¢ ¢.
By Lemma 2.10, there is a sentence (some a; a») in I', such that I',, ¢ all a; x and
I'yFoalla; y forsome i, j € {1.2}. By Lemma 2.10, we thus have I',-sequences from
a; to x and from a; to y. Apply (1), to these sequences to obtain (x, y) chain systems
Ci.....Cp and CY,.... C/, such that C; links a; to x and C,, links a; to y. and all
sentences in all chains are --provable from I'. Then we have an instance of chains

somea;a; C; .. C, C/ .. (]
some x y

CHAINS.

The sentence (some a; a») belongs to I',,, hence to I'. Applying (SOME;) or (SOME;) as
needed, I' - some a; a;. So this deduction is the root of a proof tree proving (some x y)
from . 0

Claims 2.27 and 2.28 complete the proof of Theorem 2.26.

2.5. Completeness and PTIME decidability for the extended language E;’ . We have
seen that £, has no sound and complete syllogistic proof system. And we have seen
proof systems which go beyond the “purely syllogistic” in earlier sections. But this
section goes in a different direction. We show that if we enhance the syntax of £, in a
certain way, then we are able to find a boundedly complete syllogistic proof system for
the larger language.

We add to £, a new four-place sentence former

(alla b) v (some x y)
with the evident semantics
M (@llab) Vv (somex y) iff [a] €[] or [x]N[y] # 0.

We call the larger language £ . Note that we do not allow the disjunction of arbitrary
sentences. Rather, there is a new kind of sentence, which is the disjunction of exactly
one sentence (all @ b) and one sentence (some x y). For a proof system, we take the
rules in Figure 3, and we write |- for provability in this system.

LEMMA 2.29. The proof system is sound.

Proof. We argue soundness for (EMPTY;), (EMPTY,), and (DD), since soundness of
the other rules is clear from the meaning of disjunction. Fix a model M.

For (EMPTY)), either [a] # 0. or @ = [a] C [A]. In either case, M = (all a b) Vv
(some a a).
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(all a b) V (some x y) , alla b
EMPTY,
(alla b) V (some a a) (alla b) V (some x x) SOME! (alla b) v (some x y) e
i (alla b) v (some x y) , some x y
s SOME WR
a ralla)) Vv (someaa ) alla b) vV (some y x alla b) vV (some x y

(all b (r alla)) v ( ) (alla ) v ( ) T (allab) v )
(alla b) v (some x y) (allb ¢)V (some x y) ) (alla b) V (some x y) ,
BARB ANTI

(alla c¢) v (some x y) (all (r allb) (r alla)) V (some x y)

someru (allzx)V (somexy) (alluy)V (somex y)
some x y

DD

(alla b) v (some ¢ u) (allz x)V (somexy) (alluy)V (somex y)
(alla b) v (some x y)

DD’

Fig. 3. Rulesin §2.5. These rules are added on top of the rules in Figure 2.

For (EMPTY,), either [«] # 0, or [a] = 0. In the latter case, [6] C [ all a] = M. In
either case, M = (all b (r all a)) V (some a a).

For (DD). suppose that M satisfies the premises of the rule, and assume for
contradiction that [x] N [y] = 0. Then M [ all ¢t x and M E allu y. So [t] N [u] C
[x1 N [y1 = 0, contradicting M = some ¢ u. O

ExampPLE 2.30. The rules (DD) and its companion (DD’) stand for “double darii”. To
see the connection between these rules and (DARII), we note that (DARII) is redundant
in this system:

AX
Il
all x x WL anryz WL
some X all x x) vV (some x z all y z) V (some x z
y ( y
some x z

Note also that (DD) is the only new rule in our proof system which produces a conclusion
in the original syntax of £». It is responsible, together with (EMPTY»). for the reasoning
captured by (cases) and (CHAINS) in the previous two sections.

ExampLE 2.31. We show that I',, - some a a, where once again I, is from §2.2. For
each 1 < i < n, we have the derivation:

EMPTY;
(allb (r;alla)) Vv (some a a) i

(all (7 all @) (r; all b)) V (some a a) Antr (all (r; all b) (ri2+1 alla)) v (some a a)
(all (? all a) (rl~2+1 alla)) v (some a a)

WL

BARB’

and similarly, we have:

(allb (ry alla)) V (some a a) EE ) w
(all (r2 all @) (r, all b)) V (some a a) ANTI (all (r, all b) @) V (some a a) W

(all (r2 all @) a) v (some a a)

BARB’
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By n applications of (BARB'), we obtain (all (+} all a) @) V (some a a). And then we
conclude:

a (all(rfalla)a)V (somea a)
some a a

DD.

Completeness and PTIME-decidability. At this point, we turn to the completeness
and PTimMme-decidability of the logic. We are going to apply Theorem 1.5. For any set
A, let T(A) be the set of subterms of sentences in A. Let T(A) be T(A) together with
the terms (r all w) where w € T (A) and where r occurs in A.

Let g(A) be the set consisting of

(i) All sentences (all x y), where x € T(A) and y € T*(A).
(ii) All sentences (some u v), where u,v € T(A).
(iii) All sentences (all x y) V (some u v), where x,u.v € T(A) and y € T*(A).

Note that g is computable in PTIME.

THEOREM 2.32. If T |= @, then I = (rygyy) . Hence the consequence relation for Ly
is in PTIME.

Proof. As in §1.4, we are going to save on some notation below by writing 7" for
T(TU{p}). T* for T (I'U{p}), and 4 for g(T' U {p}).

We are going to do this entire proof in two parts. The first part handles the case that
@ iseither (all a b) V (some x y) or else (some x y). After that, we handle the relatively
simpler case that ¢ is (all a b).

So until further notice, we are in the first part of this theorem. Please note that x, y.
a, and b are fixed throughout the rest of this proof.

Let M = M, be the set of unordered pairs {z. u} of terms from 7 such that there
is some z € {x, y} such that forallv € {z,u}, I t/4 (all v z) V (some x y).

We allow ¢ = u, and it follows that whenever M contains {¢, u}, then it also contains
{t} = {t. t}. The point of the definition of M will become clearer after we see the Truth
Lemma and Claim 2.35 below: we are building a model which is guaranteed to have
[xINIy]=0.

We define a model M with domain M by setting

{t.u} € [p] iff either T4 (all 7 p)V (some x y), or T 4 (all u p) V (some x y)

{t,u}rl{v.w} iff forsomec € {z,u}andd € {v,w},
I' 4 (alle (ralld)) V (some x y).

Cram 2.33 (Truth Lemma). In M.we have the following for all terms z € T,
[zl ={{t.u} e M :TkH,(allzz)V(some x y)or Tty (alluz)V (some x y)}.

Proof. By induction on z. For a noun in N, this is by definition of the model. So we
assume our statement for z and prove it for (r all z) € T. Note that z € T, since T is
closed under subterms.

Fix {¢t,u} € M, and suppose (without loss of generality) ' F, (all z (r all z)) Vv
(somex y). Weshow that {z,u} € [r all z]. Let {v,w} € M be anelement of [z]. By the
induction hypothesis, we have (without loss of generality) I' -4 (all v z) V (some x y).
Then by (antr’), T 4 (all (¥ all z) (r all v)) V (some x y). Note that the sentence
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(all (r all z) (r allv)) V (some x y) belongs to 4 because (r all z), x, and y belong to T
and r all v to T*. Moreover, (all  (r allv)) V (some x y) again belongs to A. By (BARB’),
[ty (all £ (rallv)) Vv (some x y), and hence {7, u}[r]{v.w}. So {z.u} € [r all z].

Conversely, suppose {z,u} € [r all z].

Case 1: {z} € M. Notice that T 4 (all z z) V (some x y) by (ax) and (wL). By
induction, {z} € [[z]. Hence {¢, u}[r]{z}. So by the definition of the model, we have
either T4 (all 7 (rall 2)) V (some x y) or I'l=4 (all u (r all z)) V (some x y), as desired.

Case2: {z} ¢ M.ThenT +4 (all z x) V (some x y) and T 4 (all z y) V (some x y).
So we have a proof from I':

EMPTY,

(all ¢ (rall 2)) v (some z z) (all z x) v'(some xy) (allzy)v .(some xy) o

(allz (rallz)) v (some x y)

As before, all sentences shown belong to 4. We are done. Incidentally, the same
argument shows that also I' 4 (all u (r all z)) V (some x y). O

We conclude the first part of our proof of Theorem 2.32 with two claims. Together
with the assumption that I' = . they show that I k4 ¢, where ¢ is the sentence
in the statement of our theorem. In this part of the proof, recall that ¢ is either
(alla b) V (some x ) or (some x y).

Cram 2.34. Either T4 o, or M =T.

Proof. Let w be a sentence in I'. We check that either I' F4 ¢, or M |= .

Case l:wis(allcd). By (WL), 4 (all ¢ ) V (some x ). For any {¢,u} € [c]. by
the Truth Lemma (without loss of generality) T -4 (all ¢ ¢) V (some x y). By (BARB'),
I't4(alltd)V (somex y).So{t,u} € [d] by the Truth Lemma again. So in this case,
we have M = y.

Case 2: y is (some ¢ d). There are two subcases, depending on whether or not
{c.d} belongs to M. If it does, then {c.d } € [¢] N [[d], so M |= w. So we assume that
{c.d} ¢ M. Then there are e, / € {c.d} such that ' -, (all ¢ x) V (some x y) and
I'k4 (all £ )V (some x y). Applying (soME;) and (SOME;) as needed, I' -4 some e f.
Then by (DD), T' -4 some x y. If ¢ is (some x y), then we are immediately done. And
if pis (alla b) V (some x y), then we are done after applying (WR).

Case 3: w is (all s #) V (some ¢ d). This is a combination of the two previous
arguments.

Again there are two subcases, depending on whether or not {c, d } belongs to M. If it
does, then {c.d} € [c] N [d]. so M = w. So we assume that {c.d } ¢ M. Then there
aree, f € {c,d}suchthatTt4 (all e x) V (some x y)and Tk (all £ ») V (somex y).
Applying (soME]) and (soME}) as needed, I' -4 (all 5 7) V (some e f). Then by (pDD’),
'k, (all s ¢) v (some x y). For any {u,v} € [s]. by the Truth Lemma (without loss
of generality) T -4 (all u s) V (some x y). By (BARB’), ' 4 (all u ¢) V (some x y). So
{u,v} € [[¢] by the Truth Lemma again. So we have M = all s ¢, and M | y. O

Cram 2.35. If M =, thenT b4 .

Proof. Case 1: ¢ is (some x y). In this case, we claim that M [~ ¢. The reason is
that by the Truth Lemma and the definition of M,

{tu}e M iff {t.u}d¢[x]IN[y]

https://doi.org/10.1017/51755020320000386 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020320000386

RELATIONAL SYLLOGISTIC LOGICS 751

Case2: @ is (alla b) V (some x y). By Case 1, we assume that M |= all a b. Consider
{a}. If {a} ¢ M,then T 4 (all a x) V (some x y) and T k4 (all @ y) V (some x y).
Then we have the following proof of ¢ from I'":

EMPTY : :
(alla b) v (some a a) (alla x) V (somex y) (alla y)V (some x y)

DD’

(alla b) v (some x y)

All sentences shown belong to 4. So we have the desired conclusion I' -4 . On the
other hand, if {a} € M, then since {a} € [a] and M = all @ b, we have {a} € [b].
By the Truth Lemma, we again have ' -4 (all @ b) V (some x y). O

This concludes the first part of the proof of Theorem 2.32. The second part is when
¢ is a sentence (all ¢ d). In this part, we repeat the construction and proof above, with
the following adjustments:

1. We let M be the set of all unordered pairs of terms from 7, with no restriction.

2. We drop the disjunct V(some x y) from all sentences which appear in the proof,
including the definition of M and the statement of the Truth Lemma.

3. In the proof of the Truth Lemma, Case 2 does not occur, since {z} € M.

. In the proof of Claim 2.34, the subcases where {c¢,d } ¢ M do not occur.

5. We replace the proof of Claim 2.35 with the following argument. Recall that ¢
is (all ¢ d). We assume that [[c]] C [d]. and we need to show that I' -4 all ¢ d.
By the Truth Lemma, {c} € [[¢]. Thus, {¢} € [d]. By the Truth Lemma again,
I'kyalled.

AN

§3. L3 and L3 5: Adding the term former (r some x) to £; and £,. In this section,
we study £3. the language with term formers (r all x) and (r some x), and with sentence
former (all x y). We also study the larger language £3 5 which adds the sentence former
(some x y).

The language L35 has essentially already been studied by McAllester and Givan
in [2], but that paper is primarily concerned with complexity results rather than
completeness results. What McAllester and Givan would call a quantifier-free atomic
formula without constants is exactly what we call a sentence of £35. What they would
call a quantifier-free literal without constants is either an L3 5 sentence ¢ or its negation
—p. They show that the satisfiability problem for sets I of literals which determine
existentials is in PTIME. And from this, they derive that the satisfiability problem for
sets I of literals (which perhaps do not determine existentials) of literals is in NPTIME.
Thus, their result implies that the consequence relation for £3 5 is in Co-NPTIME. They
prove a matching hardness result as well, and so the consequence relation for L35 is
Co-NPTIME complete.

We show that the consequence relation for £3 is Co-NPTIME hard. Our proof is
based on the one in [2], and the result here is a slight improvement on [2] because
L5 is a little weaker than their language. As a corollary, if P # NP, then there is no
boundedly complete syllogistic proof system for £3 or any language larger than it.

In §§3.3 and 3.2 we formulate proof systems and obtain completeness results for L3
and L35. We also reprove the Co-NPTIME decidability of L35 by a polynomial-size
countermodel construction.

https://doi.org/10.1017/51755020320000386 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020320000386

752 ALEX KRUCKMAN AND LAWRENCE S. MOSS

3.1. Co-NPTIME hardness of the consequence relation of L3.

THEOREM 3.1. The problem of deciding whether T = . for T U {p} a finite set of
L3-sentences, is NPTIME hard.

Proof. We use a reduction from the one-in-three positive 3-SAT problem first studied
by Schaefer [11]. This problem is defined as follows. We are given a set S of clauses
of the form UV V vV W, where U, V, and W are distinct. (Note that negation is
not used.) The problem is to find a truth assignment f to the variables making
exactly one variable in each clause T and the other two variables F. We call this
a l-valued assignment for S. This problem was shown to be NPTIME complete in
Schaefer [11].

We define a set ' = T'(S) below, in two steps. We use nouns which correspond to the
variables of S, writing u for the noun corresponding with U, etc. I also uses a number
of other nouns and verbs. It is defined as follows:

(1) Foreachclause c € S.sayc = U V V' VvV W, put the following sentences in I':

all start (r! allu) all (r! some u) y.
all y. (r? allv) all (r2 some v) z.
all z. (P allw)  all (r} some w) finish.

Here start and finish are new nouns (not varying with the clause), y. and z,
are also new nouns (these do vary with ¢), and rzl, rf and rf,’ are new verbs.

(2) Let P and Q be any two distinct variables which occur together in some clause
c. Then add to I' the sentence ¢, ,:

all (r,4 all p) (r},, some g).

Here r,, and r}, , are new verbs. (By symmetry, we also add ¢, .)

So if S has k clauses, then the first point will add 2 + 2k new nouns and 3k new verbs.

The second clause will add at most 2 - (32") < 18k? new verbs.

Cram 3.2. S has a 1-valued assignment iff T’ [~ all start finish. O

Proof. In one direction, assume that M =T and M = all start finish. Define a
truth assignment f by f(U) = F iff [u] # (0. Consider a clause c = UV V' V W of
S.If f(U)= f(V)= f(W)=F, then [u]. [v]. and [w] are all nonempty. By the
sentences in (1),

[start] C [v.] € [z] < [finish].

But this contradicts that M £ all start finish. Thus we know that at least one variable
in ¢ is assigned the value T by f. We claim that only one variable can be T. For
suppose towards a contradiction that (for example) U # V but f(U) = f(V) =T.
Then [u] = [v] = 0. So [rp, all u] = M and [r, , somev] = ). By the sentence ¢, ,
in point (2), M is empty. But this is impossible, since M = all start finish.

Conversely, suppose f is 1-valued on S. We must find a model M = T where M |~
all start finish. Let M be the set of variables U such that f(U) = F, together with start
and finish. For a variable X, define [x] = 0if /(X) = T, and [x] = {x}if f(X) =F.
We also take [start] = {start}, and [[finish]] = {finish}.
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all x y MONO some x y sa some x (r some y)
all (r some x) (r some y) all (r all x) (r some y) some y y
Some=xX aM; Somexx Atbxl
9% CASES L4 % ? cases,

Fig. 4. The logic of §3.2. We also use the rules in Figure 2.

We still need to define [y.]. [zc]. [r!]. [7]. [2] for all clauses ¢, and also [r,,] and
[, ,] when P and Q are distinct variables in the same clause.

Suppose that P and Q are distinct variables which happen to belong to the same
clause. We must arrange that M = ¢, ,. Set [r,,] =0 and [r), =M x M. We
know that either f(P) = For f(Q) = F (or both). In the first case, I[r,,q all p] =0, so
M |= ¢p 4. In the second case, [r}, , some g] = M so again M = ¢, ,.

Finally, we consider the sentences in (1). There are three cases.

If /(U)=T, f(V)=F, and f(W) =F, then we have [u] =0, [v] = {v}. and
[w] = {w}. Weset [y ] =0.[z]=0.[r1=M x M, [r2] =0, and [r}] =0

If f(U)=F, f(V)=T.,and f(W) =F, we have [u] = {u}. [v] = 0. and [w] =
{w}. Weset[y.]=M.[z]=0.[r1=M x M. [r?] = 0. and [r}] = 0.

Iff(U)=F. f(V)=F,and f (W) = T,wehave [u] = {u},[v] = {v}. and [w] =
0. Weset [y =M. [z]l=M.[r'l=MxM,[r}]=M x M,and [r}] =0

In all cases, the resulting model M satisfies all sentences in (1), hence all sentences
in I'. And in all cases, M [~ all start finish. O

The claim concludes the proof Theorem 3.1.

3.2. Completeness and Co-NPTIME decidability for L35. We first present a sound
and complete proof system for L35, because it is actually a bit simpler than £3, and
mirrors more closely our work from §2. The rules are in Figure 4. We return to £3 in
§3.3 below.

Since the consequence relations for £3 and £3 5 are Co-NPTIME hard, by Theorem 1.5
we cannot hope for a boundedly complete syllogistic proof system for these languages
(unless P =NP). We regard it as unlikely that they admit any sound and complete
syllogistic proof system. Instead, we settle for a proof system with (CASEs) from §2.3,
as well as a variant, (CASES,). Figure 4 gives proof rules for this logic.

In this section, we write I~ for provability in the system with rules (AX), (BARBARA),
(ANTI), (SOME;), (SOME,), (DARI), (MONO), (SA). (ss). (casEs), and (CASES;). Given a
theory I', we write x < y when I' I all x y. We say that " determines existentials
for a set of terms T if for every x € T, either I' - some x x, or else I' - all x y and
I'Fally (r all x) for all terms y € T and all verbs r.

The canonical model. Let I be a theory, and let T be a set of terms, closed under
subterms as usual. Define

M={{xp.0)eTxTx{V,3} :T'Fsomex y}.
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We define a model M(T", T) with domain M by setting

(x.y.0)€lp] ff x<pory<p
(x1, 91, O [r1{x2. y2. @2) iff forsome z; € {x1,y1} and z; € {x,, y»}. either
(a) z1 < (rall z), or
(b) O = 3. x5 = y5.and z; < (r some z;).

LemMA 3.3 (Truth Lemma). If T determines existentials for T. then in M'(T,T), for

allt € T,
[11={(x.».0)eM:x<pory<p} (8)
Proof. The proof is by induction on ¢. For a noun p, this is by definition of the
model.

The induction step for (r all 7). Since T is closed under subterms, ¢ € T.
Take some (ci, ¢, Q) such that ¢; < (r all ¢) for some i € {I,2}. We show that
(c1,¢2, Q) € [rall ¢]. For this, suppose (d|,d, Q') € [¢]. By induction hypothesis,
d; <t for some j € {1.2}. Using (ANTI), (r all ¢) < (r all d;). so ¢; < (r all d;).
Thus, {(ci. ¢z, Q)[r1{d, d2, Q). Since (d;.d>. Q') was arbitrary, we have shown that
(c1,¢2, Q) € [r all ], as desired.

In the other direction, suppose that (c;,cz, Q) € [r all ¢]. If T - some ¢ ¢, then
(t,1,V) € M. By induction, since ¢ < ¢, (t,¢.V) € [t], so {(c1.c2. Q)[r]{¢. ,V¥). Since
the last component in (¢, 7, V) is V rather than 3, case (a) in the definition of [r] holds,
and ¢; < (r all ¢) for some i € {I,2}.

It remains to consider the case when I' }- somet t. But since I' determines
existentials, I' - all y (r all #) for all terms y. and in particular ¢; < (r all 7).

The induction step for (+ some 7). Again, since T is closed under subterms, # € T.
Take some (cj,cp, Q) such that ¢; < (r some ¢). The fact that (cj.cp, Q) € M
implies that I' Fsome ¢ ¢». By (SoME;) and (somg;), I'  some ¢; ¢;, and by (DARII),
I F some ¢; (rsome 7). But then by (ss), I' - some ¢ 7, and hence (z.7,3) € M. By
case (b) in the definition of [r], (c1, 2, Q)[r]{z. ¢. 3). By induction (z,¢,3) € [¢]. so
(c1.¢2. Q) € [r some t].

In the other direction, suppose that {cj,cz, Q) € [rsomet]. Then we have
(c1.c2, OY[r{dy. da, Q') for some (d).d», Q') € [[¢]. Since (d).d>. Q') € M. T I some
dy dy. And also dj < t for some k € {1,2}, by induction.

We first consider case (a) in the definition of [r]: there are iand jso that¢; < (ralld;).
From I' - some d; d; and dj < t. using (DARII), (SOME; ), and (SOME,), " - some d; ¢.
By (sA). (rall d;) < (rsome t), so by (BARBARA), ¢; < (rsome 7).

In case (b), Q' =13, di =d>. and for some i, ¢; < (r some d;). By (MONO),
(rsomed;) < (rsomet),soc; < (rsomet). O

LemMmA 3.4. Suppose that T contains all subterms of sentences in U and T* D T is a
theory which determines existentials for T. Then M(T'*,T) =T.

Proof. For a sentence (all x y) € T', we have I'* I all x y. We are going to apply
Lemma 3.3 to M(T'*,T) (that is, the < symbol here is for provability in I'*). If
(c1,¢2. Q) € [x] in M(T*,T), then ¢; < x for some i € {1,2}. But then also ¢; < y,
so {c1,¢2, Q) € [¥].

For a sentence (some x y) € I, we have I'* I some x y, so (x,y,V) € M. And
(x.y,¥) € [x]N[y] in M(T*,T). O
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all x y all (r all y) (r some y) all y (r some x)
all (r some x) (r some y) MONO all (s all x) (s some x) MIx
all (r 2 me x) allJfs=alix) all (rz me x) athxy
14 o $ CASES’ % CASES)

Fig. 5. The logic of §3.3. We also use (AX). (BARBARA), (ANTI) from Figure 2.

THEOREM 3.5. T = @ iff T Fo.

Proof. The soundness is easy, with soundness of (CASES,) following just as in the
proof of Lemma 2.16.

The argument for completeness is the same as we saw in the proof of Theorem 2.19.
Let T be the set of all subterms of sentences in I' U {o}. We assume that I' ¢ and
show that T" }£ . We may pass to a maximal extension I'* D T" with the property that
I'* }- . It follows from (cASES) and (CASES;) that I'* determines existentials for T, just
as in the proof of Theorem 2.19. By Lemma 3.4, M(I'™*, T) |= I'. We claim that ¢ is
false in this model.

Case 1: @is (all x y). Since I'* determines existentials for T and I'* }-all x y, we have
It some x x.So (x,x,V¥) € M.By Lemma 3.4, (x, x,V) € [x] \ [¥]. since x < x but
x £ y.

Case 2: ¢ is (some x y). Suppose towards a contradiction that M(T'*,T) =
o. Specifically, let (di,d>, Q) € [x]N[y]- Then I'* + somed; d,, and also there
are i and j such that d; < x and d; < y. Using (SOME, ), (SOME;), and (DARm), I'* -
some x y. ]

The proof shows that if ' f- . then there is a countermodel of size O(n?). where
n is the complexity of I' U {¢}. Since M =T and M F~ ¢ can be checked in time
polynomial in the size of M and the complexity of I"U {¢}, this shows that the
consequence relation for L3 5 is in Co-NPTIME.

3.3. Completeness for L3. In L3, we do not have the sentence former (some x y),
which was used in the previous section to formulate the condition that I determines
existentials. Nevertheless, we are able to follow the same strategy as for £3 5 to prove a
completeness theorem. The key observation is that for a term x and a nonempty model
M. [x] # 0 in M if and only if M k= all (r all x) (r some x) for every verb r. We use
the collection of all sentences of this form as a replacement for (some x x).

Figure 5 gives our proof system for this logic. The soundness of (MONO) is immediate.
For (Mix), note that if A |= all (r all ) (r some y), then either N = @, or [y] # 0. If
N = (), the conclusion of the rule holds. And if [y] # @ and N |= all y (r some x), then
[x] # 0 also. Again, the conclusion of the rule follows. The soundness of the (CASES)
variants follow as in Lemma 2.16, using the above observation about sentences of the
form all (r all y) (r some y).

Note that in (Mix), the verb s appearing in the conclusion may be different than
the verb r appearing in the premises. And in casgs’, the withdrawn premises are
(all (r all x) (r some x)) and (all y (s all x)). where the verbs  and s may be different.

https://doi.org/10.1017/51755020320000386 Published online by Cambridge University Press


https://doi.org/10.1017/S1755020320000386

756 ALEX KRUCKMAN AND LAWRENCE S. MOSS

As usual, we write F for provability in this system, and given a theory I', we write
x <ywhenTFall x y.

DErINITION 3.6. Let I' be a theory and T a set of terms. A term x € T is effectively
nonempty (for T') if for all verbs r, I' - all (r all x) (r some x). And x is effectively empty
(forT)ifforall y € T.T Fall x yand T+ all y (r all x) for all verbs r.

I effectively determines existentials for T if every x € T is either effectively empty or
effectively nonempty for I

The canonical model. Let I be a theory, and let T be a set of terms. Define
M = {(x,0) € T x {V.3} : x is effectively nonempty for I'}.
We define a model M(T", T) with domain M by setting

(x.0)€lpl iff x<p
(x. Q)[rl{y. Q') iff either (a) x < (rall y),
or (b) O’ =13, and x < (r some y).

LemMA 3.7 (Truth Lemma). Assume that T effectively determines existentials for T.
Then for all x € T,

[x]={(».Q) e M :y < x}.

Proof. By induction on x. When x is a noun, this follows immediately from the
definition.

Here is the induction step for (r all x). Suppose that (y, Q) € [r all x]. If x is
effectively empty, then y < (r all x), and so we are done. If x is effectively nonempty,
then (x,V) € M. Since x < x, by induction (x,V) € [X]. and (y, O)[r](x. V). Then
case (a) holds and again y < (r all x).

In the other direction, suppose that y < (r all x). We show that for any (y, Q) € M,
(y, O)[r1{z, Q') for all (z, Q") € [x]. By induction, z < x. Using (ANTI), (r all x) <
(rall z). Thus, y < (r all z), and so indeed (y, Q)[r](z. Q).

Finally, we have the induction step for (r some x). Suppose that (y, Q) € [r some x].
Then thereissome (z, Q') € [x]suchthat (y, Q)[r]{z. Q’). So zis effectively nonempty.,
and by induction z < x.

Case 1: Q' = 3. Then y < (r some z). By (MONO), (r some z) < (r some x), so also
y < (r some x), as was to be shown.

Case 2: Q' = V. Then y < (r all x). By (anTI), (rallx) < (rall z),s0 y < (r all z).
The fact that z is effectively nonempty means that (r all z) < (r some z). And by
(MONO), as observed above, (r some z) < (r some x). So again we have y < (r some x).

In the other direction, let y € T be such that y < (r some x). Suppose that (y, Q) €
M . Then y is effectively nonempty. In particular, (r all y) < (¥ some y), and by (Mix),
for every verb s, (s all x) < (s some x), so x is effectively nonempty. Then (x,3) € M.
By case (b). (. Q)[r]{x,3). and by induction (x,3) € [x]. so (y, Q) € [r some x]. O

LemMMA 3.8. Suppose T contains all subterms of sentences in I and I'* O T is a theory
which effectively determines existentials for T. Then M(I'*,T) = T.

Proof. For a sentence (all x y) € T', we have I'* Fall x y, so x < y. If (z, Q) € [x]
in M(T*,T), then z < x. But then also z < y, so (z, Q) € [¥]. O
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THEOREM 3.9. I' = ¢ iff T Fe.

Proof. We discussed the soundness when we introduced the rules.

For completeness, let T be the set of all subterms of sentencesin I" U {(}. We assume
that T' }- ¢ and show that I" }~= ¢. We may pass to a maximal extension I'* D I" with
the property that I'* /- ¢. It follows from (cAses’) and (cases)) that I'* effectively
determines existentials for T, just as in the proof of Theorem 2.19. By Lemma 3.8,
M(T*T) ET.

We claim that ¢ is false in this model. Write ¢ as (all x y). Since I'* effectively
determines existentials for T and I'™* f- all x y, x is effectively nonempty for I'*. So
(x,V) € M.By Lemma 3.7, (x,V) € [x] \ [¥], since x < x but x £ y. O

The proof shows that if ' }- ¢, then there is a countermodel of size O(n), where n
is the complexity of I U {¢}.

§4. L4 and L4 5: Adding term complementation to £; and £,. This section extends
L) and £; by adding term complements. That is, we extend the syntax of £ so that
whenever ¢ is a term, 7 is a term. and we extend the semantics so that in a model M,
[7] = M\ [¢]. If we add term complements to £, we get L4, and if we add term
complements to £, we get Ly45.

4.1. Co-NPTIME hardness of the consequence relation of L£4. We begin with a
negative complexity-theoretic result, reducing 3-SAT to the relation " |£ ¢ in Ly.

Let BV = {P; :i € N} be a set of boolean variables. Suppose we have an instance
of 3-SAT, ¢; A -+ A ¢, where each clause ¢; has the form U; vV V; Vv W;, where U;, V;
and W; are literals: variables in BV or their negations.

Then we consider the language with nouns

{p:PeBV}IU{q}U{yizi : 1 <i<k}

and verbs {r; : 1 <i < k}. Notice that we write p for the noun corresponding to the
variable P. We will also write u for the literal U, where if U is a variable P, then u is the
noun p, and if U is a negated variable =P, then u is the term p.

For each clause ¢; = U; V V; V W;, we define the following sentences:

wi = allw (r; all y;)
wh = allv; (r; all 37)
wh = all (r; all z;) w;.
And we define
U= {ylyhyi: 1 <i<k}
p=allgq.
LemmA 4.1. T} ¢ if and only if T has a nonempty model.

Proof. Suppose I" has a model M with nonempty domain M. Let M’ be a model
with domain M and the same interpretations of all of the nouns and verbs, except for
g, which we interpret as all of M. Since the sentences in I do not mention ¢, we still
have M’ =T. And for any x € M, we have x € [¢] = M and x ¢ [q] = 0,s0 T }~ ¢.
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Conversely, suppose every model of T is empty. Then in any model M of I', we have
el =0C (gl =0.50T |=¢. H
THEOREM 4.2. T t£ @ if and only if ¢ A -+ A ¢y is satisfiable.

Proof. Suppose I' |~ ¢. By Lemma 4.1, " has a model M with nonempty domain
M. Let x € M. Define a truth assignment f for the proposition letters, by

T ifx e[p]
F ifx ¢[p].

The truth assignment extends to literals in the natural way: f(=P) = T if f(P) =F,
and f(=P)=Fif f(P) =T. Note that if U is a literal with corresponding term u,
then we have x € [u] ifand only if /(U) =T.

We check thateachclause ¢; = U; V V; V Wjissatisfied. If f(U;) = Tor f(V;) =T,
then ¢; is satisfied. So suppose that /' (U;) = f(V;) = F. Then, since [z;] C [v:1 U [77].

f(P) =

x € [w; 1N vl € [r; all IO [ all ] € [ all 2] € [wi]

So x € [w;]. and f(w;) = T, and ¢; is satisfied.

Conversely, suppose f is a truth assignment such that ¢; A -+ A ¢ is satisfied. By
Lemma 4.1, it suffices to build a nonempty model of I'. Let M = {x}, and for each
proposition letter P, set

T
F.

_ {xp it f(p)
M‘{@ if £ (P)

Note that again. if U is a literal with corresponding term u, we have x € [u] if and
onlyif f(U)=T.

Consider a clause ¢; = U; V V; V W;. We must define the interpretations of y;, z;,
and r;. so that y!, w4, and /4 are satisfied for 1 <i < k.

Case 1: x € [w;]. Set [r;] = {(x. x)}. The interpretations of y; and z; are irrelevant.
Indeed. y{, y. and y} are satisfied, since [r; all y;] = [r; all ;] = [wi] = M.

Case 2: x ¢ [w;]. Set[z;] = {x} and [r;] = 0. Then v/ is satisfied. since [r; all z;] =
[w;] = 0. Since the clause ¢; = U; V V; V W; is satisfied, x must be in at least one of
[u:] or [v;]. If it’s in both, we’re done (and the interpretation of y; is irrelevant), since
[@:1 = [v:] = 0. Otherwise, set

[yl = 0 ifx ¢ [ui]. x € v
PEEV0 ifx e [l ox ¢ [ul.

In the first case, M = !, since [r; all y;] = M. and M = v}, since [7;] = 0. In the
second case, M = ). since [u;] = 0. and M |= 4. since [r; all 77] = M. O

4.2. Completeness for the extended languages EI and EIS. We enlarge our syntax
of L45 from sentences (all x y) and (some x y) to expressions of the form [x1. ..., x,]
and (xj,....x,) for n > 1. Note that this is a departure from the languages we have
studied previously, since here we have infinitely many sentence formers, of arbitrary
finite length. We emphasize that [xy, ..., x,] and (xi, ..., x,) are sentences, not terms.
The terms of CIS are the same as the terms of L45.
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opisee s ynl [Xziseens 2z [X1.X2. ... . X1, Xn] )
= RES ————— REL
[x.X] Disee e Va2t Zn] [rallx;,rallxy,....rall x,_;,r all x,]
[le...,xm] STR <y]~~~~~ym> [yl-»'“,ym] EFQ <J/1~~~~~}"m> [yl'r"wym] RAA
..., Vul [x1,.. ., x5] (X1.000 . x0)

Fig. 6. Rules of the logical system for £i5. The side condition on the structural rule (STR) is
that each x; must be identical to some y;.

The semantics of this new language £} ; is:

M= [x1, 0. xp] iff ﬂ[[xl»]] =0
i=1

n

ME (x1,....x,) iff m[[x,-]];é(l).

i=1

It is clear that (x,...,x,) generalizes (some x y), since the latter sentence can be
translated into £, as (x. ). To see that [xj.....x,] generalizes (all x y), note that
M, [x;] = 0 if and only if for some j (equivalently, for all /). (), 2;[x:1 € [X7]- So the
sentence (all x y) can be translated into £} as [x. 7].

Our proof rules are shown in Figure 6. (AX) is a version of the axiom rule as we
have seen it throughout the paper. (REs) is named for resolution. (But please note
that the sentence [xi,...,x,] is not interpreted disjunctively as in resolution.) The
name (REL) stands for relational, since it is the only rule of the system that mentions
relations. We name (STR) after structural rules of sequent calculi. The side condition
on this rule is that each x; appears in the list yy, ..., y,. It implies the usual rules of
weakening, contraction, and exchange. (EFQ) and (RAA) are our formulations of ex
falso quodlibet and reductio ad absurdum. In this system, [yi, ..., y,] and (y1, ..., yn)
are contradictories. Given two derivations with contradictory conclusions, one may
use (EFQ) to put these two together and conclude any sentence of the form [x, ..., x,].
Alternatively, one may use (RAA) to withdraw all occurrences of any one assumption of
the form [x, ..., x,], and conclude the contradictory of that assumption, {(xi, ..., x;).
Note the asymmetry between [x1, ..., x,] and (xi, ..., x,,); thisis arranged so as to allow
an easy proof-theoretic argument (Corollary 4.12) that (ax). (Res), (REL), and (STR)
give a sound and complete proof system for the smaller language £; . which only has
sentences of the form [x1, ..., x,].

ExAMPLE 4.3. Here is how the translations of (BARBARA) and (SOME; ) are derived in
this system:

[e.7] D

" A () ol
[x.Z] <x,x>
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And here are (DaRrII) and (ANTI):

el STR [Z’ £l STR
[z, x] [Z. y]

(o) ool S SRR
x.2) RAA [ all prallx] oF

LemMA 4.4 (Soundness). If T+ ¢, then T = .

Proof. The soundness of (ax) and (STR) are clear. For (REs), (REL), and (EFQ). fix a
model M.

For (rEs), assume that [x] N (N, [¥:]) = @ and [¥] N (N, [z,1) = 0. Suppose
there is some £ € (), [»:]) N (M) <,, [z;])- Then either £ € [x] or £ € [X]. which is
a contradiction in either case.

For (REL), assume that ((),_,[X7]) N [x,] = 0. so ,,, [¥:] € [¥»]. Suppose there
is some £ € ((),_,[r all x;]) N[r all x,]. Then there is some m € [x,] such that it is
not true that £[[r]m. For all i < n, since £ € [r all x;], m € [X;]. But then m € [x,].
and this is a contradiction.

For (EFQ), it is vacuously true that if M |= (y1, ..., ym) and M = [y1. ..., yim]. then
M E[x1, ..., x,], since (y1..... ym) and [y, ..., ¥ ] are contradictory.

The soundness of (RaA) is by induction on the number of instances of (RAA)
in the proof tree. Assume that the last use of (RAA) is at the root of the proof
tree showing I' + (xy,...,x,). Then we have T U {[x,....x,]} F (V1,....ym) and
T'U{[xi,....xs]} F V1. ..., ym]. By induction, these deductions are sound, so every
model of T"U{[xi,....x,]} satisfies both (yi,...,yn) and [yi,...,yn]. But these
sentences are contradictory, so I' U {[x1, ..., x,]} has no models. In other words, every
model of I satisfies (xj..... x,), as was to be shown. O

DEerFINITION 4.5. Let I' be a theory, and let S be a set of terms.

1. T is inconsistent if it proves both [xi,....x,] and (x,..., x,) for some list of
terms xj. ..., x,. Otherwise, I' is consistent .
2. S is T'-inconsistent if there is a list of terms xi.....x, from S such that

I'F[x1, ..., x,]. Otherwise, S is I'-consistent.

LeEmMMA 4.6. Let S be T-consistent. Then for all x, either SU {x} or SU{X} is I'-
consistent.

Proof. Suppose not. Then by (sTR), there are yj,....y, €S such that
I' - [x, y1..... y,]. and there are z1, ..., z,, € S such that I - [X, z1. ..., z,y]. By (RES),
I'E[y1..... ¥u» 215 ..., Zm]. This contradicts the I'-consistency of S. O

LEmmA 4.7. Let S be a maximal T-consistent set of terms. Then for all x, exactly one
of x or X belongs to S.

Proof. By Lemma 4.6 and maximality, either x or X belongs to S. Both cannot
belong to S, since this would contradict I'-consistency, due to (AX). O

LEMMA 4.8. Let S be maximal T-consistent, and suppose that (r all x) ¢ S. Then there
is some maximal T-consistent T such that x € T and whenever (r all y) € S, we have
yeT.
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Proof. Let To = {x} U{y : (rall y) € 8}.If Ty is [-inconsistent, then by (STR) there
are yy, ..., y, such that (r all y;) € S forall i and T - [¥7, ..., ¥, x]. By (REL),

TE{[rall yy,....rall y,,rall x].

Since S contains each term (r all y;). by I'-consistency it does not contain (r all x). So
by Lemma 4.7, T contains (r all x). This is a contradiction.

So 7y is I'-consistent. By Zorn’s Lemma, 7y has a maximal I'-consistent extension,
say T. O

The canonical model of T. Let M be the set of all maximal I'-consistent sets of
terms. We define a model M(T") with domain M by defining:

Selpl it pes
S[r]T iff forsomez c T.(rallz)€S.

LemMA 4.9 (Truth Lemma). In M(T), for any term x, [x] = {S € M : x € S}.

Proof. By induction on x. When x is a noun, this is by the definition of the model.

Induction step for (rall x): Suppose (rall x) €S, and suppose T € [x]. By
induction x € 7, so by the definition of the model, S[r]7. Thus S € [r all x].
Conversely, suppose S € [r all x]. and assume for contradiction that (r all x) ¢ S.
By Lemma 4.8, there is some 7 € M such that x € 7, and whenever (r all y) € S, we
have y € T,s0y ¢ T by Lemma 4.7. By induction, 7 € [x], but it is not the case that
S[r]7T, which is a contradiction.

Induction step for X: For any S € M, we have S € [x] if and only if S ¢ [x].
By induction, this is equivalent to x ¢ S. And by Lemma 4.7, x ¢ S if and only if
xeS. O

LemMA 4.10. If T is consistent, then M(T') = T.

Proof. Let ¢ € I'. First, suppose ¢ = [x1, ..., x,]. Suppose for contradiction that
there exists S € (),[x;]. Then by the Truth Lemma, x; € S for all i, contradicting
I"-consistency of S.

Now suppose ¢ = (x1, ..., x,). We claim that the set {xi,...,x,} is I'-consistent.
If not, then using (sTR), I' F [x1.....x,]. So I' is inconsistent, contradicting our
assumption.

Since {xi. ..., x,} is I'-consistent, we can extend it to a maximal I"-consistent set S,
and by the Truth Lemma. S € (N)/_, [x;]. O

THEOREM 4.11 (Completeness). For any sentence ¢, if U = . then T I .

Proof. Suppose ¢ = [x1....,x,]. If T is inconsistent, then by (EFQ), I' F ¢, and
we are done. So we may assume that I" is consistent. Assume for contradiction that
' F [x1.....x,]. Consider the canonical model M(T"). By Lemma 4.10, M(T) =T,
so M(T) |= . By (STR), the set {xj,...,x,} is [-consistent. So we can extend it to
a maximal I'-consistent set S. By the Truth Lemma, S € (/_,[x;]. so in M(T) [~
[x1,....x,], which is a contradiction.

Now suppose ¢ = (x1, ..., x,). If I |= ¢, then I' U {[x1, ..., x,]} has no models, so
by Lemma 4.10, I' U {[x1, ..., x,]} is inconsistent. This means that " U {[x}, ..., x,,]}
proves both (yy, ..., y,,) and [y1, ..., Y], so by (RaA), T F (x1,....x,), as was to be
shown. |
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We have just seen the completeness theorem for £ . Let £ be the generalization
of L, obtained by adding sentences of the form [xi. ..., x,] (but not (xy, ..., x,)). Then
we can restrict our logical system for £} to all the rules except for (EFQ) and (RAA).
These rules are still sound for £ . and we will show that they are complete as well.

COROLLARY 4.12. Let ¢ be the proof system consisting of the rules (Ax), (STR), (RES),
and (REL). Then g is sound and complete for L .

Proof. We have already observed the soundness. So suppose I' is a theory in £, and
¢ is a sentence in £} such that I' |= . Moving up to the larger language £ 5. we have
' ¢ by Theorem 4.11. Our goal is to show that " I ¢.

We first claim that if T is any theory in £ and y is any sentence in £, ; such that
I' - ., then (RAA) is not used in the proof. The argument is by induction on height of
the proof tree. Suppose for contradiction that (RAA) is used. We may assume that the
root of the proof tree is an application of (RAA):

(y1;-~~-,J’m> [J/1»---,ym]
(X1, e Xp)

RAA.

The left subtree is a proof of (yi,...,yn) from T'U{[xi,...,x,]}. Since TU

{[x1.....x,]} is a theory in £, by induction (RAA) is not used in this proof. But
none of the other rules produce consequences of the form (yi. ..., y,). so this is a
contradiction.

Now it is easy to see that if I" is any theory in £ . then no F proof from I' uses (EFQ).
since none of our rules other than (RaA) allow us to produce or introduce a premise of
the form (y1. ... ym).

Therefore, if ' ¢, then T kg ¢. |

4.3. Open problems concerning L4 and L45. We began this section with the result
that the consequence relation for £4 is Co-NPTIME hard. This implies that, assuming
P # NP, there is no boundedly complete syllogistic proof system for either £4 or L45
Instead, we added to the syntax and formulated a proof system which went beyond
the “purely syllogistic”; in that it used schematic rules and also (RaA). But we did not
find proof systems of any kind for the original languages £4 and L45. We leave this
as an open problem. (There is a result of possible relevance in [5]: a syllogistic system
for sentences of the form (all p x), where p is a (complemented) noun, and x is either
a (complemented) noun or a term (r all ¢), where ¢ is a (complemented) noun.) For
that matter, we also leave open the question of determining the exact complexities of
the consequence relations for £4 and Lys.

§5. L5 and L5 5: Putting it all together. The largest logics in this paper are £s and
Ls s, as described in Figure 1. We have much less to say about them than about their
sublanguages because a notational variant of L5 5 has already been studied. This is the
language R*" in [10]. Here is the syntax of this language. We begin with a set N of
nouns a set V of verb atoms. A verb literal is either a verb r or its complement 7. We
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define ferms and sentences via the syntax below:

terms x, y, ... peN|p|rallp|rall p|rsomep|7somep
sentences @, ¥, ... all x y | some x y.

Note that we do mot have recursion for terms. In the semantics, we interpret
complemented verbs using relational complement:

[F1 = (M x M)\ [r].
The rest of the semantics is clear.

PROPOSITION 5.1. There is a translation map ¢ +— ¢* of sentences in R*" to sentences
in Ls5 with the following properties:

. TEeiff T* E o*, whereT* = {y* : y € T}.
2. @ — @* is computable in PTIME.

Proof. 1t is sufficient to translate terms x of R*". For this, we use

(7 all x)* = T7somex
(Fsomex)* = rallx.

The point is that the left sides of the equations above have the same interpretations as
the right side in every model. O

The translation in the other direction is more complicated due to the complex terms
in the languages of this paper. We use the standard technique of flattening.

PROPOSITION 5.2. There is a translation map (T, @) — (T'*, ©*) from assertions in Ls 5
to assertions in R*" with the following properties:

LT Eeiff T ="
2. If U is finite, so is T*. In this case, (I, p) — (I'*, ¢*) is computable in PTIME.
Proof. Fix I and ¢ in Lss. Let T be the set of all terms in I'U {¢}, including

subterms. For each ¢ € T, let x, be a new noun. Let A; be the set of all sentences of
R*" below, for x € T:

all x, p all p x,

all x(, a1 ) (rall x;) all (r all x;) x( a1 )

all X(; come 1) (r some x;) all (r some X;) X(; some 1)
all x; p all p xp

all x-—;; (7 some x;) all (7 some x;) x;—i
all X;some7 (7 all x;) all (7 all x;) Xrsomet

all xz x; all x; x=

An easy induction shows that for all 1 € T, and all models M |= Ay, [x,] = [¢]. We
translate the sentences of Ls 5 to those of R*' (with the new nouns) in the obvious way:
(all z u)* = all x; x,, and (some t u)* = some x, x,.. Let Ay = {w* : w € I'}. Finally,
we take I to be A} U Ay, and ¢* to be the translation that we just saw.

We check point (1): T |= ¢ iff T* |= ¢*. Assume that I' = ¢, and let M = T'*. Due
to Ay, we have our key fact: for all relevant terms ¢, [[¢]] = [x,]. Using this and the fact
that M = A,, it follows that M |=T. And so M |= ¢. But then using our key fact
again, M = ¢*. The converse is similar. |
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As shown in [10]. the consequence relation for R*" is EXPTIME complete. Moreover,
there are no proof systems which are finite, sound, and complete for the logic, even
allowing reductio ad absurdum. (Nevertheless, there are logical systems for R*¥. For
example, Fitch-style system may be found in [4, 6]. That system uses individual
variables, as in first-order logic, but in a controlled way.)

It follows from the translations in Propositions 5.1 and 5.2 that the consequence
relation for L5 5 is EXPTIME complete. Moreover, there can be no sound and complete
syllogistic proof system for Lss. even allowing all of the (casEs) rules in this paper.
Indeed. any rule allowing proof by cases would correspond to a rule in the language of
R*" which is derivable from reductio ad absurdum.

We would like to point out that the EXPTIME hardness result for £s s extends to the
weaker logic Ls. To see this, we must recall the outline of the argument in [10]. The
starting point is Spaan’s theorem [12] that the satisfiability problem for £y, modal
logic with the universal modality, is ExPTIME hard. One takes a sentence ¢ in Ly and
translates it to a finite set S, of sentences of R*" with the property that ¢ and S,, are
equisatisfiable. By our translation, S, may be taken to be a set of sentences in Ls 5. By
examining the details, S, is a set Ss of sentences in Ls, together with one additional
sentence of the form (some x x). The upshot is that ¢ is unsatisfiable iff Sy Fallx ¥.
Note that (all x X) is a sentence in Ls. In this way, the consequence relation for L5 is
at least as hard as the (un)satisfiability problem for L.

This paper also explored extensions of syllogistic logic using schemes like (CHAINS).
It is possible that there is a schematic extension of Lss, and it is also possible that
extensions to the syntax will help. We have not explored this. The logical system for
R*" which uses individual variables adapts to Lss in a straightforward way, and we
expect that the completeness and finite model properties which were shown in [4] hold
in the adapted system.
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