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Abstract. According to the received view of type-logical semantics (sug-
gested by Montague [18] (cf. [19,21]) and adopted by many of his succes-
sors (cf. [1,6-9,28])), the number of a semantics’ basic types depends pro-
portionally on the syntactic and lexical diversity of the modeled natural
language fragment. This paper provides a counterexample to this princi-
ple. In particular, it shows that Partee’s temperature puzzle from [21] —
whose solution is commonly taken to require a basic type for indices (for
the formation of individual concepts) or for individual concepts — can be
interpreted in the poorer type system from [19], which only assumes basic
individuals and propositions. This result contributes to the general project
of identifying the minimal semantic requirements on models for certain
linguistic fragments.
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ple Theory of Types, Temperature puzzle.

1 Introduction

It is a commonplace in ontology engineering that the modeling of complex target
systems requires different kinds of objects. For example, to build a semantic on-
tology for English, we assume the existence of individuals, propositions, proper-
ties of individuals, relations between individuals, situations, events (or eventuali-
ties), degrees, times, and other kinds of objects. These objects serve the interpre-
tation of proper names, declarative sentences or complement phrases, common
nouns or intransitive verbs, transitive verbs, neutral perception verbs, adverbial
and degree modifiers, temporal adjectives, etc.

Traditional type-logical semantics (cf. [19-21]) tames this zoo of objects by as-
suming only a small set of primitive objects, and constructing all other types of
objects from these primitives via a number of type-forming rules. In this way,
Montague reduces the referents of the fragment of English from [19] to two basic
types of objects: individuals (type ¢) and propositions (analyzed as functions

* Thanks to Ede Zimmermann, whose comments on my talk at Sinn und Bedeutung 18
inspired this paper.
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from indices to truth-values, type o). From these objects, properties of individu-
als and binary relations between individuals are constructed as functions from
individuals to propositions (type ¢ — 0), respectively as functions from indivi-
duals to functions from individuals to propositions (type ¢ — (¢ — 0)). Because
of its reductive effect on the number of basic types, this view of formal semantics
will hereafter be called the reduction view of formal semantics.

In the last forty years, revisions and extensions of Montague’s formal seman-
tics have caused many semanticists to depart from the reduction view. This de-
parture is witnessed by the introduction of a fair number of new basic types (in-
cluding types for primitive propositions [3,28], situations [1,16], events [7,8], de-
grees [6], and times [9]). The introduction of these new types is motivated by the
coarse grain of set-theoretic functions (s.t. Montague semantics sometimes gene-
rates wrong predictions about natural language entailment; cf. [2,5,17]), and by
the need to find semantic values for ‘new’ kinds of expressions, which are not in-
cluded in Montague’s small linguistic fragments (e.g. for neutral perception ver-
bs, and adverbial and degree modifiers). Since many of these values are either
treated as semantic primitives or are identified with constructions out of the new
primitives, we will hereafter refer to this view of formal semantics as the ontology
engineering-view."

The ‘ontology engineering-view’ of formal semantics is supported by Monta-
gue’s semantics from [19] and [21]: The latter interpret the fragments from [19]
(hereafter, the EFL-fragment) and [21] (the PTQ-fragment) in models with pri-
mitive individuals and propositions, resp. with primitive individuals, indices, and
truth-values. Since the PTQ-fragment extends the EFL-lexicon via intensional
common nouns (e.g. temperature, price) and intensional intransitive verbs (e.g.
rise, change), since PTQ-models extend EFL-models via (constructions out of)
individual concepts, and since PTQ-models interpret intensional common nouns
and intransitive verbs as functions over individual concepts, it is commonly as-
sumed that any empirically adequate model for the PTQ-fragment requires a ba-
sic type for indices, or for individual concepts.

The availability of a larger number of basic types, which is advocated by pro-
ponents of the ‘ontology engineering view’, facilitates work for the empirical lin-
guist: In a rich type system, fewer syntactic expressions are interpreted in a non-
basic type. As a result, the compositional translations of many syntactic struc-
tures will be simpler, and will involve less lambda conversions than their ‘reduc-
tive’ counterparts.

However, the proliferation of basic types is not an altogether positive develop-
ment. Specifically, the adoption of additional basic types reduces the number of
representational relations between different types of objects (cf. [14,23]) and ob-
fuscates the semantic requirements on different linguistic fragments. For exam-
ple, since Montague does not discuss the relation between his model-theoretic

! Notably, the ‘ontology engineering-view’ still understands formal semantics as a com-
positional enterprise, which identifies each expression’s semantic value with its con-
tribution to the truth-conditions of the sentence in which the expression occurs.
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objects from [19] and [21], it remains unclear whether a primitive type for indices
is required for the interpretation of the PTQ-fragment. But an identification of
these requirements is vital to our understanding of the semantic type system of
natural language.

This paper aids the identification of the above requirements. In particular, it
shows that Partee’s temperature puzzle from [21, pp. 267-268] — which is com-
monly taken to prove the impossibility (or undesirability) of interpreting the
PTQ-fragment in an EFL-semantics — can be interpreted in the poorer semantic
models from [19]. The paper is organized as follows: Sections 2 and 3 introduce
Partee’s temperature puzzle for extensional semantics, and present Montague’s
solution from [21]. Section 4 identifies a strategy for the puzzle’s solution in an
EFL-ontology, and applies this strategy. The paper closes with a summary of our
results and with pointers to future work.

2 Partees Temperature Puzzle for Extensional Semantics

Partee’s temperature puzzle [21, pp. 267—-268] identifies a problem with extensio-
nal semantics for natural language, which regards their validation of the coun-
terintuitive inference from (x):

The temperature is ninety.
The temperature rises. (%)

Ninety rises.

The origin of this problem lies in the different readings of the phrase the tempera-
ture in the two premises of (x), and in the inability of extensional semantics to ac-
commodate one of these readings: In the second premise, the occurrence of the
phrase the temperature is intuitively interpreted as a function (type o — t) from
worlds and times (or ‘indices’, type o) to the temperature at those worlds at the
given times.? In the first premise, the occurrence of the phrase the temperature is
interpreted as the value (type ¢) of the above function at the actual world at the
current time. Since extensional semantics (like the models of the Simple Theory
of Types from [4], and Montague’s semantics from [19]) do not have a type for in-
dices — s.t. they also lack a type for index-to-value functions —, they are unable to
capture the reading of the phrase the temperature from the second premise.

The inference from the conjunction of the logical translations of the two pre-
mises of (%) to the translation of the conclusion of (x) in classical extensional lo-
gic (cf. [4]) is given in Figure 1 (next page). In the figure, the variables x and y
range over individuals (type ¢). The expression ninety is an individual constant
(type t). The expressions temp and rise are constants for functions from indi-
viduals to propositions (i.e. for first-order properties of individuals, type ¢ — 0).

2 As a result, this reading is sometimes called the function reading [15,25]. The reading
of the phrase the temperature from the first premise is called the value reading.
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JzVy.(temp (y) <> z = y) Az = ninely
FzVy.(temp (y) <> x = y) A rise(x)

rise (ninety)

Fig. 1. The valid counterintuitive inference in extensional semantics.

The asserted identity of the temperature x with the value ninety in the for-
mula in the first premise of Figure 1 justifies the (counterintuitive) substitution
of the translation of the phrase the temperature from the second premise by the
translation of the name ninety.

3 Montague’s Intensional Solution to the Puzzle

Montague’s semantics from [21] blocks the counterintuitive inference from Fig-
ure 1 by interpreting intensional common nouns (e.g. temperature) and intransi-
tive verbs (e.g. rise) as properties of individual concepts (type (6 — t) — 0), and
by restricting the interpretation of the copula is to a relation between the exten-
sions of two individual concepts at the actual world @ at the current time (i.e. to
a relation between individuals, type ¢t — (¢ — 0)). Since the first premise of (x)
thus only asserts the identity of the individual ‘the temperature at @’ and the va-
lue ninety, it blocks the substitution of the ‘individual concept’-denoting phrase
the temperature in the second premise of (x) by the name ninety.

The invalidity of the inference from the conjunction of the two premises of (x)
to the conclusion of (x) in (a streamlined version of) Montague’s Intensional Lo-
gic (cf. [12]) is captured in Figure 2. In the figure, ¢ and ¢, are variables over in-
dividual concepts (type o — ¢). The expressions TEMP and RISE are constants for
functions from individual concepts to propositions (i.e. for first-order properties
of individual concepts, type (¢ — ¢t) — 0). NINETY is a constant (type o — i) for
the function from indices to the denotation of the constant ninety.> The remai-
ning expressions are typed as above.

IcVer.(TEMP (¢1) <> ¢ = ¢1) A x = ninety
Jcyer. (TEMP (c1) < ¢ = c1) ARISE (c)
RISE (NINETY)

Fig. 2. The invalid counterintuitive inference in PTQ-semantics.

Since Montague’s models from [19] only assume basic types for individuals
and propositions (s.t. they do not allow the construction of individual concepts
via the available type-forming rules), it is commonly assumed that these models
are unable to block the counterintuitive inference from (). We show below that
this assumption is mistaken.

3 Thus, NINETY satisfies the axiom Vi,.NINETY (i) = ninety.
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4 A New, Extensional, Solution to the Puzzle

To demonstrate that Montague’s models from [19] enable a solution to Partee’s
temperature puzzle, we first identify a strategy for the type-{¢, 0} representation
of indices, which allows us to code all linguistically relevant objects from [21] as
objects from [19] (in Sect. 4). We then show that type-incompatibilities, which re-
sult from this coding procedure, are easily resolved through (EFL-correlates of)
the familiar type-shifting operations from [23] and [13] (in Sect. 4.2).

4.1 Coding PTQ- as EFL-Objects

To block the counterintuitive inference from (%) in the class of models from [19],
we code indices as type-o propositions. This coding is made possible by the inter-
pretation of o as the type for functions from indices to truth-values (s.t. there is
an injective map, Ai,.i = w, from indices w to propositions), and is supported
by a corollary of Stone’s Theorem [27].

The existence of an injective relation between indices and propositions justi-
fies the replacement of each occurrence of ¢ in the type for individual concepts
by the type 0.4 The traditional designators of individual concepts will then be
interpreted in the type o — ¢. Intensional common nouns and intransitive verbs
receive an interpretation in the type (o — ¢) — o. Expressions from all other lexi-
cal classes of the EFL-fragment retain their original type-assignment. In particu-
lar, extensional common nouns (e.g. man) and intransitive verbs (e.g. walk) are
interpreted in the type ¢ — o.

The coding relation between objects in the models from [19] and [21] is cap-
tured in Definitions 3 and 4. In the definitions, PTQ-types and EFL-types are
defined as follows:

Definition 1 (PTQ-types). The set 2Type of PTQ-types is the smallest set of
strings such that ¢, 0,t € 2Type and, for all a, 8 € 2Type, (o — 3) € 2Type.

Definition 2 (EFL-types). The set 1Type of EFL-types is the smallest set of
strings such that ¢,0 € 1Type and, for all a, 8 € 1Type, (a — ) € 1Type.

Our definition of PTQ-types follows [12] in treating the index-type o as a fully-
fledged type. Because of the correspondence between unary and n-ary function
types (cf. [22]), our definition of EFL-types neglects the existence of types for n-
ary functions.

We will hereafter call a frame (or ‘ontology’) which only contains objects of
an EFL-type an EFL-frame (or -ontology), and call a logical language which only
contains expressions of an EFL-type an EFL-language. Models with an EFL-fra-
me are called EFL-models. A formal semantics which interprets natural langu-

4 Since the truth-value type t only relevantly occurs in the construction ¢ — t, and
since objects of the type o — t correspond to objects of the type for propositions, o,
we need not specify a separate coding for type-t objects.
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age into EFL-models called an EFL-semantics. We adopt an analogous termino-
logy for PTQ-types.

The relation between PTQ-types and EFL-types is captured below:

Definition 3 (Type-conversion). The function £ sends PTQ-types to EFL-types
by the following recursion:

L i &) = 4 Elo—=t) = o
ii. £(c—=1) = (0=
II. &(a—p) = (&(a) = &(B)), where o and 3 are PTQ-types.

In virtue of the above, the function £ sends the type for properties of individual
concepts, (60 — 1) — (6 — t), to the type for properties of functions from pro-
positions to individuals, (0 — ¢) — o.

Notably, the function £ does not identify an EFL-correlate for every PTQ-ty-
pe. In particular, £ is undefined for some truth-value function types (e.g. for the
type ¢ — t), and for types for functions from indices to other functions (e.g. for
the type ¢ — (0 — t)). Our exclusion of these types is motivated by the compli-
cations that would arise from coding type-o and -t objects separately. (For exam-
ple, this coding might yield the representation £(o — t) = (£(0) — &(t)) = (0 —
0), instead of the desired £(0 — t) = 0). However, since no expression from the
PTQ-fragment receives an interpretation in these types, the partial definition of
£ is unproblematic.

We next define the coding function on PTQ-objects:

Definition 4 (EFL-encoding). Let {D, | o € 2Type} and {D., | € 1Type} be
a general PTQ- and a general EFL-frame, respectively, for which it holds that
D, = D! and D,_,; = D). For each PTQ-type « for which ¢ is defined, we define
a function =, : D, — Dé(a) by the following recursion:

L i 5(d) = d, ifde D, Zyoi(d) = d, ifde Doy
ii. If fe€ Dy, then Z,,,(f) is the function g € D)_,, s.t., for all w € D,,
f(w) = g(Nig.i = w);

II. Ifh€ Dyyp, then 5, 5(h) is the function A’ € Dé(a)—)f(ﬁ)'

It is easy to prove that all functions =, are injections.

4.2 Modeling the Puzzle in EFL-Frames

The previous section has identified a procedure for the coding of PTQ-objects.
The present section uses this coding to solve Partee’s temperature puzzle in an
EFL-ontology.

To facilitate our proof that the temperature puzzle can be solved in an {¢, 0}-
based semantics, we invert Montague’s strategy of “generalizing to the worst ca-
se” [24, p. 34] (cf. [14]): Rather than interpreting all expressions from the PTQ-
fragment as functions over (the EFL-correlates of) individual concepts and ob-
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taining their extensional equivalents through the use of meaning postulates, we
interpret these expressions as functions over individuals. Only intensional com-
mon nouns and intensional intransitive verbs retain their interpretation as func-
tions over (the EFL-correlates of) individual concepts. The application of the lo-
gical translations of intensional expressions to the translations of other PTQ-ex-
pressions is then handled through type-shifting.

In particular, to enable the application® of the EFL-translations of determi-
ners (type (¢ = 0) = ((t = 0) — 0)) to the translations of intensional common
nouns (type (0 = t) — o) in an EFL-typed logic, we introduce the extensionali-
zation operator ext. This operator sends properties of the EFL-correlates of in-
dividual concepts (type (0 — t) — o) to properties of individuals (type ¢ — o).
Below, the type-o constant w denotes the EFL-correlate of the current index, @.6
The variables ¢ (type o — ¢) and T (type (0 — ¢) — 0) are the EFL-proxies for
variables over individual concepts, resp. over properties of individual concepts.

Definition 5. The function ext := ATAz3Je. T(c) A x = c(w) sends terms of
the type (0 — ¢t) — o to terms of the type ¢ — o.

The operator ext enables the extensionalization of the type-((o — ¢) — o) trans-
lation, temp, of the noun temperature to the term Az3Jec.temp(c) Az = c(w).
This term denotes the property of being identical to the result of applying some
type-(o — ¢) witness, ¢, of the property denoted by temp to the type-o correla-
te, w, of the current index. As a result, the term Az3e.temp(c) Az = c(w) de-
notes the property of being the temperature at the current index.

The possibility of interpreting intensional nouns in the type ¢ — o enables the
EFL-translation of the first premise from (x). This translation is given in (1). In
the translation, lift := A\xAP,_,,.P(x) is a variant of the type-lifting operator
from [23]. The variables P and P; range over objects of the type ¢ — o. The vari-
able @ ranges over objects of the type (1 — 0) — o:

. [xeninety] ~ ninety (1)
2. [pvis] ~ AQAz.Q (M\y.x =)
3. [ve[rvis][weninety]] ~ AQAz.Q (Ay.x = y) [lift(ninety)]
= AQAz.Q(\y.xz = y) [\P. P (ninety)]
= A\x.[AP. P (ninety)|(\y.x = y)
= Az.(x = ninety)
4. [ytemperature] ~ temp = Ac.temp (c)
[perthe] ~» APLIAP32Vy. (P (y) < « = y) A P(x)
6. [wr[perthe][vtemperature]] ~» AP AP 32Vy. (P (y) > = = y) A P(x) [ext(temp)]
= AP IAP3zVy. (Pi(y) <> = y) A P(x) [Az3c.temp(c) A z = c(w)]
= AP3aVy.((3e.temp(c) ANy = ¢(w)) <> x =y) A P(x)

5 Here, the argument-type is underlined.
5 Thus, w:= (Nis.i = @).
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7. [s[xp[perthe][xtemperature]][vp[rvis] [wpninety]]]
~ AP3zvy. ((e.temp(c) Ay = c(w)) > z =y) A P(x) [Az.(z = ninety)]
= JaVy. ((3e.temp(c) Ay = c(w)) < = y) Az = ninety

Notably, the term from (1.7) does not result from the term in the first premise
of Figure 2 by replacing ‘¢’ and ‘c;” by ‘¢’ and ‘e¢;’, and by replacing ‘TEMP’
and ‘RISE’ by ‘temp’ and ‘rise’, respectively. In particular, while the term in
the first premise of Figure 2 states the existence of a unique witness of the type-
((0 = ¢) — o) property of being a temperature (i.e. the existence of a sequence of
ordered index/number-pairs), the term from (1.7) only states the existence of a
unique witness of the type-(¢ — o) property of being the temperature at the cur-
rent index (i.e. the existence of the number ninety). However, since the occur-
rence of the phrase the temperature in the first premise of () receives an exten-
sional interpretation (type ¢), this weakening is unproblematic. We will see at the
end of this section that our weaker EFL-term still blocks Partee’s temperature
puzzle.

To enable the application of determiners (traditionally, type (¢« = o) = ((¢ —
0) — 0)) to intensional common nouns (type (0 = ¢) — o) — and, thus, to en-
able the application of noun phrases to intensional intransitive verbs —, we intro-
duce the intensionalization operator int. This operator sends individuals to the
EFL-correlates of individual concepts, and sends functions from properties of in-
dividuals to generalized quantifiers over individuals (type (¢ = 0) — ((¢ = 0) —
0)) to functions from the EFL-correlates of properties of individual concepts to
the EFL-correlates of generalized quantifiers over individual concepts (type ((o —
t) = 0) = (((6 = t) = 0) — 0)).

In Definition 6, ninety is the EFL-correlate of the constant NINETY.”

Definition 6. The operator int then works as follows:

int(ninety) := ninety
nt(APLIAP3z. Py (z) A P(z)) = ATiAT 3e. Ti(c) A T(c)
int(APLAPVz.Py(z) — P(z)) = ATiATVe. Ti(c) = T(c)
int(APLAP3zVy. (P (y) <> © =y) A P(x))

= AT/ AT 3cVer.(Ti(e1) <> e=c1) AN T(c)

The operator int is the EFL-correlate of an ‘t-to-(0 — ¢)’-restricted variant of the
intensionalization operator for extensional TY5 terms from [13] (cf. [10, Ch. 8.4]).
This operator systematically replaces each occurrence of ¢ in the type of a linguis-
tic expression by the type ¢ — ¢ (our type 0 — ). As a result, the type for ge-
neralized quantifiers over individuals, (¢ — 0) — o, will be replaced by the type
((6 = t) = 0) — o (our type ((0 =) = 0) = o).

" Thus, ninety satisfies the metatheoretical axiom Vp,.ninety(p) = ninety.
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The interpretation of intensional noun phrases in the type ((o = ¢t) = 0) = o
enables the translation of the second premise from (%). In the translation, the
type-(0 = t) — o term rise is the EFL-correlate of the constant RISE.

1. [iyrises] ~ rise (2)
xtemperature] ~~ temp

perthe] ~» APIAP32Vy. (P1(y) < x =y) A P(x)

wr[perthe][ytemperature]] ~~ int (AP AP3zVy. (Pi(y) <> = y) A P(z)) [temp]
= AT3cVer.(temp(ci) <> c=c1) A T(c)

5. [s[we[perthe][vtemperature]][iyrises]] ~ JeVe;.(temp (¢1) <> ¢ = ¢1) A rise(c)

[
2. |
3.
4.

The interpretation of proper names in the type o — ¢ enables us to translate
the conclusion from (x) as follows:
1. [xeninety] ~ ninety (3)
2. [rises] ~ rise
3. [s[xeninety][yrises]] ~ rise[int(ninety)] = rise (ninety)

This completes our translation of the ‘ingredient sentences’ for Partee’s tem-

perature puzzle. The invalid inference from the conjunction of (1.7) and (2.5) to
(3.3) in our EFL-semantics is captured in Figure 3:

Javy. ((3e. temp(c) Ay = c(w)) +> & =y) Az = ninety

/[ [ ]/
7777

., Acvei(temp(c1) <+ c= a1) Arise(c)
77 - -
rise (ninety)

Fig. 3. The invalid inference in EFL-semantics.

In particular, while the formula in the second premise attributes the property
‘rise’ to the type-(o — ¢) object which has the property of being a temperature,
the formula in the first premise attributes the property ‘is ninety’ only to the re-
sult (type ¢) of applying a temperature-object to the EFL-correlate of @. In vir-
tue of this fact — and the resulting invalidity of substituting ninety for ¢ in the
second premise of Figure 3 —, the formula in the conclusion does not follow from
the conjunction of the two premise-formulas by the rules of classical logic.

5 Conclusion

This paper has demonstrated that Partee’s temperature puzzle can be solved in
an EFL-semantics, which only commands basic types for individuals and propo-
sitions. We have obtained this result by coding indices in the type for propositi-
ons, and by defining shiftability relations between functions over individuals and
(the EFL-correlates of) individual concepts. Since the temperature puzzle is a ge-
neral litmus test for empirically adequate PTQ-models, the result shows that on-
tologically minimal models for the PTQ-fragment need not contain indices or in-
dividual concepts.
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The identification of the minimal semantic requirements on PTQ-models is a
contribution to the general program of reverse formal semantics. This program —
named in analogy with the corresponding program, reverse mathematics, in the
foundations of mathematics [11,26] — attempts to identify the minimal formal
semantics (with ‘minimality’ defined w.r.t. the number and complexity of basic
types) which interpret certain fragments of natural language. Questions in re-
verse formal semantics include the following:

(1) What minimal number of types is required for the interpretation of certain
fragments of natural language (e.g. the EFL- or PTQ-fragment)?

(2) What is the identity of the types in the smallest sets of types from (1)? What
are the objects in the types’ domains?

(3) Which equinumerous type-sets are equivalent (up to coding) to the sets from
(1) and (2) (s.t. they preserve the explanatory and modeling power of a se-
mantics with basic types from the original set)?

(4) By (1) to (3): Which existing formal semantics (for which fragments?) can be
reduced to which other semantics (for which other fragments)?

(5) Which types (if any) resist coding through the familiar types (s.t. they requi-
re the jump from one to another, non-equivalent, set of types)?

The present paper has provided a partial answer for particular cases of questi-
ons (1), (3), and (4). In particular, it has shown that the set of basic types from
[19] is equivalent to the basic-type set from [21] (cf. (3)), such that we can reduce
Montague’s formal semantics for the PTQ-fragment to (a variant of) the seman-
tics from [19] (cf. (4)).

We hope that the answers to other cases of the above questions, and the ans-
wers to the remaining questions will identify new relations between existing for-
mal semantic models, and that they will further our insight into the type system
of natural language.
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