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Abstract

Illative systems of combinatory logic consist of combinatory logic extended with additional
constants intended to represent logical notions. We introduce some strong systems of illative
combinatory logic, extending earlier systems of Barendregt, Bunder and Dekkers. This
continues Curry’s and Bunder’s lines of research on illative combinatory logic. We define
semantics for illative systems and show our systems consistent by model constructions. We
also investigate properties of translations of traditional systems of logic into the corresponding
systems of illative combinatory logic. Some of the systems shown consistent in the present
work are much stronger than the systems shown consistent by Barendregt, Bunder and
Dekkers. In particular, the strongest of our systems essentially incorporates full extensional
classical higher-order logic extended with dependent function types, dependent sums, subtypes
and W-types, which allows to interpret a great deal of mathematics in this system.



Streszczenie

Systemy illatywnej logiki kombinatorycznej rozszerzaja beztypowy rachunek kombinatorow
o dodatkowe state majace na celu reprezentacje pojec¢ logicznych. W pracy wprowadzamy
pewne silne systemy illatywnej logiki kombinatorycznej bedace rozszerzeniem wezesniejszych
systeméw Barendregta, Bundera i Dekkersa. Tym samym kontynuujemy kierunek badan
Curry’ego i Bundera nad illatywna logikg kombinatoryczng. Definiujemy semantyke dla
systemow illatywnych i poprzez konstrukcje modeli pokazujemy niesprzeczno$é¢ naszych
systemow. Niektore sposrod systemow ktorych niesprzecznosé wykazaliSmy sa znacznie
silniejsze niz systemy Barendregta, Bundera i Dekkersa. W szczegdlnosci, najsilniejszy z
naszych systemow zawiera petng ekstensjonalng klasyczna logike wyzszego rzedu rozszerzona
o zalezne typy funkcyjne, sumy zalezne, podtypy i W-typy.
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Chapter 1

Introduction

[lative systems of combinatory logic or lambda-calculus consist of type-free combinatory logic
or lambda-calculus extended with additional constants intended to represent logical notions.
In fact, early systems of combinatory logic and lambda calculus (by Schonfinkel [Sch24],
Curry [Cur30] and Church [Chu32, [Chu33|) were meant as very simple foundations for logic
and mathematics. However, the Kleene-Rosser and Curry paradoxes caused most logicians to
abandon this work.

It has proven surprisingly difficult to formulate and show consistent illative systems
strong enough to interpret traditional logic. This was accomplished in [BBD93|, [DBB98a]
and [DBB98b], where several systems were shown complete for the universal-implicational
fragment of first-order intuitionistic predicate logic. In [Czal3b] an extension of one system
from [BBD93|, [DBB98al [DBBI8D] in which full higher-order classical logic may be interpreted
was shown consistent by semantic methods.

The difficulty in proving consistency of illative systems in essence stems from the fact
that, lacking a type regime, arbitrary recursive definitions involving logical operators may be
formulated, including negative ones. In early systems containing an unrestricted implication
introduction rule this was the reason for the Curry’s paradox (see Section [3.1)). Formulating
appropriate and not too cumbersome restrictions is not easy if the fundamental property
of allowing unrestricted recursion is to be retained, to which the Bunder (Section and
Kleene-Rosser (Section paradoxes testify.

The fact that in illative systems unrestricted recursion is directly incorporated into the
logic is one of the properties that make these systems interesting from the point of view
of computer science. In [Czal3d, [Czal3d| it is suggested that using illative-like systems
may be a viable approach to the problem of handling unrestricted recursion in interactive
theorem provers. An advantage of illative systems is that no justifications are needed for
formulating unrestricted recursive definitions. One may just introduce a possibly non-well-
founded recursive function definition and start reasoning about it within the logic. There is
obviously a trade-off — some inference rules need to be restricted by adding premises which
essentially state that some terms are “propositions”. To be able to derive that some terms
are propositions, illative systems include certain “typing rules”, i.e., rules for reasoning about
which types (categories) a term belongs to. In contrast to traditional systems, however, these



rules are internal to the system. The functions do not need to be “typed” a priori, but
reasoning about “types” may be interleaved with other reasoning. For instance, one may
show typability by induction. This may possibly be an interesting way of reasoning about
potentially non-well-founded function definitions in an interactive theorem prover.

The initial motivation of Curry for studying illative combinatory logic was to develop
extremely simple foundations for mathematics and logic, which assume as primitive the
notions of self-applicable function-in-intension (operation), and stress the very mechanism of
definition/combination of concepts. In this approach to the foundations of mathematics, the
notion of function takes priority over the notion of set. A set is a special function, whose
application to an argument may sometimes be a proposition. The members of a set are those
arguments for which the application is a true assertion.

It is important to note, however, that Curry’s aim was not merely to provide an alternative
foundational system for mathematics, which would compete with the theory of types, set
theory, etc. In Curry’s view, combinatory logic concerns itself with the ultimate foundations.
Its purpose is the analysis of certain notions of such a basic character that they are taken
for granted in most other systems of logic. These are, above all, the analysis of the process
of substitution, and also the classification of objects into types or categories. Such notions
constitute what Curry calls a prelogic. Although very basic and generally presupposed, these
notions are not simple and thus they merit further investigation. Moreover, an analysis of the
prelogic may shed some light on the sources of paradoxes, and this was also one of Curry’s
original motivations. See [CEFC58| p. 1] and [Cur80), [Sel80, Des04].

In systems of illative combinatory logic, there is a priori only a single sort of terms, only
a single binary application operation to form composite terms, and only a single form of
judgements. The rules of these systems are to have a simple character, without involving
complex notions like substitution. The process of substitution, and the categorisations of
terms, are performed entirely inside the system.

In this work we develop semantics for various systems of illative combinatory logic and
lambda-calculus which are extensions of some systems from [BBD93, [DBB98a, [DBBISh,
Czal3b]. The systems are then shown consistent by constructing models. We also consider
natural embeddings of traditional logical systems into corresponding illative systems. Using
semantic methods, we investigate soundness and completeness of these translations.

Some of the systems shown consistent in the present work are much stronger than the
systems of [BBD93| [DBB98a, IDBBI8h|. In particular, the system eZKw from Chapter @
essentially incorporates full extensional classical higher-order logic. The system Z* from
Chapter [7] extends eZKw by dependent function types, dependent sums, subtypes and
W-types.

The system Z7 is rich enough to interpret much of mathematics. Many common type-
theoretic constructions are possible. Using dependent sums one may define finite products
and (non-dependent) disjoint sums. Using W-types, which originate from Martin-Lof’s type
theory [ML84], [NPS90, Chapter 15], one may define inductive types, including the type
of natural numbers. The derived induction principles associated with inductive types are
unrestricted, i.e., it is possible to apply inductive reasoning to terms whose types have not



yet been established, thus for instance enabling reasoning about types of terms by induction.

In most previous work the approach is syntactic — consistency is shown by cut-elimination or
by analysis of possible forms of derivable terms using grammars. Establishing cut-elimination
is more informative than only constructing a model, but for illative systems it also seems
much harder. Our methods are semantic. The consistency proofs are not constructive and
need much of the power of set theory. In fact, the model construction for the strongest
system ZT assumes the existence of a strongly inaccessible cardinal, so it is not formalisable
in ZFC.

The rest of this chapter is organised as follows. In Section [I.1] we provide some background
on illative combinatory logic. In Section [I.2] we briefly outline the results obtained in this work.
In Section we survey previous work related to illative combinatory logic. In Section
we give an overview of the systems and results from [BBD93, [DBB98al, [DBBISh].

1.1 Illative combinatory logic

All illative systems we consider (except Z1) come in three variants differing in the underlying
reduction system, which is either combinatory logic with weak reduction, (untyped) lambda-
calculus with g-reduction or lambda-calculus with fn-reduction (see Section , with
constants from a fixed signature Y. Since most of the proofs and definitions are the same or
very similar for each of the variants, we usually give only a single generic proof or definition,
and possibly note the differences for each variant. We use T to generically denote the set of
terms of an illative system, which is either the set of terms of combinatory logic with extra
constants from ¥ (T¢p (X)) or the set of terms of lambda-calculus with constants from X
(TA(X)). Analogously, we use = to generically denote =,,, =g or =g, as appropriate. By = we
denote syntactic identity of terms (up to a-conversion in lambda-calculus). We use S and K
to generically denote either the constants of combinatory logic, or the terms \xyz.xz(yz)
and Azry.r in lambda-calculus. We define | = Az.z in lambda-calculus, or | = SKK in
combinatory logic. The notation A\z.M is used to denote either combinatory abstraction
in CL, or abstraction in lambda-calculus.

[lative systems extend combinatory logic (or lambda-calculus) with illative primitives
representing logical notions. Unlike in most traditional systems of logic, there is no a
priori distinction between various categories: propositions (formulas), individual terms,
functions, relations, etc. Instead, there are inference rules which allow some categorisations
to be performed inside the system. Certain illative primitives represent primitive typed]
(categories), and there are combinators which allow the formation of new types. If a term 7'
represents a type, then T'X is an assertion that X has type T. In fact, any term may
be potentially asserted as a proposition (which does not mean that all terms represent
well-formed propositions), and equal terms (in the sense of weak, 8-, or fn-equality, as
appropriate) are always interchangeable. Intuitively, types represent permissible quantifier
ranges — quantification is allowed only over objects of a fixed type. Predicates on a type T,
or subsets of T, are represented by functions from 7" to the type of propositions H.

'The notion of “type” is used informally in this section, interchangeably with “category”.



The illative primitives need not be constants — they may be composite terms. An illative
primitive which is a constant is called an illative constant. Below we list some common illative
primitives together with an informal explanation of their meaning (cf. [CHS72l §12B2]). Any
given illative system may contain any number of these primitives, and possibly some more.
All primitives listed here have appeared in previous work on illative combinatory logic. In
Chapter [6] and in Chapter [7] we use some additional primitives, which to our knowledge have
not been considered before. In what follows, by X, Y, Z, ... we denote arbitrary terms from T.

P

A
\Y
L
T

J

(1]

T

Implication. Instead of PXY we often write X D Y. Implication is sometimes defined
by P = \xy.Z(Kz)(Ky) (see below for an explanation of =).

Conjunction. Instead of AXY we often write X AY.
Disjunction. Instead of VXY we often write X VY.
False proposition.

True proposition. Often defined by T =PL 1.
Negation. Often defined by = = Az.Pz L.

Restricted generality — a restricted universal quantifier. The term =XV is intuitively
interpreted as “X C Y”, or “for every object Z such that X7 we have Y27, or “for
every object Z of type X we have Y Z”. The notation Vz: X .Y is often used to denote
=X (Az.Y). Note that z is not bound in X.

Restricted existential quantifier. The term XY Z is intuitively interpreted as “there
is an object X such that Y X and ZX”, or “there exists an object X of type Y such
that ZX”. The notation dx : Y. Z is often used to denote XY’ Ax.Z. Note that x is not
bound in Y.

Functionality (cf. [CFC58, §8C]). The term FXY F is intuitively interpreted as “F' is a
function from X to Y, or “for every object Z of type X we have Y (FZ)”. Functionality
is often defined by F = Azyf.Zx(Az.y(fz)). Sometimes we write A — B instead of
FAB.

Dependent functionality. The term GXY F'is intuitively interpreted as “F' is a dependent
function which for each Z of type X gives an object of type Y Z7, or “for every
object Z of type X we have Y Z(FZ)”. Dependent functionality is often defined by
G = ey f.2x(Az.yz(f2)).

Functionality of n arguments. The term F,X; ... X,,Y F is intuitively interpreted as

“F'is an n-argument function from X, ..., X,, to Y”. Usually F,, is defined inductively
as follows:
FO = |
Fri1 = Avy...xpny.Fey(Fozo .o 2p1y)

Equality. The term QXY is intuitively interpreted as “X and Y are equal”.

Type of propositions. The term HX is intuitively interpreted as “X is a proposition”.
The type of propositions is sometimes defined by H = Az.Pzz or by H = Az.L(Kx).



L Category of types. The term LX is intuitively interpreted as “X is a type” or “X
represents a permissible range of quantification”. The category of types is sometimes
defined by L = \z.Zzx.

A Type of individuals. When interpreting first-order logic this type represents the first-
order universe.

E Universal category — the type of all objects. The assertion EX should be true for any
object X.

Using illative primitives, it is possible to interpret ordinary logic in illative combinatory
logic. For instance, a first-order sentence

Va(r(z) = s(f(2), 9(x)) Ar(f(z)))
is translated as the statement
Vo :A.rx D s(fx)(gzx) Ar(fz)

which is
EAz.P(rz)(A(s(fz)(g2))(r(fx))))

where 7, s, f, g are constants corresponding to the relation and function symbols from the
first-order language, and A represents the first-order universe.

In this work we treat only natural deduction formulations of illative systems. In case of
illative combinatory logic, it is not always easy to formulate Hilbert-style or Genzen-style
systems equivalent to a given natural deduction system (the papers [Bun79, BD0S] deal with
a similar issue). In the present work we do not concern ourselves with this problem. Actually,
in view of the results of Section it seems plausible that our strongest system Z* does not
have any equivalent Hilbert-style formulation.

In an illative system judgements have the form I' F X where I' is a finite set of terms
and X is a term | If X is a term and I a set of terms, then by I', X we denote I' U {X}. For
an infinite set of terms I' we write I' F X if there exists a finite subset IV C I" with IV - X.

2Thus our usage of the symbol F differs somewhat from its usage by Curry. Curry mostly considers
(essentially) Hilbert-style systems. The symbol - then denotes a “unary predicate” such that - X for
a term X is a meta-level statement meaning “X is provable (in the system under consideration; with no
additional hypotheses)”. Then Xi,...,X,, F X is only an abbreviation for the meta-level statement “X is
provable after adjoining X7y, ..., X, to the list of axioms”. Our form of judgements is more complex. Strictly
speaking, we need two syntactic categories: one for terms and one for finite sets of terms. Hence our systems
are not completely formalised in the sense of [CFC58| §1E5|. Since we are not so much interested in analysing
prelogic as in incorporating unrestricted recursion into a system of logic, we shall not concern ourselves too
much with such issues. See [CFC58, Chapter 1], [Cur80l §8] and [Curdlbl §2-3] for a more thorough and
precise discussion of Curry’s conception of formal systems and of the meaning of F. In fact, by the results of
Section [3.3]it seems plausible that the strongest of our systems incorporating unrestricted induction rules has
no reasonable Hilbert-style formulations. We are not concerned by this situation, and in this respect our
approach differs from that of Curry. For Curry the (“naturalness” preserving) reduction of certain general
types of formal systems to completely formalised (in the sense of [CFC58, §1E5]) systems of preferably strictly
finite structure was one of the main tasks of combinatory logic.

7



All illative systems are required to include the following axiom (Ax) and the rule (Eq)
(cf. the definition of Fy in [CEC58| §8E]). The rule (Eq) essentially incorporates unrestricted
recursion into the system.

(Ax) X X:Y(Eq)

NLXFEX 'y

Here X = Y is a meta-level side condition. Recall that = denotes either weak, -, or
Bn-equality, as appropriate.

Note that, strictly speaking, the rule (Eq) does not have a simple character, because the
meta-level side condition is of a complex nature, and in the case of 8- or fn-equality in the
lambda-calculus it involves the notion of substitution. However, at least in the case of weak
equality in combinatory logic, this rule could be broken up into several rules of a simple
character, at the cost of introducing the illative primitive Q for equality, or a new form of
judgement = X =Y. Since our interest lies more in the fact that illative systems incorporate
unrestricted recursion directly into the logic, rather than with the aim of analysing prelogic,
we shall not concern ourselves too much with such issues.

If an illative system includes one of the illative primitives P, =, F, G, then we require that
it incorporates the corresponding elimination rules (either directly or as derived rules).

PEFXDOY PEX PFEXY [FXZ o
TFY (PE) TFYZ (EE)

THFFXYF TFXZ IHGXYF TFXZ
I'FY(FZ) (FE) IFYZ(FZ) (GE)

It is less clear how introduction rules should look like. Curry’s paradox implies that
adding the following natural candidate for an introduction rule for P yields an inconsistent

system (see Section [3.1).
I X+FY

'-X>Y

Intuitively, the problem is that, a priori, we do not know whether X is a proposition, so
X DY may not make any sense. If X = (X D 1) then using the above rule we can derive a
contradiction.

A way out of the paradox is to add the illative primitive H, appropriately restrict
introduction rules, and add rules to reason about which terms represent propositions. Of
course, we would like the restrictions in introduction rules to be as unobtrusive as possible.
It would not be difficult to formulate and show consistent an “illative” system in which the
restrictions would be so strong as to make it indistiguishable in practice from a system in
which terms are a priori assigned to definite syntactic categories (or typed statically), but
the point of introducing such a system is dubious. The illative systems we will be concerned
with have minimal restrictions in introduction rules — in the sense that removing any of these
restrictions yields an inconsistent system.

With regard to illative systems, there are two common notions of consistency [Bun77]:
weak and strong consistency. Weak consistency means that there exists a term which is not

(DED)



derivable. Strong consistency means that there exists a term X which is not derivable, and it
is provable that X is a proposition, i.e., I/ X and F HX. When referring to consistency we
shall always mean strong consistency. In fact, for systems introduced in the present work
these notions are equivalent.

The introduction rule for P which we shall adopt is the following.

XFY TI'EHX
r-XoY

(PT)

A visible disadvantage of this rule is that to use it an additional premise I' = HX needs to be
shown, but if we want the rule (Eq) we cannot do much better. However, the “typing rules”
for H, i.e., rules for reasoning about which terms represent propositions, will be of such a
character that in most cases deriving this premise will be straightforward. This is made more
precise in the succeeding chapters. In particular, the soundness of translations of traditional
systems of logic into illative combinatory logic shows that additional premises in introduction
rules hold as long as we deal only with terms which are translations of terms or formulas of
a traditional system. Explicitly deriving the additional premises may be needed only when
dealing with terms which do not have direct counterparts in traditional systems.

An advantage of illative systems is that their “typing rules”, i.e., rules for reasoning about
which types (categories) a term belongs to, are similar to rules in traditional type systems. In
fact, these rules are usually generalisations of traditional typing rules. Therefore, in a machine
implementation of illative logic, it may be possible to adapt standard type checking or type
inference algorithms to obtain algorithms which, in common cases, automatically produce a
derivation establishing which type a given term belongs to, and thus dispose of the additional
premises in introduction rules. See also [Czal3c, [Czal3d].

1.2 Contribution

The main result of this work is that all the illative systems ZJp, ZKp, ZJ, ZTK, ZTKw, eZKw
and Z" introduced in the following chapters are consistent, i.e., L is not derivable in the
empty context. To prove this result, for each system we introduce a semantics with respect
to which the system is shown to be sound, and then we construct a model. Some of the
systems are also shown complete w.r.t. the corresponding semantics. The model constructions
are parameterised by corresponding models of traditional systems of logic. They essentially
show truth-preserving transformations of models of traditional systems into corresponding
models of illative systems. We later use the constructions to show completeness of some
translations of traditional systems into illative systems. Soundness of these translations is
also show, usually by semantic means. Soundness means that if a judgement of a traditional
system is provable, then so is its translation. Completeness means that if the translation of
a judgement is provable then so is the original judgement. Below we give a more detailed
overview of the contents of the present work and of the obtained results.

In Chapter [2| we provide the necessary background and introduce various notions needed
in the subsequent chapters. We also introduce definitions of a few non-standard notions and



some simple lemmas concerning these notions. In particular, we define Extended Abstract
Reduction Systems, and the notions of coherence and invariance, which are crucial in the
model constructions.

In Chapter [3| we present three paradoxes in systems of illative combinatory logic: Curry’s
paradox, Bunder’s paradox, and the Kleene-Rosser paradox. These paradoxes show certain
limitations on the rules an illative system may contain. Our treatment of the Kleene-Rosser
paradox, though based on earlier work, is new: it reveals an essential incompatibility between
an unrestricted induction principle for natural numbers and a Hilbert-style formulation of an
illative system.

In Chapter [4 we study two illative systems: the system ZJp of propositional intuitionistic
logic, and the system ZKp of propositional classical logic. We develop semantics for both
of these system. The models for ZJp are essentially combinatory algebras combined with
Kripke frames. The models for ZKp are combinatory algebras with two sets 7 and F of
true and false elements of the algebra, with some natural conditions imposed on 7 and F.
We show that ZJp and ZKp are sound and complete w.r.t the corresponding semantics. We
prove the consistency of ZJp and ZKp by constructing models. The model constructions are
parameterised by corresponding models for traditional systems. We use the constructions to
show and completeness of natural translations of the traditional system NJp of propositional
intuitionistic logic into ZJp, and of the traditional system NKp of propositional classical logic
into ZKp. Soundness of these translations is also established by semantic arguments.

In Chapter o/ we investigate the intuitionistic first-order illative system ZJ, and the classical
first-order illative system ZK. We develop Kripke-style semantics for ZJ, which extends the
semantics for ZJp. We prove that ZJ is sound and complete w.r.t. this semantics. For ZK
the natural semantics extending the semantics for ZKp is show to be sound, but we do not
know whether it is complete. The problem is that in classical illative systems with quantifiers
we have excluded middle only for terms which may be proved to be propositions. This
makes it impossible to easily adapt the standard Henkin-style completeness proof. We show
that ZK is complete w.r.t. a somewhat less natural semantics which allows more than one
state. We prove consistency of ZJ and ZK by model constructions, which are parameterised
by corresponding models of traditional systems. Like in Chapter [3], the constructions are then
used to show completeness of natural translations of traditional intuitionistic first-order logic
into ZJ, and of traditional classical first-order logic into ZK. Soundness of the translations is
also shown.

In Chapter [6] we study the classical intensional higher-order illative system ZKw, and
its extensional variant eZKw. We provide natural semantics for both of the systems. We
show the systems sound w.r.t. the corresponding semantics. We construct a model for eZKw,
which establishes the consistency of both ZKw and eZKw. The construction is parameterised
by a standard model for traditional higher-order logic. We show a sound translation from
traditional classical intensional (extensional) higher-order logic into ZKw (eZKw). We did
not prove the completeness of these translations, because our model construction relies on
the fact that the model of traditional higher-order logic by which it is parameterised is a
standard model, and traditional higher-order logic is not complete w.r.t. standard semantics.

10



However, the model construction suffices to derive a limited completeness result: if a translated
judgement of higher-order logic is provable in eZKw then it is valid in all standard models
for higher-order logic.

In Chapter [7| we introduce the strongest of our illative systems: the system Z+ which
extends eZKw by a choice operator, universal and empty types, the conditional combinator,
subtypes, dependent function types, dependent sums and W-types. The semantics of Z* is an
extension of that for eZKw. The model construction is also an extension of the construction
for eZKw. For ZT we carry out the model construction under the assumption of the existence
of a strongly inaccessible cardinal.

1.3 Related work

The subject of combinatory logic began with Schénfinkel’s [Sch24], where it is shown how to
eliminate bound variables in logical expressions by reducing them to applicative terms built
up from the combinators S and K (see Section and the Unwvertrdaglichkeitsfunktion U
defined by the equation

Ufg = ¥a(~(fz) V ~(gz)).
Actually, in [Sch24] no logical axioms for U are formulated, and no formal system in modern
sense is given. The function U is only defined informally by the above equation.

Later Curry formulated systems of logic based on untyped combinatory logic [Cur30,
Cur31l, [Cur32 [Cur33) [Cur34al, [Curd4b], and Church introduced systems of logic based on
the untyped lambda-calculus [Chu32l [Chu33]. These systems were shown inconsistent by
Kleene and Rosser [KR37] (see also Section [3.3)). A simpler paradox was later found by
Curry [Curd2b] (see Section [3.1)).

Curry and his school then started the program of defining systems of illative combinatory
logic of varying strength, hoping to ultimately obtain consistent systems strong enough to
interpret traditional logic. See [Curd2c| and [CEC5S, §8]. Bunder [Bun69, Bun73al, Bun74a,
Bun&3] introduced restrictions in the rules for illative primitives so that traditional logic may
be interpreted in the resulting systems, but their consistency remains open. Some variations
on several systems of Bunder were shown consistent in [BBD93| [DBB98al, DBBI8b), [Czal3b].

The monograph [CEC58|] contains an introduction to illative combinatory logic, which
is followed by a more extensive exposition in the second volume [CHS72]. However, the
main system Fj; of [CHS72] was shown inconsistent in [Bun76]. Later in [BMT78|, [Shu78| this
inconsistency result was extended to a larger class of systems similar to F3;. See Section

It is also worthwhile to mention the system Fas introduced by Curry in [Cur73]. In [Cur73]
Curry proved this system consistent in a weak sense (every term which occurs in a proof
belongs to a class of terms intended to represent propositions). Later Seldin obtained stronger
consistency results (normalisation) [Sel75, [Sel77al, [Sel77b]. The system Faq is essentially
a type-free intuitionistic predicate calculus without conjunction, alternation and negation
but with quantification over propositional functions. It may be extended to include the
remaining connectives and quantifiers [Sel77b]. However, in Fy the illative primitive L (see
Section is defined by L = FEH, i.e., the “types” are identified with propositional functions
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defined on arbitrary objects. This makes it impossible to extend F5; to a system allowing
quantification over propositions, because of Bunder’s paradox (- LH would imply - H(HX)
for an arbitrary X; see Section [3.2)).

In [Sel00] Seldin proves consistent a system of illative combinatory logic with quantifiers
and all propositional connectives except for implication and negation. The rules for the
connectives are unrestricted, and the consistency proof is strictly finitary. This gives some
evidence to the claim that these are the rules for implication which influence the strength of
an illative system. In [Sel00] Seldin also shows consistent an illative system with a restricted
set of rules for implication, related to BCK-logic.

A readable introduction to illative combinatory logic, as well as a historical overview, may
be found in [Sel09]. Chapter 17 of the book [HS86] also treats illative combinatory logic in
an introductory way. The annotated bibliography [Bet99] has an extensive (but by no means
complete) section on illative combinatory logic. Also the monographs [CFC58, [(CHS72] and
the articles [BBD93|] and [CH09, §5.4] contain additional references and historical remarks.
For some philosophical issues concerning illative combinatory logic and a description of
Curry’s initial motivations see [Cur80), [Sel80) Des04] and [CEC58, Chapter 1].

The systems studied in the present work are extensions of some systems from [BBD93,
DBB98a, [DBBI8D), [Czal3b|, which in turn are based on the work of Bunder [Bun69, [Bun73a,
Bun74al, Bun83]. The idea of using the illative primitive H to represent the category of
propositions dates back to Curry’s [Curd2d].

There are many illative systems which differ substantially from those originating in Curry’s
and Bunder’s lines of research. One example are Fitch’s systems [Fit/74, [Fit80al [Fit80bl, [Fit&1],
in particular his system Q [Fit74] [Fit81]. System Q is strong enough to interpret traditional
logic and it was shown consistent in [Fit81], after minor modifications. Essentially, implication
introduction is restricted by requiring that the law of excluded middle holds for the antecedent.
There are some differences in handling equality, with some restrictions on certain subproofs.
Quantification ranges over all terms, and there is a constant N representing the class of
natural numbers. There is an axiom to the effect that NX satisfies the law of excluded middle
for arbitrary X, which essentially enables quantification over natural numbers. However, this
axiom is incompatible with the conditional combinator (see Section [7.1).

There are also many systems which are not systems of illative combinatory logic, but to
some extent incorporate recursion and the notion of self-application without type restrictions.
For instance, Feferman’s systems of explicit mathematics [Fef75l [Fef79, [Bee85)], in their
formulation from [Bee85, Chapter X], are based on Beeson’s Logic of Partial Terms [Fef95]
Bee85, Chapter VI] and include the axioms of a partial combinatory algebra. One difference
from illative systems is that application is partial — illative combinatory logic is based on
ordinary total combinatory logic. Another and perhaps even more fundamental difference
is that in Feferman’s systems there is an a priori syntactic distinction between formulas
and terms. In illative systems there is just one syntactic category, and all reasoning about
which terms represent propositions is carried out within the system. This property of illative
systems makes it hard to construct models.

Another development in partial logics are Farmer’s papers [Far90), [Far93, FGT93|] which
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introduce higher-order logics with partial functions. However, these papers deal mostly with
handling partial functions in higher-order logic, not with general unrestricted recursion. In
fact, the language of these theories is typed — they are essentially variants of Church’s simple
type theory [Chu40].

Aczel’s classic [Acz80] introduces Frege structures, giving a semantic account of Frege’s
logical notion of set, i.e., sets understood as extensions of propositional functions. Frege
structures are models of lambda-calculus together with a collection of “propositions” and
its subcollection of “truths”. Thus, unrestricted recursion and self-application are allowed,
and recursion may involve logical operators. In fact, Frege structures may be used to give an
interpretation of some first-order illative systems [HS86, Chapter 17]. Aczel’s construction of
Frege structures is very similar to the simplest of our model constructions for ZKp and ZK.
The general idea of this construction — a monotone inductive definition of a “truth predicate”
— has appeared in many other works, e.g. [Sco75l, Kri75l [Fit81].

In [Czall] a semantic treatment of a combination of classical first-order logic with type-free
combinatory logic was given. The system of [Czall] is more complex than Aczel’s [Acz80] or
than simple illative systems in that it contains the conditional combinator (see Section ,
which makes equality dependent on truth values of terms, and the model construction becomes
more difficult. Nonetheless, the idea of the construction in [Czall] is also a monotone inductive
definition, but of a term rewriting system. The model construction method from [Czall]
was later significantly revised and extended in [Czal3bl [Czal3d, [Czal3d] and in the present
work. In fact, the basic method of [Czall] may be traced back to [JS95], which constructs a
model for a certain total applicative theory with a non-constructive p-operator. Applicative
theories form the basis of systems of explicit mathematics [JKS99]. They are usually partial,
i.e., based on the Logic of Partial Terms.

Systems of illative combinatory logic are also close to Pure Type Systems (PTS). This
connection has been explored in [BD05] where some illative-like systems were proven equivalent
to more liberal variants of PTSs from [BDO1]. Those illative systems, however, differ somewhat
from what is in the literature.

1.4 The systems of Barendregt, Bunder and Dekkers

Since the illative systems studied in the present work are essentially extensions of some
systems from the papers [BBD93, [DBB98al, [DBBI8b| by Barendregt, Bunder and Dekkers,
we shall now give an overview of the systems and results from these papers.

In [BBD93] four systems ZP, ZF, Z= and ZG of illative combinatory logic are defined.
The set of terms in each of them is the set of all untyped lambda-terms extended with the
extra illative constants = and L. Other illative primitives are defined as follows:

Azy.Z(Kz) (Ky)
\eyf Ze(rey(f2))
Ary f.Ex(Az.yz(f2))
Az.L(Kz)

IO ™M™
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where K = Azy.z. An abbreviation X D Y is adopted for PXY".

The judgements in all four systems have the form I' = X where X is a term and I' is a
finite set of terms. We often write I', X instead of the formally correct I' U { X }.

All four systems have the rules from Figure [1.1. The rules specific to each system are
presented in Figures [1.2H1.5]

TEFX X =5,V
TFY (Eq)

nxwxm@

Figure 1.1: Common rules of ZP, ZF, 7= and ZG.

[,XFHY TIFHX
TFH(X DY)

r-XoY N“X@E XEFY TI'FHX

r+y r-XoY (PT)

(PH)

Figure 1.2: Rules of ZP

PEFXYZ TEXV (pp I XaebY(Zz) THLX 2¢FV(I, XY, Z)
TFY(ZV) TFFXYZ

(FI)

I'XebLY THLX z¢FV(,X,Y)
['FLFXY)

(FL)

Figure 1.3: Rules of ZF

The systems ZP and ZF can represent propositional minimal logic. The systems Z= and ZG
can represent the universal-implicational fragment of first-order intuitionistic logic. For the
systems ZP and ZZ the interpretation is direct, while for ZF and ZG it follows the propositions-
as-types paradigm by translating derivations to combinators inside the system. In [BBD93] it is
shown that the two direct translations are complete, and in [DBB98al, [DBBI8b| completeness
is shown for the indirect translations. This establishes strong consistency of all the systems ZP,
ZF, T= and ZG.

We shall now outline the translation from the universal-implicational fragment of first-
order intuitionistic logic into Z=, to give a flavour of how such a translation looks like. This
translation is very similar to translations used later in the present work.

First, we define the system PRED of universal-implicational first-order intuitionistic
logic. Let ¥ be a first-order signature, and V' a set of variables. The set of terms of PRED,
denoted T, is defined inductively:

o VCT,
e if f € ¥ is an n-ary function symbol (possibly n = 0) and ty,...,t, € T, then
ftr, ... t,) €T.
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I'XetYz DHLX z¢FV(D,X,Y)

=Xy I'=XVv (ZI)
' =XY -

r=Yv

(EE)

I XzFHYz) THLX z¢FV(I,X,Y)
I'F HEXY)

(=H)

Figure 1.4: Rules of ZZ

r-GXYZ TFHXV (GE) O XebkYe(Zx) THLX xz¢ FV(I, XY, 2)
TFYV(ZV) TFGXYZ

(GD)

I XzkL(Yz) THLX z¢FV(I,X,Y)
I'FL(GXY)

(GL)

Figure 1.5: Rules of ZG

The set of formulas of PRED, denoted F, is defined inductively:
e if r € ¥ is an n-ary relation symbol and ti,...,t, € T, then r(t1,...,t,) € F,
o if ¢, € Fthen ¢ D¢ €T,
o if x € V and ¢ € IF then Vzyp € F.

The judgements of PRED have the form A F ¢, where A is a finite set of formulas and ¢
is a formula. We use the notation A, ¢ for AU {¢}. The rules of PRED are presented in

Figure

BpFe M

AFpDyY Abg Apkd
AF g (De) m (Di)

AFVrp teT
A lz/i]

AFy¢ z¢FV(A)
AFVxp (%)

(Ve)

Figure 1.6: Rules of PRED

For the translation, we assume that the set of terms of ZZ contains each element of ¥ as
a constant, each variable from V' as a variable, and there is a constant A representing the
first-order universe. The translation [—] from the terms and formulas of PRED into the set
of terms of Z= is defined inductively as follows:

o (2] ==z,
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[t tn)] = fTET - ],
(7(t1,...,tn)] =7r[ta] ... [ta],
[ 291 =T[wl 2],
Vel = ZEA(Az.[o]).
The function [—] is extended to sets of formulas by defining [A] = {[¢] | ¢ € A}. We define

the context-providing mapping I' from sets of formulas to sets of terms of Z= as follows,
where F,, is defined as in Section [L.1}

o F,A...AAf €T'(A) for f € ¥ an n-ary function symbol,
e F,A...AHr € I'(A) for r € ¥ an n-ary relation symbol,
o Az € T'(A) for every z € FV(A),

e Ay € I'(A) for some fresh y ¢ FV(A).

The soundness and completeness of the translation are stated in the following theorem.
Soundness is the implication from left to right, and completeness is the implication in the
other direction.

Theorem 1.4.1 ([BBD93]). A Fprep ¢ iff T(A, ), [A] Fz= [p].

The methods of [BBD93, [DBB98al, DBBI8b| are purely syntactic. Soundness of the
translations is not difficult to establish, and it is shown by a relatively straightforward
induction on the length of derivations. The more difficult completeness, which also implies
consistency, is shown by analysing possible forms of derivable terms using grammars.

In contrast, the approach of the present work is semantic. By constructing models, we
show consistency of some strong illative systems which are extensions of ZP, ZF, 7= and ZG,
with minor modifications. We also show soundness and completeness of direct translations of
traditional systems of logic into some of our illative systems.
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Chapter 2

Preliminaries

In this chapter we provide the necessary background and introduce various notions needed
in the subsequent chapters. The first section is devoted to fixpoint definitions, including
two variants of the Knaster-Tarski fixpoint theorem. In the second section we review a few
set-theoretic notions needed in Chapter [7] in particular the strongly inaccessible cardinals.
In the third section we review basic notions and results in lambda-calculus and combinatory
logic. We also introduce definitions of a few non-standard notions and some simple lemmas
concerning these notions. In the last section we give a presentation of some traditional
systems of logic.

2.1 Fixpoint definitions

Definition 2.1.1. Let A be a set. We define a partial order <; on P(A)! coordinatewise:
f <1 g iff Vierf(i) C g(i). The supremum \/ X € P(A)! of X C P(A)! is defined by:
(VX)) = Uyex f(i). A function F : P(A)" — P(A)" is monotone if f <; g implies
F(f) <1 F(g). A fizpoint of F is an r € P(A)! such that F(r) = r. The least fizpoint of F is
a fixpoint r such that r <; s for any other fixpoint s of F.

The following is a special case of the well-known Knaster-Tarski fixpoint theorem [Tar55|,
Kna2§].

Theorem 2.1.2 (Tarski fixpoint theorem). If F': P(A)! — P(A)! is a monotone function
then there exists the least fixpoint r of F'. Moreover, r may be characterised by the transfinite
inductive definition: F'* = F(F<%) for all ordinals o, where F=<* =\/,_, FB andr = F¢
for the smallest ordinal ¢ such that F¢ = F<¢.

The above theorem allows us to define sets of relations by mutually recursive conditional
rules. For instance, we give a definition of a binary relation > on the set of terms T by the
following conditional rules:

o [ >=TT,
o | > 1,
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e A XY - T X >=TandY =T,
e ANXY =~ 1lifX>=_1lorY > 1.

It is to be understood that > is the least fixpoint of the monotone operator
F:P(TxT)—P(TxT)
determined in an obvious way from the rules:

FR) = {M,T)|(M=T)V(M=NXY AN(X, TYe RA(Y,T) e R)}U
{M, L) | (M=1)vV(M=NXY A{(X,L)e RV(Y,L) e R))}

If a set of conditional rules determines an operator which is monotone, then we say that the
rules are monotone. If a relation > is defined by monotone rules, then we use the notations
=% = F*and =<% = F<* where F* and F<® are as in Theorem [2.1.2] The relation = is
called the a-th approzimant of =. The least ordinal ¢ such that =¢ = > is called the closure
ordinal of the definition of ».

Also the following variant of the Tarski fixpoint theorem will be used in some model
constructions.

Theorem 2.1.3. Let {X%}scs be a family of subsets of a set A for each ordinal «, i.e.,
X C A foralls € S and all ordinals . Let X% = Uﬂme. If for all s € S and all o < 8

we have X C XP, then there exists an ordinal  such that X$ = X=¢ for each s € S.

2.2 Set theory

In this section we review a few set-theoretic notions needed in Chapter [} We assume
familiarity with basic set theory, including cardinal arithmetic. A standard reference for set
theory is [Jec02].

Below we use k, A for cardinals and «, 8 for ordinals. By |x| we denote the cardinality of
a set x, i.e., the cardinal which is equinumerous with x. Recall that in the Zelmero-Fraenkel
set theory with choice (ZFC) a cardinal x is an ordinal which is not equinumerous with any
ordinal o < k. Moreover, in ZFC each ordinal « is equal to the set of all ordinals < «.

Definition 2.2.1. The cumulative hierarchy is an ordinal-indexed sequence of sets V,, defined
as follows:

o Vp= (Z)a
® Vot1 = P(‘/a)a
o Vo=, Vs if @ is a limit ordinal.

The rank of a set x is the least ordinal « such that z € V.

The last point in the following lemma implies that the notion of rank is well-defined.
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Lemma 2.2.2.
1. Vo C Vs for a < 5.
2. If v € V,, then x C V.
3. For every set x there is an ordinal o such that x € V.
Definition 2.2.3. A cardinal x is a strong limit if for any cardinal A\ < xk we have 2* < k.

An infinite cardinal & is regular if there is no A C k with sup A = k and |A| < k. A cardinal
is strongly inaccessible if it is uncountable, regular and a strong limit.

In ZFC the existence of strongly inaccessible cardinals cannot be proven (provided ZFC
is consistent). In fact, the theory ZFC+SI, which is ZFC plus the axiom “there exists a
strongly inaccessible cardinal”, proves the consistency of ZFC. For each strongly inaccessible
cardinal x, the set V, is a model of ZFC.

Definition 2.2.4. A set U is a Grothendieck universe if it satisfies the following:

1. if x € U then x C U,

2. if x € U then P(z) € U,

3. if x € U then {z} € U,

4. if I e U and f € U’ then J,; f(i) € U,
5. weUl.

The intuition behind a Grothendieck universe is that it is a set U such that all standard
operations of set theory (union, power set, etc.) may be performed on its elements with the
results still in U. This intuition is validated by the following lemma.

Lemma 2.2.5. For any Grothendieck universe U the following conditions hold:

ife CyeU thenx e U,

2. ifx,y e U thenx Uy € U,

3. if x,y € U then {z,y} € U,

4. if x,y € U then (z,y) € U,

5. ifx,ye U thenx xyeU,
6
7.
8

~

ifx,y € U then 2¥ € U,
if I €U and f € U then [],, f(i) € U,
if I €U and f € U! then f € U.
Proof.
1. Observe that z € P(y) € U.

2. Since 2 € w € U, we have 2 € U. Now observe that Uy = J,o, f(i), where f € U? is
such that f(0) =z and f(1) =y.
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3. Observe that {z,y} = {z} U{y}.

Observe that (z,y) = {{z}, {z,y}}, assuming the standard Kuratowski definition of an
ordered pair.

Observe that x x y C P(P(z Uy)).
Observe that z¥ C P(z

X y).
Observe that [],., f(i) CP(I x U,¢; (7).
Observe that f € (U, {f(0)})".

a

® N o o

]

The next lemma implies that the existence of a Grothendieck universe is equivalent to
the existence of a strongly inaccessible cardinal.

Lemma 2.2.6. A set U is a Grothendieck universe iff U =V, for some strongly inaccessible
cardinal K.

Proof. See [Wil69]. O

2.3 Rewriting, lambda-calculus, and combinatory logic

2.3.1 Abstract rewriting

Definition 2.3.1. An Extended Abstract Reduction System (EARS) is a tuple (A, —, {>; }ic1)
where A is a carrier set, — a binary contraction relation on A, and {>;};c; is a family of binary
representation relations with =; € P(A x B;) for some set B;, i € I. We write —p for the
contraction relation of an EARS R. When A is obvious from the context we sometimes say that
(=, {>i}tier) is an EARS. When I = {>1,...,>,} we sometimes say that (A, —,>1,...,>5)

r (=, >1,...,>,) is an EARS. We also often confuse an EARS with its rewrite relation,
particularly when the family of representation relations is empty.

Let — be a binary relation. By = we denote the transitive-reflexive closure, by — the
reflexive closure, and by < the inverse of —.

We often write expressions of the form, e.g., t; —1 - —9 to —9 - —1 t3, which means: there
exist S1, 89 such that t1 —1 S1 —9 tag —9 So —>q t3. In a statement of the form “tl — - =1y
implies t; — - < t3” the variables ¢, t, are implicitly universally quantified, e.g., the above
statement means “for all ¢;, ¢y, if there exists s such that ¢; < s — t,, then there exists s
such that t; — & < to”. We write t ~»; s if t = - =; s

We say that a binary relation — has the diamond property if t; < - — to implies
t; — - < ty. We say that — is confluent if = has the diamond property. We say that —
and — have the commuting diamond property if t; <—1 - —o to implies t; —1 - <=5 5. We
say that —; and —, commute if =1 and =, have the commuting diamond property. Our
definition of commuting relations differs from [Bar84] but it is consistent with [Ter03, [BN99].

We say that — preserves > if t < - > s implies t > s.

An EARS (A, —, {>i}ier) is coherent if
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1. — is confluent,

2. — preserves >;, for each 7 € I,

3. each =; is a partial function, i.e., if ¢t =; s and ¢ =; s’ then s = 5.

Two EARSes (A, =1, {=1}ics) and (B, =2, {=2}ic;) are mutually coherent if

1. —»! and —? commute,

2. —! preserves =2 for i € I,

3. —? preserves =! for i € I,

4. if t =} sand t =2 ' then s = §'.

Intuitively, ¢ >=; s is interpreted as “t is represented by s in ¢”. Most often, ¢ will be a
type. In other words, if ¢ >; s then ¢ treated as an object of type ¢ “behaves” exactly like s.
Lemma 2.3.2. Let —, —1, —o be binary relations.

1. If =1 and =4 have the commuting diamond property, then — and —» commute.

2. If S has the diamond property, then — is confluent.

The following lemma is a generalisation of the well-known Hindley-Rosen lemma (see
e.g. [Bar84, Proposition 3.3.5] or [Ter03, Exercise 1.3.4]). The Hindley-Rosen lemma is
obtained by taking both families to be {—1, —2}.

Lemma 2.3.3 (General Hindley-Rosen lemma). Let {—;}ie; and {—=73},es be two families
of binary relations on a set A. If for alli € I and all j € J, the relations —} and —>?
commute, then U;c; —; and e, —3 commute.

Proof. See Figure [2.1] O

i€l

Lemma 2.3.4. If for any s, So the condition s <—1 - —>9 So implies s; ey So, then —
and —o commute.

Proof. By a simple diagram chase. O]

The following two lemmas will often be used implicitly when working with coherent
EARSes.

Lemma 2.3.5. If an EARS (A, —, {>=;}icr) is coherent, then t ~»; s iff t < - = s.

Proof. The implication from left to right is obvious. For the other direction, suppose that
t &t =; 5. Then by confluence of — there is 7 such that ¢ =  and ¢ = r. Because —
preserves =; we still have r >=; s. So t Sr s, i.e., t~; s. O

Lemma 2.3.6. Suppose an EARS (A, —,{>i}ic1) is coherent. If t ~»; s1 and t ~; s9, then
S1 = So.

Proof. Follows directly from definitions. m
Lemma 2.3.7. An EARS R is coherent iff R and R are mutually coherent.
Proof. Follows directly from definitions. O]
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Figure 2.1: General Hindley-Rosen lemma

2.3.2 Lambda-calculus and combinatory logic

We now review some basic definitions and results in lambda-calculus and combinatory logic.
A standard reference is [Bar84].

Definition 2.3.8. The set of lambda-terms over a set of constants ¥, denoted Ty (%), is
defined by the grammar

T/\ L= by ’ \% ’ ()\VT)\) | (T/\T)\)

where V' is a countably infinite set of variables. We write T instead of T(X) when ¥ is clear
or irrelevant, and we leave out spurious brackets. By FV(X) we denote the set of free variables
of a term X. We treat lambda-terms up to a-equivalence, i.e., up to renaming of bound
variables. By = we denote identity of terms (up to a-equivalence). Substitution X[z/Y]
of a term Y for all free occurences of x in X is defined in the expected way, avoiding
variable capture. By X|z,/Y1,...,2,/Y,] we denote simultaneous substitution of Y7,...,Y,
for x4, ..., x,, avoiding variable capture. The binary relation —3 on Ty of 3-contraction is
the compatible closure of the S-rule

M. X)Y =5 X[z/Y).

The relation — 3 of B-reduction is the transitive-reflexive closure of S-contraction. Analogously,
we define n-contraction and n-reduction using the n-rule

M. Xz —, X if x ¢ FV(X)

The relations of Sn-contraction and Bn-reduction are defined using both rules. We write =g,
=,, =gy for the least equivalence relation containing —3, —,, — 4y, respectively.
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The set of combinatory terms over a set of constants ¥, denoted T¢r,(X), is defined by
the grammar

Ter, == X |V|K|S|(TenTewn)

where V' is a countably infinite set of variables and K, S are constants not present in . We
write Ty, instead of Ter(X) when 3 is clear or irrelevant, and we omit spurious brackets. The
notations FV and = are defined as for lambda-terms. The relation —,, of weak contraction
is the compatible closure of the rules

Kzrzy — =x
Szyz — xz(yz)

The relation —,, of weak reduction is the transitive-reflexive closure of weak contraction.
By =, we denote the least equivalence relation containing —,,.
We use the notation | = SKK. The term | is called the identity combinator.
Theorem 2.3.9. The following conditions hold.
1. The relations =3, =, and —,, are confluent.
2. In lambda-calculus, for every term X there exists a term M such that M =g X[z/M].
The same holds with =,, in combinatory logic.

Proof. See [Bar&4]. O

The above proposition states two main properties of lambda-calculus and combinatory
logic that we will need. The second of these properties essentially implies that these systems
enable unrestricted recursive definitions. We will often use the second property implicitly to
define terms by recursive equations.

Definition 2.3.10. For a term X € Ty, and a variable x, the combinatory abstraction \*x. X
is defined inductively:
o Nrax=I,
e Nz X =KX if z ¢ FV(X),
o Nz XY =S(\z*. X)(A\z*Y).
We define a translation (—)cr : TA(X) — Teon(X) inductively:
o ()cp=x, forx eV,
e (¢)cL =c, for ce X,
o (XY)oL = (X)oL(Y)or,
e (\z.X)cL = M*.(X)cr.
A translation (=), : Tgr, — Ty is defined inductively:
o (x)y=uz,forxeV,

e (c)a=c,forceX,
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o (K)\ = A\zy.z,

e (S)\ = Aryz.xz(yz),

° (XY))\ = (X)A(Y))\

We often write Az.X instead of \*x.X, when it is clear that X € T¢y,, or to generically
denote an abstraction when it is irrelevant whether we work in lambda-calculus or combinatory
logic.

Lemma 2.3.11.
1. Ve X)Y 5, X[z/Y].
2. (X)eL)a =5 X.
Lemma 2.3.12. Ifx #y and x ¢ FV(Y) then 2. X[y/Y] = (V2. X)[y/Y].
Proof. Induction on the structure of X. O
Lemma 2.3.13. (Y[z/X])cL = (Y)cL[z/(X)cL]

Proof. Induction on the structure of Y, using Lemma [2.3.12 ]

As remarked in Section [I.1] the illative systems we shall deal with in the following chapters
may be based either on lambda-calculus with S-reduction or n-reduction, or on combinatory
logic with weak equality. Usually it does not make much difference in definitions or proofs
which of these systems is used. This is why we give generic definitions and proofs for any of
these systems, or just specialised definitions and proofs for only one of them, and possibly
note the differences with the others.

2.3.3 Reduction systems

Definition 2.3.14. A reduction system is an EARS whose carrier is either T (%) or Ter(X),
for some Y. We usually treat a reduction system as a pair (—, {>; }ic;), leaving out the carrier.
A reduction system (—, {>;}ics) is invariant when for any i, j € I such that >=; € P(T x T)
the following condition holds:

o if t >, s and us ~»; s’ then ut ~; s'.

A reduction system (—, {>;}ics) is closed under substitution when the following conditions
hold:

o if t1 — 19 then tl[ZL’/t] — tg[x/t],

o if {1 >; s then ti[x/t] »; s.

Recall that t ; s is interpreted as “t is represented by s in (type, state) 7. A reduction
system is invariant if whenever ¢ is “represented” by s (¢ >; s) and some “reasonable” property

holds for s (us ~»; s'), then this same property holds for ¢ (ut ~; s'), i.e., the system is
“invariant” under substitution of ¢ for s.
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Lemma 2.3.15. If a reduction system (—,{>;}icr) is invariant, then the following condition
holds for any terms t,s, s, u.

o [ft~»; s and us ~; s’ then ut ~; s'.

Definition 2.3.16. We define the following reduction systems:
e lambda-calculus with S-reduction: A3 = (—4, 0),
e lambda-calculus with Sn-reduction: A3y = (—g,,0),

e combinatory logic with weak reduction: CLw = (—,,, 0).

2.3.4 Models

In this section we introduce the notions of combinatory algebra, A-algebra and A-model.
Combinatory algebras are models of combinatory logic, while A-algebras and A-models are
models of the lambda-calculus. Our exposition mostly follows [Bar84, Chapter 5].

Definition 2.3.17. A combinatory algebra C is a tuple (C,- k,s) where C' is a set, - is
a binary operation on C', and k, s € C' satisfy the following for any a,b,c € C":

e k-a-b=a,

es-a-b-c=a-c-(b-c).
The operation - is assumed to be left-associative. We often write a € C instead of a € C.

A combinatory algebra C is extensional if all a,b € C satisfy:

evVcelCla-c=b-¢c) = a=b
Let C be a combinatory algebra. A C-valuation is a function from the set of variables V' to C.
Given t € Ter(C) and a C-valuation p, we inductively define the value [¢]¢ of ¢ in C under p:

o [2]5 = p(a),

° [[K]]g =k, [[S]]g =,

o [c]S=c forcec,

o [t1t2]6 = [ta]S - [t2]C.

The superscript C is dropped when obvious or irrelevant, as is the subscript p when ¢ is
closed.

A combinatory algebra C is a A-algebra if for ¢, s € Tep,(C), the condition ¢y =5 s, implies
that [t]¢ = [s]S for all C-valuations p. A combinatory algebra C is weakly extensional when
the following conditon holds for any ¢, s € T (C):

o if [t] = [s]S for all p, then [A*z.t] = [X*z.s]S for all p.
A X-model is a weakly extensional A-algebra.

Note that a weakly extensional combinatory algebra need not be a A-algebra. Indeed,
using [Bar84] Lemma 7.3.5] one may construct a weakly extensional combinatory algebra C

satisfying [((K)x)cL]¢ # [K]€. By Lemma [2.3.11 we have (((K)x)cr)x =3 (K)x, so C is not
a A-algebra.
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Lemma 2.3.18. If a weakly extensional combinatory algebra C satisfies [((K)x)cn]¢ = [K]°
and [((S)x)cr]C = [S]¢, then it is a A-algebra.

Proof. Follows from [Bar84, Lemma 5.2.3]. O

Corollary 2.3.19. Every extensional combinatory algebra is a A-model.

2.4 Traditional systems of logic

2.4.1 Propositional logic

In this section we give definitions of the natural deduction systems NJp and NKp of intu-
itionistic and classical propositional logic. We also define Kripke semantics for NJp and
truth-table semantics for NKp. Our exposition mostly follows that of [SU06, Chapter 2].

Definition 2.4.1. The syntax of propositional formulas is given by the grammar:
FP == Vp|L|FPVFP|FPANFP|FP—FP

where Vp is a set of propositional variables. We use the abbreviation: - = ¢ — L.

In what follows, @, ¥, v, etc., stand for formulas, A, A/, etc., stand for sets of formulas.
The notation A, ¢ abbreviates A U {¢}.

A judgement in the system NJp of intuitionistic propositional logic has the form A F ¢
where ¢ is a formula and A is a finite set of formulas. The rules of NJp are given in Figure
For an infinite set of formulas A we write A F ¢ if there exists a finite A" C A such that
A’ ¢ is derivable.

The system NKp of classical propositional logic is obtained from NJp by replacing the
rule (LE) with:

A —pk L

AlEp (LE)

We write A Fnjp ¢ when A F ¢ is derivable in NJp, and analogously for A Fykp ¢. The
subscript is dropped when obvious from the context.

Definition 2.4.2. A Kripke NJp-model is a triple S = (S, <,IF) where S is a non-empty set
of states, < is a partial order on .S, and IF- is a binary relation between states and propositional
variables which satisfies: if s < s’ and s IF p then s’ I p. We often confuse S with S.
Intuitively, the elements of S represent states of knowledge. The relation < corresponds to
extending states by gaining more knowledge, and the relation I determines which propositional
variables are true in a given state.
The relation IF is extended to propositional formulas by the following inductive definition:

o slFpVyiff slFyor sk,
o slFpAYiff slFeand s -,
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Figure 2.2: Rules of NJp

e slkp—iff &I for all ' > s with s’ IF ¢,
o sk 1.

The above definition implies the following rule for negation:
o slF—piff & K ¢ forall & > s.

Sometimes we write S, s |- ¢ to make it clear which model is being used. We write S I ¢ if
sk for all s € S. We write s IF A if s I ¢ for all ¢ € A. Finally, we write A I ¢ if for
every Kripke NJp-model § and every state s of S, the condition S, s IF A implies S, s IF .
When we want to emphasize that we are concerned with Kripke NJp-models, we write IFy;p.
This will become useful later, when we consider Kripke semantics for various other systems.

Theorem 2.4.3. A Fnyp, ¢ iff A lbngp .
Proof. See e.g. [SU06, Chapter 2]. O

Definition 2.4.4. A propositional valuation (or NKp-valuation) is a function from Vp to
the set B = {0,1}. Valuations will be denoted by w, v, etc. The relation = between
NKp-valuations and propositional formulas is defined inductively:

o v piffu(p) =1,
viEeVYiffv =g orv =,
vEeAYiff v = pand v E 9,
e vEp—yiff vl porv1y,
o v~ L.

We write v = A if v = ¢ for every ¢ € A. We write A = ¢ if for every NKp-valuation v
such that v = A we have v |= . When we want to emphasize that the valuations considered
are NKp-valuations, we write A FEnkp ¢.
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Note that there is an obvious one-to-one correspondence between single-state Kripke
NJp-models and NKp-valuations. Let S be a single-state Kripke NJp-model. Then the
valuation v defined by

vir)=1 <& St

satisfies
vEt < St

for any term t. Conversely, given an NKp-valuation v, the single-state Kripke model S defined

by
S = ({so}, {(s0. s0)}, {(s0,2) | v(2) = 1})
satisfies
vEt < Skt

for any term t¢.

Theorem 2.4.5. A Fnkp ¢ iff A Exnkp ¢-

2.4.2 First-order predicate logic

In this section we define traditional natural deduction systems NJ and NK of first-order
intuitionistic predicate logic and first-order classical predicate logic. Our exposition mostly
follows that of [SUOG, Chapter §].

Definition 2.4.6. A signature >y of NJ consists of function and relation symbols with
associated arity. Constants are nullary function symbols. The set of terms Tyy of NJ is
defined by the grammar:

Ty = VNJlf(TNJa---vTNJ)

where f is a function symbol, and Vyj is a set of individual variables. The set of formulas Fy;
of NJ is defined by:

fNJ = T(TNJ, ce ,TNJ> ’ 1 ’ .FNJ \/JT"NJ | JT"NJ A .FNJ ‘ .FNJ — fNJ ‘ VIL’../_"NJ ’ 3$.FNJ

where r is a relation symbol.

The judgements of NJ have the form A F ¢ where ¢ is a formula of NJ and A is a finite
set of formulas. We adopt analogous notational conventions to those in Definition 2.4.1 The
rules of NJ are the rules of NJp plus the following.

AtFy¢ z¢FV(A) At V.o
Arveg D At o/ F)
AF plz/t] AFdre Ajpky ¢ FV(AY)

AFdep D AF Y (3E)

The system NK is obtained from NJ by replacing (LE) with (_LE.) (see Definition [2.4.1)).
When dealing with NK we write Tyk, Fnk, etc., instead of Tyy, Fny, etc.
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Definition 2.4.7. A classical NK-structure A = (A, {fA}, {r#}) consists of a non-empty
carrier set A, functions f;* and relations r* corresponding to function and relation symbols

in the signature YXyk. We often confuse A with A.

An A-valuation is a mapping from variables Vyk to elements of A. For an A-valuation v
and a € A, the valuation v[z/a] is defined as the valuation w such that u(z) = a and
u(y) = v(y) for y # z. Given an A-valuation v we define the value [t]* of a term t € Txk
by induction:

o [2]! = v(@),
o [f(tr.. .t = fAMGDS, - [,

where f# is the function in A corresponding to the function symbol f.
For a formula ¢ the relation A, v |= ¢ of satisfaction is defined inductively:

o AvEr(ty,... t,) iff rA([t]A, ..., [ta]}) holds,

o A v~ 1,

e AvEpVyiff AvlEgor A v,

e AvEpAYiff A vl ¢and A v E 1,

e AvkEop—yiff AjvE pimplies A,v = 1,

o A v = V. iff for every a € A we have A, v[z/a] = ¢,

o A v |= Jr.p iff there exists a € A such that A, v[z/a] = ¢.

We write A = ¢ if A, v = ¢ for every v. We write A = A (Ao EA)if A ¢ (A0 E @)
for every ¢ € A. Finally, we write A = ¢ if for every A and v such that A, v = A we have
A, v = ¢. We sometimes use =xk instead of |= to emphasize which system we have in mind.

A structure B = (B, {fP}, {rF}) is an extension of A = (A, {fA}, {r#}), denoted A C B,
if the following hold:

e AC B,
o 74 C 1B for all i,

o fA(a) = fB(a) for a € A, for all 4.
Theorem 2.4.8. A Fxk ¢ iff A Exk p.
Proof. See e.g. [SUOG, Theorem 8.4.7]. O

Definition 2.4.9. A Kripke NJ-model is a triple S = (S, <, {A; | s € S}) where S is a
non-empty set of states, < is a partial order on states, and the A, are classical structures
such that: s < s’ implies A, C Ay.

Let ¢ be a formula and v be an A,-valuation. Note that then v is an Ay -valuation for all
s’ > s. The relation s, v IF ¢ is defined by induction on ¢.

o s,vlbr(ty,. .. t,) iff rA([t ]2, ..., [ta]7*) holds,

e s, L,
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e s,vlFpVyift s;vlk @ or s vl ),
e s;vlFpAYift s,vlF @ and s, vk,
e s, vk ¢ — 1 iff for all s > s such that s',v Ik ¢ we have s, v IF 1,

o s5.vl-Vr.piff for all & > s and all a € Ay we have ', v[z/a] IF ¢,

e s,v |- Jz.p iff there exists a € A, such that s,v[z/a] IF ¢.

The symbol It is used as usual (see Definition [2.4.2]). In particular, A IF ¢ means that for all
Kripke NJ-models S, all s € S and all A,-valuations v, if s,v IF A then s, v IF ¢.

Theorem 2.4.10. A Fyj ¢ iff A lbng @.

Proof. See e.g. [SU06, Theorem 8.6.7]. ]

2.4.3 Higher-order predicate logic

In this section we present the system NKw of classical higher-order logic, together with some
of its variants. For more background on higher-order logic see e.g. [BBK04, [Lei94) [(Chu40].

Definition 2.4.11. The system NKw of intensional classical higher-order logic is defined as

follows.

e The types of NKw are given by

T = o|B|T T

where B is a specific finite set of base types. The type o is the type of propositions. We
assume o ¢ B.

e The set of terms of NKw of type 7, denoted T, is defined as follows:

V., X, C T, where V, is the set of variables of type 7 and ¥, is the set of constants
of type 7,

if ty € T,_,,; and ty, € T, then tity € T,
iteeV,andteT, then \e : 1y .t €Ty,
if o, €T, then p > €7T,,
ifreV,and p €T, thenVr: 7.0 €T,

where for each type 7 the set V, is a countable set of variables and X, is a countable
set of constants. We assume that the sets V, and X, are all pairwise disjoint. Terms of
type o are formulas. As usual, we omit spurious brackets and assume that application
associates to the left. We identify a-equivalent terms, i.e., terms differing only in the
names of bound variables are considered identical.

e The rules of NKw are given in Figure 2.3] where A is a finite set of formulas, ¢, are
formulas, and L =Vp: o.p. The notation A, ¢ is a shorthand for A U {¢}.
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Ajp— L1

W(AX) N (LEc)
Aok AFp—=1v Al
Ao Y AFd (—E)
AFye ¢ FV(A),zeV; AFVr:T.¢ tel;
AFVr:1.p (V1) AF plz/t] (VE)
APy p=my (conv)
AF o

Figure 2.3: Rules of NKw

In NKw, we define Leibniz equality in type 7 € .7 by
t1 =, tQEVpZT%O.ptl — pto

The system NKw is intensional. An extensional variant eNKw may be obtained by adding
the following axioms for all 7,0 € 7

e Vi, form—=0o. (Vo1 fir =, foxr) = (fi =126 f2)

ey Vo1, 020 0. ({1 = 02) A (02 = 1)) = (01 =0 ¥2)
For an arbitrary set of formulas A we write A g ¢ if ¢ is derivable from a subset of A in

system S. The subscript is dropped when obvious or irrelevant.

The only logical connectives in NKw are — and V. The remaining connectives may be
defined as follows:

1L = Vp:o.p
Y = g0—>J_
pAY = Vpio.(p =1 —=p)—p
eV = Vpio.(p—=p) = @ —=p —p
Jr:7.0 = Vpio.(Vx:T.0—p)—p

Lemma 2.4.12. The rules in Figure are admissible in NKw.

Definition 2.4.13 (Standard semantics). A standard model is a tuple
M={D,|teT},1I)

where each D, is a non-empty set for 7 € B, D, = {T, L}, each D,,_,,, is the set of all
functions from D,, to D,,, and I is a function mapping constants of type 7 to D,. We assume
that D, ND,, =0 for 7,75 € B, 71 # T».

An M-valuation is a function mapping variables of type 7 to D,. Given an M-valuation p,
the interpretation function [[]];Vl, mapping each term t € T} to D,, for each 7 € 7, is defined
inductively:
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AFyp AFY AF oAy AF oAy
A"QD/\w (/\D AI_QD (/\El) Al_iﬂ (/\Er)
At At AFpVYy Apkv AYEv

(VL)

(VE)

Arove VI AT ove N

AFplz/t] tel; AFdz:7.¢ Ajpkv x¢FV(AY)

Ararr o U AF Y (3E)
AEL 0m
Figure 2.4: Admissible rules in NKw
o [ = (@),
o [c]}" = I(c),

[tit2] ) = [t ]2 ([t2]0),

[Mz.t])(d) = [[t]]ﬁ[’;/d} for d € D,,, where z € V;, and t € T},
o [p—=ult =Tiff el = Lor [U' =T,

o [Va:7. o) =T iff for all d € D, we have [¢] ) ;= T.

The satisfaction relation j=gq is defined in the standard way.
Theorem 2.4.14. If A Foxkw ¢ then A f=gq ©.

Of course, eNKw is not complete with respect to standard semantics. There are other
notions of models with respect to which various systems of higher-order logic are complete.
See e.g. [BBKO04].
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Chapter 3

Paradoxes

In this chapter we present three paradoxes in systems of illative combinatory logic: Curry’s
paradox, Bunder’s paradox, and the Kleene-Rosser paradox. These paradoxes show certain
limitations on the rules an illative system may contain. To be able to formulate the paradoxes
in a general way, we now give a definition of a general illative system.

Definition 3.1. A general \Gn-illative system (resp. Af- or CLw-illative system) is a pair
T = (3,F) where ¥ is a set of constants and F is a binary provability relation between finite
sets of terms from T and a term from T, where T = T, (%) for a A\Gn- or Af-illative system,
and T = T, () for a CLw-illative system. A (general) illative system is a general A\5n-, \G-
or a CLw-illative system. Conventions from Section apply. In particular, the equality = is
used to generically denote n-, 5- or CLw-equality, depending on the kind of illative system
considered. We sometimes write -7 for the provability relation of an illative system Z. We say
that an illative system Z contains illative primitives P, ..., P, and rules (axioms) Ry, ..., R,
if there are terms X1, ..., X,, of Z such that all rules (axioms) Ry,..., R,, are true when P,
is interpreted with X; and F with Fz. We do not give a completely precise definition of a
rule or “interpretation” of an illative primitive, because the meaning is intuitively obvious
and precise definitions would only add excessive formalism.

3.1 Curry’s paradox

In this section we present Curry’s paradox. It was first obtained in [Cur42b]. See also [CFC58,
§8A] and [Sel09].

Theorem 3.1.1 (Curry’s paradox). Any illative system I containing the illative primitive P,
the axiom (Ax) and the rules (DED), (PE), (Eq) below is inconsistent, i.e., -7 Y for an
arbitrary term Y .

rFX X=VY
rxFx A% rry (B
LXFEY 'FXDY I'HX
FI—XDY<DED) -y (PE)
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Proof. Let Y be an arbitrary term. Define a term X by the equation X = (X DY) (see
Section [2.3.2]). We have:
1. X+ X by (Ax),

2. XF X DY by[l]and (Eq),
3. X FY by[2l[I]and (PE),
4.+ X DY by[and (DED),
)

. FY by ] [I] and (PE).
[

The principle of combinatory completeness states that any function we can define intuitively
by means of a variable can be represented formally as an entity of the system (cf. [CFC58|
p. 5]). More precisely, for any term M and any variable x, there should exist a term X such
that x ¢ FV(X) and Xx = M. Curry’s paradox shows that this principle (which necessitates
the rule (Eq) if fundamental properties of equality are to be retained) is incompatible with
deductive completeness (rule (DED)). Therefore, if we want to retain the rule (Eq), some
restrictions to (DED) are necessary.

3.2 Bunder’s paradox

Bunder’s paradox shows a limitation on those illative systems which use the illative primitive H
to restrict the implication introduction rule. Essentially, any (reasonable) sufficiently strong
illative system with an axiom scheme F H*X, with X an arbitrary term, is inconsistent,
where H* X denotes k-time application of H to X, e.g., H*X = H(H(HX)). In what follows
we adopt the convention H'X = X

Theorem 3.2.1 (Bunder’s paradox). Any illative system Z containing the illative primitives P,
H, the following rules (PE), (PI), (HI), (Eq) and the azioms (Ax) and (H*) for some k > 0
1s inconsistent, i.e., bz Y for an arbitrary term Y .

- — Hk
FXFx A% rrax
I,X+FY TFHX FrEX>Y TEX
rFxoy PV TFY (PE)
rE X rFX X=Y
Irhx (MY rry (B

Proof. Let Y be an arbitrary term. Define a term X by the equation

X=H"'X>. . . DOH’XDHX DX DY)
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where D is assumed to associate to the right. We have
H'X, L HX X F X
by (Ax), and thus
H'X, ... HX, XFH1IX>. . . DOHXD>XDY

by (Eq). Since ‘
H1X, .. HX, X FH'X

for 1 <7<k —1 by (Ax), we obtain
H1X, ... HX, X +Y

by applying (PE) with H*=1X ... HX, X consecutively. Now, applying (PI) consecutively
k — 1 times we obtain

H1X FH2X > ... ODOHX D> X DOY.
Since - H*X by (H), i.e. = H(H*"1X), we have
FH'1X>...DOHXD>XD>Y

by (PI), so
FX

by (Eq). Using (HI) we may now obtain - H'X for 1 <7 < k — 1. Since
FHIX D ... ODHX DX DY

we ultimately obtain
FY

by applying (PE) consecutively with H*=1X ... HX X. O

For k = 2 a variant of the above result was shown by Curry in |[Curd2d, [Curd2al, but
under somewhat different assumptions. Curry also stated that the result holds for arbitrary
k > 0 but the proof was lost. The result was later rediscovered by Bunder [Bun70]. See
also [CHST72l, §15C5]. The proof in [Bun70] does not apply to the system F; from [CHST2]
and requires the following rule (PHI).

I XFHY TFHX
I'FHX DY)

(PHI)

In [Bun76] the inconsistency of Fj, is shown by adapting the method of [Bun70]. Earlier
in [Bun74b] Bunder proves inconsistency of a related system of Seldin [Sel68]. In [BMTS]
Bunder and Meyer extend the results of [Bun70, [Bun76] to systems similar to F;;, which
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includes the result of our Theorem [3.2.1] Actually, in [BM78] Bunder and Meyer essentially
show inconsistency of any system with (Ax), (H*), (Eq), (PE), (HI), the rule

I'FHX TFHY
PHI
FFWXDY)( )

and with
I'XFY TI'FHX T'HHY

rXoYy

(PT')

instead of (PI), and then they note that the inconsistency of systems without (PHI") and
with (PI) instead of (PI’) follows by an analogous argument. In the USSR, Shumikhin [Shu7§]
seems to have discovered a proof of Theorem independently of [Bun76, BMT78] (but he
knew about [Bun74b] which he cites). Our proof of Theorem follows [BM78, [Shu7§g].
We chose to name the paradox after Bunder, since he seems to be the person who contributed
most to its discovery.

Bunder’s paradox shows that (HI) and (H*) are incompatible. The rule (HI) seems very
natural — it says that if X is provable (it is true) then it is a proposition. On the other hand,
the interpretation of (H*) is less clear. Hence, it is usually the choice to abandon (H¥) in
favor of (HI). This choice is also adopted in the illative systems studied in the present work.

3.3 Kleene-Rosser paradox

The first paradox in the early illative systems of Church [Chu32, [Chu33] and Curry [Cur30),
Cur3ll, [Cur32, [Cur33, [Cur34b] was derived by Kleene and Rosser [KR35]. The Kleene-Rosser
paradox is much more complicated than the subsequently discovered Curry’s paradox [Cur42b].
However, it may be adapted to apply to some systems to which Curry’s paradox does not
apply. In this section we present a variant of the Kleene-Rosser paradox.

The original paper [KR35] of Kleene and Rosser is very dense and presupposes intimate
knowledge of some specific illative systems and of a few previous papers. A more readable
but still quite complex exposition may be found in [Curdlb]. The method of deriving the
paradox in [Curd1b] is different from the original method of [KR35] and stronger assumptions
are used. In particular, both deductive completeness for =, i.e., essentially the rule

I XzkYzr z¢FVI,X,Y)
TFEXY

(EDED)

and full combinatory completeness are presupposed, which makes the system amenable to the
much simpler Curry’s paradoxﬂ. The systems of Church [Chu32, [Chu33] shown inconsistent
in [KR35] restrict both the combinatory completeness (they are based on the Al-calculus) and
deductive completeness (essentially by adding in (EDED) a premise I' - X Z with Z some

n an illative system with (EDED) and (Eq), the illative primitive P may be defined by P = A\z.Z(Kz)(Kz).
Then (DED) follows from (ZDED) and (Eq).
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arbitrary term). Thus Curry’s paradox cannot be directly derived in them. See also [CHST2,
p. 182] and [Bun73b].

Our presentation of the Kleene-Rosser paradox is loosely based on [Cur4lb], but differs
from that paper considerably in technical details, and also in the assumptions about the illative
system. Our exposition is simpler than [Cur41b|, but we assume more illative primitives and
rules. In particular, we assume an unrestricted induction principle. In [Cur41b] a similar
principle is derived using deductive completeness. On the other hand, we do not presuppose
any form of deductive completeness — neither (DED), (EDED) nor even the weak deductive
completeness assumed in the original proof of Kleene and Rosser. Our presentation of the
Kleene-Rosser paradox reveals an essential incompatibility between an unrestricted induction
principle and a Hilbert-style formulation of an illative system.

The Kleene-Rosser paradox essentially refines the Richard paradox by setting it up formally
inside an illative system. The Richard paradox may be informally described as follows. The
set of definable numerical functions (i.e. functions from N to N) is countable, because each
such function is defined by a sentence in the language, i.e., by a finite sequence of symbols.
Let (fi)ien be an enumeration of all definable numerical functions. Define a function f by
f(n) = fu(n) + 1 for n € N. Since f is definable, there exists m € N such that f,, = f. But
then f,,(m) = f(m) = f,(m)+ 1, so 0 = 1. Contradiction.

The above argument is made more precise in the following proposition, where N represents
the type of natural numbers, s represents the successor function, U represents an enumeration
of definable numerical functions (UY = X means that Y represents the number of the
term X, and X represents a numerical function), and F is the functionality combinator (see

Section [1.1)).

Proposition 3.3.1 (Richard paradox). Any illative system I which contains the illative
primitives N, s, U, F and satisfies the conditions (a) — (g) below, is inconsistent, i.e., Fr Y
for an arbitrary term Y. In the following conditions X,Y are arbitrary terms and I' is an
arbitrary finite set of terms.

(a) X F X,
() If Nz - NX then - FNN(Az.X).

(¢) IfT'FFNXY and ' NZ thenT'F X(Y Z).

(d) T'F FNNs.

(e) IfE NX and X =sX thenF Y.

f) If E ENNX then there is Y with = NY and UY = X.
g) T'FFEN(FNN).

e
(
(
Proof. Let Y be an arbitrary term. Define M = Az.s(Uzz). We have:
1. Nz F Nz by (a),

2. Nz - FNN(Uz) by (c), (¢) and 1]
3. Nz = N(Uzxz) by (c Iandl
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Nz + N(s(Uzz)) by (c), (d) and [3|

- FNNA by (b) and [i]

= NX and UX = M for some X, by (f) and [j]
- N(MX) by (c), [f| and [6]

MX =s(MX) by 5]

=Y by (e),[7] and §

© 0 N e Ot

]

The conditions (a) — (e) are very natural and we would expect them to hold in any
illative system containing the type of natural numbers and the functionality combinator.
Also, in any reasonable illative system with the type of natural numbers represented by N,
and with a recursively enumerable set of theorems, there is a term U satisfying (f), thanks
to unrestricted recursive definitions available in lambda-calculus and combinatory logic.
Indeed, assuming enough operations on terms representing natural numbers, because the
set of theorems is recursively enumerable, one may construct a term 2 which enumerates
(possibly with repetitions) the terms representing the numerical codes of terms X satisfying
FFENNX, i.e., a term €2 such that for every term X satisfying - FNNX there is n € N with
QOn = m where m € N is the code of X, and n,m are terms representing the numbers n
and m, respectively. With an appropriate coding scheme it is also not difficult to construct a
term T which “evaluates” terms representing numerical codes of terms, i.e., Tn = X when
n € N is the code of X and n represents the number n. Then we may take Y = T o Q2.
Therefore, the real problem is with condition (g), which states that & may be typed inside
the system. In the remainder of this section we shall formulate some seemingly innocuous
assumptions on an illative system, which nonetheless will be shown to imply (g).

Definition 3.3.2. We define numerals by:

I
Az.x(Kln

— |
1

n +

See also [Bar84, Chapter 6]. We define the following terms:

s = Anz.z(Khn
= An.n(KIl)
z = \nnK

An illative system contains arithmetic if it contains the illative primitives P, H, =, N, Q and
the rules from Figure (3.1

The primitive Q represents equality on natural numbers. The primitive N represents the
type of natural numbers. The rule (NInd) expresses an unrestricted induction principle —
nothing is assumed a priori about the term X. The term s represents the successor function
on natural numbers, p the predecessor, and z the test for zero.
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r-X IL,XFY
TFY

(Ax)  LEX (Weak)

TYE X (Cut)

T, XFX

PFX X=Y
rry (B9

I XFY FPHXWD I'-X>Y TFX

'-X>OY =Yy (PE)

[Ne bk Xo g FV(L,X) I'F=ENX THNY -

TF=NX (ENT) TFXY (ENE)

X0 I')Nz,Xzk X(sz) z¢FV(I[,X)
T FENX

(NInd)

I'FNX
FFNQWM) I'F N(sX)

(NI)

IHNX QXY TI'kzX IENX TENY
rrQxx (@ I'EZY (QE) I'FHQXY) (QH)

Figure 3.1: Rules for illative systems containing arithmetic

In what follows we shall implicitly assume a fixed illative system containing arithmetic.
Unless otherwise stated, all the following lemmas concern illative systems containing arithmetic.
The symbols T, I, etc., are used to denote finite sets of terms, and X, Y, etc., denote terms
unless otherwise specified.

The results of this section do not depend on the details of the encoding of natural numbers.
In fact, we use only the properties of numerals and the terms s, p and z summmarised in the
following lemma. Note, however, that we could not use Church numerals, because the second
point of the lemma would not hold.

Y

Lemma 3.3.3. We have the following equalities]

1. sn=n+1,
2. p(sX) = X for an arbitrary term X,
3. z0 =K,

4. z(sX) = Kl for an arbitrary term X.

We use the notations . = Q01 and T = Q00. We also write =X for X D 1. Like in
Section |1.1| we use the notation F = A fzy.Zx(Az.y(fz)).

Lemma 3.3.4. The rules from Figure 3.9 are admissible.

2 As usual = denotes either weak-, 5- or An-equality, depending on the kind of the illative system considered.
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'-NX I'FQXY

'EFNX THQXY T'hZY I'F QO(sX)

TFQYX (QS) T-27ZX (QE') rry (@)
I'FNX TI'FQXY I'FNX Dk Q(sX)(sY)
TFQex)y) () TF QXY (Qs-)

I'FNX D[,QX0F 2ZY; I,Nz,QX(sz)F 2Z2Ys z ¢ FV([, X, Z,Y;,Ys)

T+ Z(zXY,Ys) (Q2)
N
rry B rrar U rEr (0D g (TH)
I'-X0 I )Nzt X(sz) z¢FV(,X) (NC)

' ==NX

[Nz b X(Yz) z¢FV(T,X,Y)

'EENXY T©I'ENZ
I' - FNXY (FNE)

I'FX(YZ)

(FNI)

NXFZ X=Y
ryrz (B

Figure 3.2: Admissible rules in illative systems containing arithmetic
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Proof. The rule (QS) is derived as follows:

L NY
rraxx (@ (Ea)
LEQYY T (QwQeX)X o0
' (A\z.QzX)Y
rrqrx (B9

The rule (QE') is derived using (QS) and (QE).

To derive the rule (Q,) assume I' - Q0(sX). Since zO(NO)Y = NO we have I - z0(N0O)Y’
by (NIp) and (Eq). By (Eq) and (QE) we obtain I' - z(sX)(NO)Y. But z(sX)(NO)Y =Y, so
Tk Y by (Eq).

To derive (Qs;) assume I' F NX and I' F QXY. We have I' F Q(sX)(sX) by (NIy)
and (QI). Then I' F Q(sX)(sY') follows from (Eq) and (QE).

To derive (Qs_) assume I' F NX and I' - Q(sX)(sY). Then I' F Q(p(sX))(p(sX)) by (QI)
and (Eq), because p(sX) = X. Hence I' - QXY follows from (Eq) and (QE).

The rule (LE) follows from (Q,). The rule (LH) is derived using (NIj), (NI) and (QH).
The rule (TI) follows from (NIy) and (QI). The rule (TH) follows from (NIy) and (QH). The
rule (NC) is derived using (NInd) and (Weak). The rule (FNI) follows from (ZNI) and (Eq).
The rule (FNE) follows from (ENE) and (Eq).

To derive (Qz) assume I' - NX, I''QX0 + ZY; and I',Nz,QX(sx) b ZY;, where
x ¢ FV(I, X, Z,Y1,Y,). We have ZY; = Z(z0Y1 Y>), so

[,QX0F Z(z0Y, V)
by (Eq). Since I' - NX, using (Ax) and (QE’) we obtain
[, QX0+ Z(zXY:Y)
Since I' F NX, using (NIy) and (QH) we obtain I' F H(QX0). Therefore
(%) TFQX0D Z(zXY,Ys)
by (PI). On the other hand, we have ZY; = Z(z(sx)Y1Y2), so
[Nz, QX (sz) F Z(z(sz)Y1Ys)
by (Eq). Since I' F NX, using (Ax) and (QE’) we obtain
I, Nz, QX (sz) F Z(zXY,Y3).
Since I', Nz = NX by (Weak), using (NI,) and (QH) we obtain I', Nz - H(QX (sx)). Therefore
(%x) [Nz - QX(sz) D Z(zXY1Ys)
Using (%), (xx), (Eq) and (NC) we obtain
I'FENAz.QXz D Z(zXY1Y3))
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Hence, because I' - NX, by (ENE) and (Eq) we have
[+ QXX O Z(zXY1Ys)
Since I' - NX, we have I' F QX X by (QI), so we finally obtain

I'FZ(zXY1Ys)

by (PE).
The admissibility of (EqL) follows from (Weak), (Cut) and (Eq):
RYFYQ“)Y:XXE) RXFZ(W]Q
TYFX 4 RKX%Z@%
TYFZ h

]

Like in Section we use the notation Vx : N . X for EN(Az . X). We abbreviate
EN(Az.EN(\y. X)) by Vz,y : N. X, etc. By Y*(X) we denote k-time application of Y to X,
e.g., Y(X) =Y (YX). We assume Y°(X) = X.

Lemma 3.3.5. We have - Vz : N.Quz(s(xz)) DY for any term Y.

Proof. First note that = Q0(s(0)) D Y follows from (Q.), (PI), (NIy), (NI;) and (QH). Thus
by (NInd), (Eq), (PI), (NIs) and (QH) it suffices to show

Nz, (A Qu(s(y)) 5 Y, Qlsr)(s(s(x)) - Y-
But this follows from (NIy), (Qs_), (Eq) and (PE). O

For the sake of brevity, from now on we shall only give sketches of formal proofs. We will
use some rules implicitly, in particular, the rules (Weak), (Eq), (EqL), (NIy), (NI), (FNE)
and (ENE). When using the rule (NInd) we shall refer to the assumption Xz in the second
premise as the formal inductive hypothesis, to the second premise as the inductive step, and to
the first premise as the base case. When using the rule (Qz) we refer to the second premise as
the case for zero, and to the third premise as the case for successor. Analogous terminology
is used with (NC). For the sake of readability, we often write ifz X thenY else Z instead of
zXY Z.

Many of the following lemmas are not particularly surprising, because any illative system
containing arithmetic essentially incorporates primitive recursive arithmetic (PRA). For
some background on PRA see [TvD88, Chapter 3] and [Goo57, [Curdla]. We will not make
this observation precise. Instead, we directly derive the requisite properties of a few terms
representing certain recursive functions.
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Definition 3.3.6. We set flip = Az.zz10. We define the following terms by the recursive
equations:

iter = \fuwy.ifzzthenyelse (f(iterf(px)y))

even = Az.ifzzthen(elseflip(even(px))

divy = Az.ifzzthen(elseifz pz then 0 else s(div,(p?(7)))
invy; = Az.ifzevenzthens(inv,(div, z))else0

invg = Az.ifzevenz theninvy(divy z) else divy(pz)

eq = Azy.ifzxthenyelseifzythen1elseeq(pz)(py)

We set
addy, = Mz.s?()
mul, = Az.iteraddyz0
pow, = Azxy.itermulyzy
m = Azy.pow,z (s(mulyy))
fst = Mx.ifzzthen(elseinv; x
snd = Mzx.ifzxthen(elseinvyx

For &k € N we also set
nthy, = \x.snd”(fst z)

We define Le by the recursive equation
Le = A\zy.ifz x then T elseifz y then L else Le(pz)(py)

The following lemma sheds some light on the meaning of the terms defined above. The
terms we will ultimately need are m, fst, snd, nthy and Le. Other terms are only needed to
implement them. What we need is the pairing operation m which encodes pairs of numbers by
a number. The terms fst and snd implement the first and second projections. The term nthy
implements the operation of taking the k-th element of a list of natural numbers encoded in
a single natural by repeated use of m. The term Le implements the less-or-equal predicate on
natural numbers.

Lemma 3.3.7. For n,m € N we have the following equalities:

e even2n = 0,

eeven2n+1=1,

e addon =n+ 2,

e mulyn = 2n,

e powy,nm = 2"m,

4 diV? 2_n =n,

e mnm=2"(2m+ 1),

o fst2"(2m+1) =n,

e snd2"(2m +1) =m,
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eeqnm =0 iffn=m
Proof. By induction. O
Lemma 3.3.8. Ifn,m € N and n < m then - Lenm.
Proof. By induction. O
Lemma 3.3.9. Ifn € N then - Nn.
Proof. Use (NIy) and then (NI,) repeatedly n times. O

Most of the following lemmas are rather straightforward. They collectively show that the
desired properties of the pairing operator m and the projections fst and snd may be formally
proved in an illative system containing arithmetic. The proofs of most of these lemmas are
as one would ordinarily do them. Essentially, once we have established the types of the
terms under consideration, derivations in illative combinatory logic are much the same as in
ordinary logic.

Lemma 3.3.10.

1. = FNN(flip),

(
. = FNN(even),
(add,)

1. We use (NC). We have = N(flip0) because flip0 = 1. Since flip(sz) = 0, we also have
Nz F N(flip(sz)).
Use (NInd) and the previous point.
Use (NI) twice.
se (NInd) and (NC).
Use (NInd) and (NC).
se (NC) and (=NI).

.@fﬂ%.ww

Lemma 3.3.11. If - FNNX then = FN(FNN)(iter X).
Proof. Using (NInd) and (=NI). O

Corollary 3.3.12.
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1. F FNN(mul,),
2. = FEN(FNN)(pows,),
3. = FN(FNN)(m).

Lemma 3.3.13. - Vz,y : N. Q(eqzy)0 D Quxy.

Proof. We use (NInd). It suffices to prove the following two judgements.
e Ny F Q(eq0y)0 D QOy. Using Lemma [3.3.10[and (QH) we obtain

Ny F H(Q(eq0y)0)
so by (PI) it suffices to show
Ny, Q(eq0y)0 - QUy
We have eqQy = vy, so it suffices to show
Ny, Qy0 = QOy

But this follows from (QS).
o I'HVy:N.Q(eq(sz)y)0 D Q(sz)y with I' equal to

Nz,Vy : N. Q(eqry)0 D Qry

We use (NC). By Lemma [3.3.10] and (QH) and (PI), for the case for zero it suffices to

show

(%) I', Q(eq(sx)0)0 - Q(sx)0

But eq(sz)0 = 1, so
I', Q(eq(sz)0)0 F L

by (Eq) and (QS). Using (LE) we obtain ().

Therefore, it remains to show
I', Ny - Q(eq(sz)(sy))0 D Q(sx)(sy)
By Lemma [3.3.10, (QH) and (PI), it suffices to prove
(%) TNy, Q(eq(sz)(sy))0 = Q(sz)(sy)

We have eq(sz)(sy) = eqry, so using the formal inductive hypothesis with (ENE), and
then (Eq) and (PE), we obtain

I', Ny, Q(eq(sz)(sy))0 F Quy

Thus (x*) follows from (Qs.).
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Lemma 3.3.14. F Vz : N. QO0(even(muly x)).

Proof. We use (NInd). The base case - QO(even(muly0)) follows from even(muly,0) =
even(0) = 0, and rules (Eq) and (QI). Hence it suffices to show I' - Q0(even(muly(sx))) with
appropriate I'. Because flip(flip(0)) = 0 we have = QO(flip(flip(0))). Since I' = QO(muly x),
and I' = NO, we obtain

'+ QO(flip(flip(even(muly z))))

by (QE’). Because muly(sz) = s(s(muly )) we have
even(muly(sx)) = flip(flip(even(muly x))).

Therefore
[' - QO(even(muly(sx)))

Corollary 3.3.15. FVz : N. Ql(even(s(muly z))).

Proof. Follows from Lemma [3.3.14] using even(s(muly z)) = flip(even(muly z)), T' = QL(flip 0),
and the rule (QE). O

Lemma 3.3.16. + Vz : N. Qz(diva(muly 2)).

Proof. We use (NInd). The base case follows from (QI) and dive(muly0) = 0. For the
inductive step it suffices to show

(%) I' F Q(sz)(diva(muly(sz)))
with I" equal to Nz, Qz(diva(muly x)). Since I' = Nz, by (Qsy) we have
'+ Q(sx)(s(divy(muly x))).

We also have
divy(muly(sz)) = divy(s?(muly x)) = s(divy(muly z))

so (x) follows by (Eq). O
Lemma 3.3.17. F Vz,y : N. Qz(invy(mzy)).

Proof. We use (NInd). It suffices to show the following two judgements.
e Ny QO(invi(m0y)). By Corollary [3.3.15| we have

(%) Ny = QLl(even(s(mulyy)))
We have Ny = Q00, so

Ny = QO(zL(s(inv: (diva(m 04))))0)
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by (Eq). Thus using (QE) with (x) we obtain
Ny = QO(z(even(s(muly y)))(s(invi (diva(m 0))))0)
Because m 0y = s(muls y), we have
Ny F QO(invi(m0y))

by (Eq).
e I'F Q(sz)(invi(m(sz)y)) with T equal to

Nz, Ny, Vy : N. Qz(invy (may))
From the formal inductive hypothesis we obtain
I'F Qz(invy(mzy))
Since I' = Nz, by (Qs;) we have
['F Q(sz)(s(invy(mzy)))
Since I' = H(mzy) by Corollary using Lemma and (QE) we obtain
' Q(sx)(s(invy (dive(muly(mzy)))))
Using (Eq) we get
I k- Q(s2) (20(s(inv, (divs (muly(may)))))0)
By Corollary we have I' - N(mzy). So using Lemma and (QE) we obtain
I'F Q(sz)(z(even(muly(mzy)))(s(invy (dive(mula(mzy)))))0)
We have m(sz)y = muly(mzy), so
invi(m(sz)y) = z(even(muly(mzy)))(s(invy (dive (muly(mzy)))))0
Therefore, by (Eq) we finally obtain

' Q(sz)(invi(m(sz)y))

Lemma 3.3.18. - Vz,y : N. Qy(inva(mzy)).

Proof. We use (NInd). It suffices to show the following two judgements.
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Ny - Qy(inva(m0y)). By Corollary we have
(%) Ny - QL(even(s(mulyy)))

We have Ny - Quy, so
Ny = Qy(z1(inva(diva(m 0y)))y)
by (Eq). Thus using (QE) with (%) we obtain

Ny - Qy(z(even(s(muls y)))(inve(diva(m0y)))y)
Hence by Lemma and (QE) we obtain

Ny = Qy(z(even(s(muly y)))(inva(diva(m 0y)))(diva(p(s(mulz y))))

Ny F Qy(z(even(s(muly y)))(inva(dive(m 0y)))(dive(p(s(muls y))))

Because m0y = s(muly y), we finally obtain
Ny = Qy(inva(m 0y))

by (Eq).
I'F Qy(inve(m(sz)y)) with T' equal to

Nz, Ny, Yy : N. Qy(invy(mzy))

From the formal inductive hypothesis we obtain
Ik Qy(inva(may))

Since I' = H(may) by Corollary using Lemma and (QE) we obtain

' F Qy(inva(dive(muly(may))))
Using (Eq) we get

'+ Qy(z0(inva(divy(muly(mzy)))) (diva(p(m(sz)y))))
By Corollary we have I' - N(mzy). So using Lemma and (QE) we obtain
I - Qy(z(even(muly(mzy)))inva (diva (muly(may)))) (diva (p(m(s2)y)))
We have m(sz)y = muly(mzy), so
invy(m(sz)y) = z(even(muly(mzy)))(inva(dive (muly(may)))) (diva(p(m(sz)y)))

Therefore, by (Eq) we finally obtain

I' F Qy(inva(m(sz)y))
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Lemma 3.3.19. V2 : N. QO(muly z) D Q0.

Proof. We use (NC). The case for zero is obvious. By (PI) and Corollary [3.3.12] for the case
for successor it suffices to show Nz, Q0(muly(sz)) - Q0. We have muly(sz) = s?(mulsy), so this
follows from (Q_). O

Lemma 3.3.20. - Vz,y: N. Q0(pow, zy) D Q0y.

Proof. We use (NInd). The base case is obvious, because pow, 0y = y. By (ENI), (PI) and
Corollary [3.3.12] for the inductive step it suffices to show I' - QOy with I' equal to

Nz, Ny, QO(pow,(sz)y), Vz : N . QO(pow, z z) D Q0z

We have pow,(sz)y = muly(pow, zy), so I' F QO(muly(pow, z y)). Using Corollary (3.3.12] and
Lemma [3.3.19| we obtain T' F QO(pow, z y). Hence I' = QOy follows by the formal inductive
hypothesis. O

Corollary 3.3.21. - Vz,y : N. =(Q0(mzy)).

Proof. Follows from Lemma [3.3.19, Lemma [3.3.20[ and Corollary [3.3.12] n

Lemma 3.3.22.
1. FVx,y: N.Qx(fst(mzy)),
2. B Vz,y: N.Qy(snd(may)).

Proof.
1. By (ENI) it suffices to show

Nz, Ny - Qz(fst(mzy)).
We have fst(mzy) = ifz mzy then 0 else invi (mzy). By Corollary we have
Nz, Ny = N(mzxy)
So we may use (Qz). For the case for zero we need to show
Nz, Ny, Q(mzy)0 F Q0.

This follows by Corollary [3.3.12] (QS), Corollary [3.3.21| and (LE). For the case for

successor we need to show

Nz, Ny, Nz, Q(mzy)(sz) F Qz(invy (mzy)).

This follows from Lemma [3.3.17]
2. Analogous to the previous point, using Lemma [3.3.18|
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Lemma 3.3.23. - Vz : N.Lex (sz).

Proof. Using (NInd). O
Lemma 3.3.24. - Vx,y,z:N.Lexzy D Leyz D Lex 2.

Proof. We use (NInd). By Lemma [3.3.10] (PI) and (ENI), it suffices to show the following

two judgements.
e Ny, Nz, LeOy,LeyzF LeOz. But Le0z = T, so this holds.
e I'-Vy,z:N.Le(sz)y D Leyz D Le(sz)z where I' is equal to

Nz, Vy,z:N.Lezy D Leyz D Lex 2.

We use (NC) twice. The cases for zero are easily shown using the definition of Le and
the rule (LE). By Lemma |3.3.10/ and (PI) it suffices to prove

(%) I+ Le(sz)(sz2)

where I" is equal to

I', Ny, Nz, Le(sz) (sy), Le(sy)(sz).

But we have I'' F Lex y, because Le(sz)(sy) = Lexy. Similarly IV - Ley 2. So using
the formal inductive hypothesis we obtain

'+ Lexz

By (Eq) we conclude ().

Lemma 3.3.25. The following rule is derivable.

'FX0 I')Nz,Vy:N.Leyz D Xyt X(sz) z ¢ FV([,X)
I'-ZNX

(NInd")

Proof. Assume I' = X0 and I',Ny,Vz : N.Lezy D Xz F X(sy) with y ¢ FV(I', X). We
show ' FVz : N.(Vy : N.Leyx D Xy) using (NInd). From this ENX follows using (ENI),
twice (ENE), and (PE). So we need to prove the following.

e 'FVy:N.Ley0 D Xy. We use (NC). The case for zero I' - Le 00 D X0 follows from
I' - X0 and (PI). By Lemma and (PI), for the case for successor it suffices to
show

[, Ny, Le(sy)0 - X (sy)

But Le(sy)0 = L, so this follows from (LE).
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o ["FVy:N.Ley(sz) D Xy where I is equal to
I'Nz,Vy : N.Leyzx D Xy

We use (NC). The case for zero follows from I' - X0 and (PI). By Lemma [3.3.10
and (PI), for the case for successor it suffices to show

I, Ny, Le(sy)(sz) F X (sy).

We will prove
(%) I",Ny,Le(sy)(sz) FVz:N.Lezy D Xz

By (ENI), Lemma [3.3.10 and (PI) it suffices to show
(x%)  I',Ny,Le(sy)(sx),Nz,Lezy F Xz

But Le(sy)(sz) = Ley z, so by Lemma we have

I, Ny, Le(sy)(sz),Nz,Lezy - Lez x
Using the formal inductive hypothesis we obtain (xx). Hence (x) holds.
Now using the second assumption, i.e.,

I Ny,Vz:N.Lezy D Xz F X(sy)
and (%) with the rules (Weak) and (Cut) we obtain

I, Ny, Le(sy)(sz) F X (sy)
which is what we needed.
[

Like with (NInd), when using (NInd’) we also use the terminology of the base case, the
inductive step and the formal inductive hypothesis.

Lemma 3.3.26. - FNN(divy).

Proof. We use (NInd'). The base case follows from divo0 = 0. For the inductive step we
need to show I' = N(diva(sz)) with appropriate I'. We have dive(sz) = zz0(s(dive(px))). We
use (Qz). The case for zero follows from F NQ. For the case for successor we need to show

(x) T, Ny, Qaz(sy) - N(s(diva(pz)))
We have I', Ny - Le y (sy) by Lemma [3.3.23] Therefore
[Ny, Qz(sy) F Ley z
by (QE’). From the formal inductive hypothesis it now follows that
I, Ny, Qz(sy) F N(diva y)

S0
[, Ny, Qu(sy) = N(diva(p(sy)))
Hence (%) follows using (QE’) and (NIj). O
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Lemma 3.3.27. - Vx : N. Le(dive z)x.

Proof. Using (NInd'), (Qz), Lemma [3.3.23] Lemma [3.3.26| and Lemma [3.3.24 O
Lemma 3.3.28. - Vz : N. N(inv,(sx)).

Proof. We use (NInd'). The base case is obvious, because inv;(s0) = 0. By (NC) and (ENE),
for the inductive step we need to show I' = N(s(invy (divy(s?(x))))) with appropriate I'. By

Lemma [3.3.27| we have I' - Le(divy z)x, and by Lemma [3.3.26( we have I = N(dive z). So
using the formal inductive hypothesis and (NIs) we obtain I' = N(s(invy(s(divez)))). But
divy(s?(z)) = s(divy ), so we are done by (Eq). O

Lemma 3.3.29. - Vz : N. N(invy(sx)).

Proof. Similar to the proof of Lemma [3.3.28f We use (NInd’). The base case is obvious,
because invy(s0) = divo 0 = 0. By (NC) and (ENE), for the inductive step we need to show
' = N(invy(diva(s®(x)))) with appropriate I'. By Lemma we have I' - Le(divy 2)x, and
by Lemma we have I' - N(divy ). So using the formal inductive hypothesis we obtain
[ = N(invy(s(dive 2))). But dive(s?(z)) = s(dive x), so we are done by (Eq). O

Corollary 3.3.30.
1. = FNN(fst),
2. I FNN(snd),
3. = FNN(nthy,).

Proof. Follows from (NC), Lemma [3.3.28 and Lemma [3.3.29] O
Lemma 3.3.31.  Vz : N. Le(inv(sx))z.

Proof. We use (NInd’). The base case follows by computation. For the inductive step we
need to show T+ Le(invy(s*(z)))(sz) with appropriate T'. Since

invi(s?(z)) = ifzeven(s®(z))thens(inv,(dive(s?(z)))) else 0
= ifzeven(s?(z)) thens(inv;(s(divo 7))) else 0

and T+ N(even(s?*(z))) by Lemma|3.3.10] Hence we may use (NC) and (ENE). Obviously,
['F Le0 (sz), so it suffices to show

(%) [ F Le(s(invy(s(diva ))))(sx)

By Lemma [3.3.27 we have I" F Le(divy x)x. Because I' - N(dive z) by Lemma [3.3.26] using
the formal inductive hypothesis we obtain

[' F Le(invy (s(divy x))) (dive )
Because I' - N(invy(s(divy x))) by Lemma using Lemma we obtain
I'F Le(invy(s(dive z)))x
Hence (x) follows by (Qs. ). O
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Lemma 3.3.32. | Vz : N. Le(invy(sx))z.

Proof. We use (NInd'). The base case follows by computation. For the inductive step we
need to show T' I Le(invy(s?*(z)))(sz) with appropriate I'. Since

invy(s?(x)) = ifzeven(s?*(z)) theninvy(diva(s?(z))) else divy(sz)
= ifzeven(s’(x)) theninvy(s(divy 7)) else divy(sz)

and I' - N(even(s*(x))) by Lemma [3.3.10, we may use (NC) and (ENE). For the case for zero
we need to show
[' F Le(divy(sz))(sz)

This follows from Lemma [3.3.27 For the case for successor it suffices to show
(%) [' F Le(invy(s(divy x)))(sz)

By Lemma [3.3.27 we have I" F Le(divy x)x. Because I' - N(dive z) by Lemma [3.3.26] using
the formal inductive hypothesis we obtain

[' F Le(inva(s(divy x))) (dive )
Because I' F N(invq(s(diva x))) by Lemma [3.3.29] using Lemma [3.3.24] we obtain
I F Le(invy(s(divy x)))x

Hence (x) follows by Lemma [3.3.23| and Lemma [3.3.24] O

Corollary 3.3.33.
1. FVx : N. Le(fst(sx))z,
2. FVx :N.Le(snd(sz))z.

Corollary 3.3.34.
1. FVx:N.Le(fstx)z,
2. FVz:N.Le(sndz)z.

Proof. Follows from (NC), Corollary [3.3.33| Corollary [3.3.30| and Lemma 3.3.24] O
Corollary 3.3.35. F Vz : N. Le(nthi(sx))x.

Proof. Follows from Corollary|3.3.33 Corollary|3.3.34], Corollary3.3.30jand Lemma|3.3.24] []

Having developed enough formal machinery, we may proceed to the derivation of the
paradox. For this purpose we need some additional assumptions on the illative system.
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Definition 3.3.36. A Hilbert-style illative system is a pair (3, R) where ¥ is a finite set
of constants and R is a finite set of rules. Each rule is a pair (P,Y) where P C T(X)
is a finite set of premises, and Y € T(X) is the conclusion. A term X € T(X) is a direct
consequence of terms X, ..., Xy if there is a rule ({Y7,..., Y%}, Y) € R and terms Z4,..., Z,,
such that X =Yx1/Z1, ..., 2/ Zn] and X; = Yj[21 /21, ... ;2 /Zy) for i =1,... k. A term
X € T(X) is derivable from a set of assumptions I' C T(X), denoted I' F X, if there exists
a finite sequence of terms Xy, ..., X,, such that X = X,, and for every ¢ < n the term X,
is either a member of I' or it is a direct consequence of some terms X, ,...,X;, where
1 <iy,...,ip <i. Aterm X € T(X) is derivable, denoted F X, if it is derivable from the
empty set of assumptions.

Note that a Hilbert-style illative system uniquely determines a general illative system
(see Definition [3.1)). We often confuse Hilbert-style illative systems with their corresponding
general illative systems. In particular, we say that a Hilbert-style illative system contains
arithmetic if the corresponding general illative system does. Note that in every Hilbert-style
illative system the axiom (Ax) and the rules (Weak) and (Cut) are admissible.

Theorem 3.3.37 (Kleene-Rosser paradox). Any Hilbert-style illative system I containing
arithmetic is inconsistent, i.e., bz Y for an arbitrary term Y .

Proof. Let T = (X, R) be a Hilbert-style illative system containing arithmetic. Without
loss of generality we may assume that the system is based on combinatory logic with weak
equality. For the sake of concreteness, assume ¥ = {¢, o, ..., ¢, } and

R = {{az, y(cr2)}, x(cay)), (0, x(c2(Kz))), ...}

We shall only give definitions and proofs for the first two rules in R and the first two constants
in . It should be evident that the following arguments may be straightforwardly adapted to
the general case.

First, we define the code ¢p(X) € N of a term X € T(X) inductively:

o p(K) =2% p(S) =22

o p(c;)=2"fori=1,...,n,

o p(XY)=2°2(2¢)(2p(Y) 4+ 1)) + 1) = 220 (20(Y) + 1) + 1.
We set [X]| = ¢(X), i.e., [X] is the numeral representing the code of X. We say that [ X
is the numeral code of X. We define the term app by app = Azy.m0(mzy). We have
app [X| [Y] = [XY] for any terms X,Y’, by Lemma|3.3.7 We define the evaluator T by the

recursive equation:

T = Az
ifz even z then
(ifzeqx 2thenK
elseifzeqr4thenS
elseifzeqx 8 then ¢;
else ¢y)

else (T(fst(snd x)))(T(snd(snd x)))
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Using Lemma m it follows by induction that T[X] = X for any term X. We define the
term R; implementing the first rule of R:

Ri = Aabryz.
ifzeqa (app[ci|z) then
(ifzeqb (app y (app(app[c2]z)2)) then
app z (app[c2]y)
else [T])
else [T

Similarly, we set Ry = Az.appx (app|cz|(app[K]z)). Now the term © enumerating the
numeral codes of derivable terms is defined by the recursive equation:

O = Az
ifz r then
[T
else ifz nthy x then
R1(©(nth; 2))(O(nths z))(nths z)(nthy ) (nths )
else
Rg(nthl I)

It follows by induction on the length of derivation that if -z X then there is n € N with
On = [X]. Indeed, let 1p(n,m) = 2"(2m + 1) for n,m € N. If - X is derived by the first
rule from the premises ¢; X; and X5(c2X1X3), then ©Om = [ X| for

where n,k € N such that On = [¢1X;] and Ok = [X3(c2X1X3)] are obtained from the
inductive hypothesis. If = X is derived by the second rule, then X = X’(cy(KX’)) and
Om = [X] for m = (1,9 (p(X'),0)).
The converse is also true, i.e., for any n € N the term On is the numeral code of a
derivable term. In (9) below we will show that this may be proved formally in Z.
The term 2 enumerating the numeral codes of terms representing numerical functions is
defined by
Q = Az
ifz eq(O(fstx))(app|FNN](snd z)) then
snd
else
h
Finally, we set U = Az.T(Qx). It is clear that for every X such that = FNNX there is n € N
with Qn = [X]. Indeed, it suffices to take n = 2"™(2p(X) + 1) where m € N is such that
©m = [FNNX.
To derive the paradox we shall prove the following conditions, and then apply Proposi-

tion B.3.11.
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1
2

(1) - FN(FNN)(app).

(2) FVay,...,z5: N.N(Ryzy ... x5).

(3) F FNNR,.

(4) - FNN®.

(5) HTEFNX, I'FNY and I' - Z(T(app X Y)) then I' = Z(TX(TY)).

(6) HFTFNX, I'FNY and I' = Z(TX(TY)) then I' - Z(T(app X Y)).

(7) BT FTX,, T F TX; and T F NX; for i = 1,...,5 then I' F T(R, X, Xo X3 X4.X5).

(8) If I' - NX then I' F T(Ro.X).

(9) FVz:N.T(Ox).

(10) + Va : N.FNN(T(Qx)).

We proceed with the proof of (1) — (10).
)
)
)
)

1) Follows from Corollary (3.3.12]
2) Follows from (1), Lemma |3.3.10] and Lemma 3.3.9]
3) Follows from (1) and Lemma (3.3.9,

4) We use (NInd’). The base case follows from = N[T] (which holds by Lemma
because [T] is a numeral). For the inductive step we need to show I' = N(O(sz)) with
appropriate I'. We have

(
(
(
(

O(sz) = z(nthy(sz

By Corollary we obtain
(%1) ' F N(nth;(sx))
fori=1,...,5. So by (3) we have
(%2) I' F N(Rz(nthy(sx)))
Using (x1) and Corollary we obtain I' - Le(nth;(sz))x for i = 1,2. Therefore
(x3) I' F N(©(nth;(sz)))

for i = 1,2 follows from the formal inductive hypothesis. Using (%), (x3) and (2) we
obtain

(%4) I' F N(Ry(©(nthy(sz)))(O(nthy(sz))) (nths(sz)) (nthy(sz) ) (nths(sz)))

Now I' = N(O(sz)) follows from (%1), (*4), (*x2) and Lemma 3.3.10|
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Assume ' F NX, ' NY and ' F Z(T(app X Y)). By (1) we have I' - N(app X Y').
We have app X Y = m0(mXY') = s(muly(mXY)), so I' - Ql(even(app X Y')) by Corol-
lary [3.3.15 and Corollary [3.3.12] Therefore, by (QE’) we obtain

I'E Z(T(fst(snd(app X Y)))(T(snd(snd(app X Y)))))

because

T(appXY) = z(even(appXY))

(eq(app X Y)2)K(z(eq(app X Y')4)S(z(eq(app X Y)8)c1c2)))

(z
((T(fst(snd(app X Y))))(T (snd(snd(app X Y')))))

Because app XY = mO(mXY), ' X, T'FY and I' - N(m X Y') by Corollary |3.3.12
using Lemma [3.3.22] and (QE’) we obtain
'EZ(TX(TY)).

Assume I' F NX, I' F NY and ' F Z(TX(TY)). By Lemma [3.3.22) and (QE) we
have I' = Z(T(fst(mXY))(T(snd(mXY)))). Because I' - N(mXY") by Corollary (3.3.12]

applying Lemma and (QE) again, we obtain
['F Z(T(fst(snd(m0(mXY))))(T(snd(snd(m0(mXY)))))

i.e.

' Z(T(fst(snd(app X Y)))(T(snd(snd(app X Y))))).

We have app X Y = mO0(mXY') = s(muly(mXY)), so ' - Ql(even(app X Y')) by Corol-
lary [3.3.15 and Corollary [3.3.12} Therefore I' = Z(T(app X Y)) by (QE) and (Eq).
Assume ' TX, 'FTXy and I' = NX; fort=1,...,5. We have

RiXi... X5 = z(eqXj (app[c1]X3))
(Fr(fq Xy (app X4 (app(app[c2] X3) X5))) (app X3 (app[ca] X4)) [T])

By (1), Lemma [3.3.9| and Lemma [3.3.10] we have
I' = N(eq X1 (app[c1 ] X3)).

Hence we may use (Qz). The case for successor is obvious, because T[T] = T. For the
case for zero we need to show

[, Q(eq Xi (app[c1]X3))0 = T(z(eq Xz (app X4 (app(app[ca] X3)X5)))
((apwp)Xa (app[c2] X))
i

By (1), Lemma and Lemma |3.3.10] we have
"= N(eq X (app X4 (app(app[cz2 [ X5) X5))).
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Hence we may again use (Qz). The case for successor is again obvious. For the case for
zero we need to show

(%) I'" - T(app X5 (app[c2] X4))
with IV equal to
', Q(eq X1 (app[c1]X3))0, Q(eq X5 (app Xy (app(app[c2] X3)X5)))0.

Since IV = NX; and I F N(app[c1 | X3) by Lemma and (1), using Lemma|3.3.13| we
obtain IV F QX (app[c1]X3). Since IV F TXy, by (QE) we obtain I'' - T(app[e1 ] X3).
Hence by (5) and T[¢1] = ¢ we have IV F ¢ (TX3).

Because I - NX, and T + N(app X4 (app(app[c2]X3)X5)) by Lemma [3.3.9 and (1),
using Lemma [3.3.13 we obtain I - QX»(app X4 (app(app[c2] X3)X5)). Since I F TX,,
by (QE) we obtain I'" - T(app X4 (app(app|ca] X3)X5)). Hence by (5), (1), Lemma [3.3.9
and T[ey] = ¢ we have TV F T X (co(TX3)(TX5)).

Because IV = ¢ (TX3) and IV = T Xy (c2(TX3)(TX5)), by the first rule of Z we obtain
I+ TX3(c2(TXy)). By (6) this implies ().

(8) Follows using the second rule of Z and (6).

(9) We use (NInd'). The base case is obvious, because T(©0) = T[T]| = T. For the
inductive step we need to show I' = T(O(sz)) with appropriate I'. We have

O(sx) = z(ntho(sz

By Corollary [3.3.30| we have ' = N(nth;(sz)) for i = 0,...,5. We use (NC) and (ENE)
with ntho(sz). For the case for zero we need to show

(%) I'F T(Ri(©(nthy(sz)))(O(ntha(sz))) (nths(sx)) (nthy(sz))(nths(sz)))

By Corollary [3.3.35 we have I' F Le(nth;(sz))x for i« = 1,2. Hence by the formal
inductive hypothesis we obtain I' F T(©(nth;(sz))) for i = 1,2. By (4) we also have
[' = N(O(nth;(sz))) for i = 1,2. Therefore, by (7) we conclude (*).

For the case for successor it suffices to show
I' F T(Ry(nthy(sz))).

This follows from I' = N(nth; (sx)) and (8).
(10) We use (ENI). We have

FNN(T(Qx)) = FNN(T(z(eq(O(fstz))(app[FNN]|(snd z)))(snd z)[I]))
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By Corollary [3.3.30, Lemma [3.3.9, Lemma [3.3.10, (1) and (4), we obtain
Nz - N(eq(O(fst z))(app[FNN](snd z))).

Thus we may use (Qz). The case for successor is obvious, because T[l] = |, and we
have = FNNI. For the case for zero we need to show

(%) [' = FNN(T(snd z))

with I' equal to
Nz, Q(eq(O(fst z))(app[FNN](snd )))0

By Corollary|3.3.30|and (4) we have Nz = N(©(fst z)). By Lemma(3.3.9] Corollary|3.3.30
and (1) we have Nz - N(app[FNN](snd z)). Hence by Lemma [3.3.13| we have

I'F Q(O(fstz))(app[FNN](snd x)).

Because Nx F N(fstz) by Corollary (3.3.30} using (9) we obtain I' - T(O(fstz)). Hence

by (QE) we have I' F T(app[FNN](snd z)). Thus by Corollary [3.3.30] Lemma [3.3.9)
and (5) we obtain I' = T[FNN](T(snd x)). Then (x) follows from T[FNN] = FNN.

To conclude that Z is inconsistent, it remains to check (a) — (g) in Proposition [3.3.1]
(a) Follows from (Ax).
(b) Follows from (FNI) and (Eq).
(c¢) Follows from (FNE).
(d) Follows from (FNI) and (NIj).
(e) Follows from (QI) and Lemma [3.3.5]
)

(f) Recall that U = A\z.T(Qz). We have shown above (just after the definition of ) that if
= FNNX then there is n € N with Qn = [ X, so also Un = T[X] = X. Since F Nn for
n € N, the condition (f) follows.

(9) Follows from (10) above.
O

Our formulation of the Kleene-Rosser paradox reveals an essential incompatibility between
an unrestricted induction principle (NInd) and a Hilbert-style formulation of an illative
system. Actually, the strongest of our systems Z* from Chapter |7l has (NInd) as a derived
rule. It does not contain arithmetic in the sense of Definition [3.3.2] because it does not have
the primitive Q with required properties. Nonetheless, we conjecture that the arguments of
the present section could be adapted to show that every Hilbert-style illative system which
contains all rules of Z* is inconsistent.

In fact, by modifying the model construction for ZK from Section [5.2.2| it would not be
difficult to show consistency of a natural deduction illative system Z containing arithmetic in
the sense of Definition [3.3.2] Theorem [3.3.37] would then imply that any Hilbert-style illative
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system containing all rules of Z must be inconsistent, i.e., Z would have no Hilbert-style
formalisation. This situation may seem strange, but upon closer consideration it is not really so
surprising. The essential difference between natural deduction and Hilbert-style formulations
of illative systems is that it may be impossible to faithfully represent the judgements of a
natural deduction illative system in the system itself. In other words, there might not exist a
function v from judgements to terms, such that I' = X iff - ¢)(I' - X). Note that representing
Xq,..., X, F X by X; D... DX, D X does not work if the implication introduction rule is
restricted like in (PI). Because the rules of a natural deduction system operate on judgements
with possibly non-empty contexts, in the definition of the enumerator ©® we would need
to operate on codes of terms representing judgments. Therefore, it may be impossible to
define an enumerator © for which Vz : N. T(©x) would be provable in the system. With
Hilbert-style systems this difficulty does not arise, because the rules of Hilbert-style systems
essentially operate on judgements with empty contexts, and a judgement = X may be simply
represented by X. When coupled with an unrestricted induction principle, this property of
Hilbert-style illative systems allows them to “say” too much about themselves, leading to an
inconsistency.
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Chapter 4

Propositional logic

4.1 Illative systems

Definition 4.1.1. The system ZJp of intuitionistic propositional illative combinatory logic
comes in three variants: ZJp,g,, ZJp,s and ZJpcy,,. They differ in the underlying reduction
systems. Let 3 be a set of constants containing at least the illative constants P, A, V and L.
For ZJp,g, and ZJp,, the set of terms is Ty (%), for ZJpgy,, it is TeL(X). By ZJp we denote
any of the three variants. We will give definitions and proofs for ZJp,g,, and only indicate
what (usually minor) changes are needed for other variants.

We adopt the abbreviations (compare Section :

e HX =PXX,

e X DY =PXY,
e X NY =AXY,
e X VY =VXY,
e X =XD L.

Intuitively, HX means “X is a proposition”. See also Section [I.1]

As in Section [L.1], the symbols X, Y, Z, etc., stand for terms, and T', T”, etc., stand for
sets of terms. The notation I', X abbreviates I' U { X }.

A judgement in ZJp has the form I' = X where T is finite. The rules of ZJp are given in
Figure For the variant ZJp,g, the equality = in rule (Eq) is the fn-equality, for ZJp A8
it is f-equality, and for ZJpy,, it is weak equality. For an infinite set of terms I we write
I' = X if there exists a finite IV C I" such that IV + X is derivable.

The system ZKp of classical propositional illative combinatory logic is obtained by adding
to ZJp the rule of excluded middle:

'-HX
' Xv-X (EM)

We write I' Fzy, X when I' F X is derivable in ZJp, and analogously for I' F7k, X. The
subscript is dropped when obvious from the context.
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A set of terms I' is consistent if I't/ L.

Note that it is not possible to consistently add to ZJp the unrestricted axiom of excluded
middle: T' F X vV =X. With this axiom it is easy to derive I' - L using rule (VE) and
a term X such that X = —-X.

Lemma 4.1.2. The following rules are admaissible in ZJp and ZKp:

[k X Ik X
Ty E x (Weak) Tl/v ]+ Xz/y] O

I'XFZ X=Y
TYFZ

X INXEFY

(EqL) e (Cut)

Proof. The admissibility of (Weak) and (Sub) follows by straightforward induction on the
length of derivation. The rule (Cut) is derived thus:

X
NXFY I'HFHX (HI)
(PI;)

X — TEXOY
TFY (PE)

The admissibility of (EqL) now follows from (Weak), (Cut) and (Eq):

RYFYO“)Y:X(E) IXF+Z
TYFX YV Ty XFZz
T.YFZ

(Weak)
(Cut)

In fact, it would not be difficult to prove the admissibility of (Cut) and (EqL) directly by
induction on the length of derivation. O]

Informally, the illative system ZKp may be interpreted in a kind of three-valued logic, in
the sense explained below. The truth tables for propositional connectives are in Figure [4.2]
The symbol T stands for true, F for false, and N for neither. The tables agree with the ones
used by Bunder [Bun73a],|[CHS72, §15C5].

The tables may be interpreted in the following manner (see also [CHS72, §15C5]). If X
is true, then T is assigned to X. If X is false (in some sense), then F is assigned to X.
Otherwise X has the value N. A judgement I' = X means that if all elements of ' are true,

then so is X.
For instance, we give an informal justification for the rule (PI;). According to our

interpretation, the premises of the rule mean that:
1. if all elements of I' and X are true, then Y is also true,

2. if all elements of I" are true, then HX is also true.
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rxrx A

LXEFY T'HFHX

(PL;)

rrAL (HD

TFXDY 'X TFXDOY
TFY (PE)
N
rFxov (b
FEH(X DY) THXFZ DY EZ o
[, XFHY FFHX(mﬂ) THZ (PHE:)
TFH(X DY)
I'X THHXDY)
I'FHY (PHE, )
X THY I'FXAY I'FXAY
rexnay M rrx M) Ty (A
I'FHX T,XFHY I'X THHXAY)
’ A
TFHXAY) (AHL) T FHY (AHE,)
I'FHY T,YFHX 'Y THHXAY)
’ A
FFHXAY) (AHL) TEHX (AHE, )
I'FHXAY) TLHX+HZ T HY FZ
T-Z (AHE)
e X ey rFXVY ILXHZ ILYFHZ
- xvy VW rrxvy VB TFZ (VE)
I'FHX TFHY
FFWXVY)<Wm
FFH(XVY) ILXFZ I,LYHZ T,HX,HY +Z
T2 (VHE)
L+ X Tel
I'FHX (HI) TE X (LE)
X X=Y
rry (B

Figure 4.1: Rules of ZJp
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PXY ANXY VXY

Y Y Y

D% TFNX TFNX T F N
T |T F N T |T F N T |T T T
F |T T T F F F F F |T F N
N |T N N N |N F N N |T N N

X | X X | HX

T| F T| T

F| T F| T

N | N N| N

Figure 4.2: Truth tables for propositional connectives

Suppose all elements of I' are true. By [2l above HX is also true, which by the truth table
for H means that X is either true or false. If X is true, then by [l also Y is true, and by the
table for P we conclude that PXY is true. If X is false, then PXY is true by the truth table
for P. By this informal argument we conclude that the rule (PI;) is correct.

Essentially, the above informal semantics is formalised in the notion of an ZKp-model in
Definition [£.1.12] Note that the connectives are “lazy”, e.g., X VY is true if X is, irrespective
of the value of Y. So if X is true then X VY is a true proposition, even if Y does not represent
a well-formed proposition at all. This interpretation of the meaning of logical connectives
enables us to omit many premises which otherwise would be necessary in introduction rules.
This agrees with our goal of minimising restrictions in inference rules.

Systems of illative combinatory logic usually do not include H-elimination rules (xHE).
They generally strive to minimise the number of rules and illative constants. Usually, also A
and V are defined in terms of other illative primitives and not taken as constants. However,
it is not clear, even in classical setting, how to define A and V from P so as to obtain the
unrestricted introduction and elimination rules as in Figure[d.1} Note that standard definitions
do not work, because the derived rules would then have some additional restrictions, i.e.,
additional premises. In any case, we are less concerned with minimising the number of rules
and illative constants. Our interest in illative systems lies more in the fact that by including
untyped lambda calculus (or combinatory logic) unrestricted recursion is incorporated directly
into the logic.

As for the H-elimination rules, they may seem strange at first sight, but they can be
informally justified by the truth tables in Figure [£.2l There are three main reasons for
including these rules.

1. The symmetry between introduction and elimination rules in natural deduction is
restored. Usually, illative systems include only H-introduction rules (xHI), without
corresponding elimination rules.

2. The system ZJp with the rules of H-elimination is complete w.r.t. the Kripke semantics
in Section [4.1.1] but a system without them is not complete.
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3. Without these rules some of the rules in Lemma [£.1.3] are not admissible. The rules of
Lemma are useful in practice, e.g. in [Czal3d] (see also [Czal3d]) the rule (—HE)
is indispensable in some derivations.

In Section we provide an equivalent alternative formulation of ZKp. In this formula-
tion, all rules correspond directly to, and in a sense generalise, standard principles of classical
propositional logic.

Lemma 4.1.3. The following rules are admissible in ZJp.

I'FH(=X) I'HX I X
— ) (-HE)

TFHX [FH(-X) TF-X
IE-X DX I'F-Y

TFXDOY TFAXAY) TFA(XAY)

'F-Xv-Y TF-XA-Y TE=aXVY)
ITF-(XAY) TrFAXVY) TF-XA-Y

Moreover, in TKp also the following rules are admissible.

E-XAY) TEaX
TF-XV-Y IFX

Proof. Easy. O

4.1.1 Kripke semantics

In this section we define Kripke semantics for ZJp.

Definition 4.1.4. A propositional illative combinatory algebra (PICA) is a tuple
C= <C7 ) k7 S, h7 p7A7V7_'7J->

where (C, -, k, s) is a combinatory algebra and h, p, a,v,-, L € C| i.e., it is simply a combinatory
algebra with distinguished elements h, p, A, v, -, 1. Given a PICA C we often confuse C with C.

A PICA is extensional if its associated combinatory algebra is extensional. A PICA is
a propositional illative A-model if its associated combinatory algebra is a A-model.

Definition 4.1.5. A Kripke ZJp,z,-model (respectively ZJp,z-model or ZJpy,,-model) is
atuple S = (C, I, S, <,00,01) where:

e C is an extensional propositional illative combinatory algebra (respectively a propo-
sitional illative A-model, or a propositional illative combinatory algebra) satisfying
h-a=p-a-aand--a=p-a-1foranyaeC,

e [ is a function from ¥ to C providing an interpretation for constants,
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e S is a non-empty set of states,
e < is a partial order on S,

e 0y and oy are functions from C to P(.9), satisfying the following for any a,b € C, where
on(a) = op(a) Uoi(a):

1. op(a) and o1(a) are upward—closedﬂ wrt. <,
2. op(1) =

3. op(a)No (a) =0,

4. o1(v-a-b) =o01(a)Uoy(b),

5. ap(v-a-b) =o¢(a) Nay(b),

6. o1(an-a-b) =o1(a) Noy(b),

7. s€op(n-a-b)iff

— s € 0g(a) and for every s’ > s such that s’ € o1(a) we have s’ € gy, (b), or
— s € 0g(b) and for every s’ > s such that s’ € o1(b) we have s’ € op,(a),
o1(p-a-b)iff
— s € op(a) and for every s’ > s such that s’ € o1(a) we have s’ € g;(b), or
— s € oy1(b),
9. se€op(p-a-b)iff
— s € op(a), and
— for every s’ > s such that s’ € oy(a) we have s’ € g, (b), and
— there exists ' > s such that s’ € g1(a) and s’ € g¢(b).

An S-valuation is a function from V' to C (cf. Definition [2.3.17). Given an S-valuation
p:V — C we define the value of M € Tey, denoted [M]$ or just [M],, by induction on the
structure of M:

[z], = p(z) if x €V,
[[K]]p =k, [[S]]p =5,
[[P]]p =P [[V]]p =V, [[/\]]p =N [[J_]]p =4,
[[c]]p =1I(c)ifce X\ {P,V,A, L},
[MMs], = [Mi], - [Mi],-
For M € Ty we set [M], = [(M)cL],- We drop the subscript and/or the superscript when
clear or irrelevant.

If s € oy([M],), we write s, p Ib; M. If M is closed then we use the notation s I M. We
write S, p Ik, M if s, plk; M for all s € S. We use the notation s, p IF; I' (resp. S, p IF; T') if
s,plk; M (resp. S,plk; M) for all M € T'. Finally, we write I' IF; M if for every S, every

s € § and every p, the condition s, p IF; I' implies s, p IF; M. Instead of I, we sometimes

use I-. To make it clear what kind of Kripke models are used we also write I' IFzy, M for
Ik M.

oo
»
m

'A set A C S is upward-closed wrt. < iff s € A and s’ > s imply s’ € A.
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Intuitively, s € o1(a) means that a is known to be a true proposition in state s, and
s € op(a) means that in state s, the element a is known to be a proposition which is not
(known/forced to be) true. So s € o,(a) = o¢(a) U 01(a) means that a is known to be
a proposition in state s. Thus, if s € op(a) then we may have s’ € oy(a) for some s’ > s.
A proposition which is not true may become true with expanding our knowledge. However,
if s € o¢(a) then s € og(a) Uoy(a) for all s > s, because knowledge is monotonous — once
we know a is a proposition it will be a proposition in any future state of knowledge. If a is
a proposition which is not true, then in any future state, it may either remain so, or become
true. That a is false in state s is expressed by s € o1(p-a- 1), i.e., that its negation is true,
not by s € og(a). A proposition is false in state s if it is a proposition which is not true in
all states ' > s. If s € op,(a), i.e., a is a proposition in state s, then a is “always ultimately
knowable”, i.e., however we expand our knowlege, it is always possible to expand it further
so that a becomes either true or false.

With regard to condition [7], its interpretation is as follows: A - a - b is a proposition which
is not true in state s iff a is a proposition which is not true in state s or b is a proposition
which is not true in state s, and A-a-b remains a proposition when we expand our knowledge.
Condition [7] is formulated in a way to ensure that if A - a - b is a proposition which is
not true in some state s then it remains a proposition in all states s’ > s. If we took
oo(n-a-b) = ogg(a) Uog(b) then this might not be so. Similar considerations apply to the
formulation of condition [J] for p.

Given a Kripke model S, we often confuse S with S and we implicitly assume that k, s, p,
etc., belong to the combinatory algebra associated with S.

We use the notion of a Kripke ZJp-model to refer generically to a Kripke ZJp,g,-, ZJp,s-,
or ZJpey,,-model, when it does not matter exactly which one it is.

Note that the conditions on o; and gy above are not a definition of o; or gy, but just
some properties we wish o1 and o to satisfy. Because of the combinatory completeness of C,
it is not obvious that there exists a structure satisfying the above requirements.

Lemma 4.1.6. In any Kripke ZJp-model the following conditions hold for any s € S and
a,becC:

e scoi(h-a)iff s € opa),
o sco(p-a-1) iff for every s’ > s we have s’ € oy(a),

e scog(p-a-1) iff s € op(a) and there exists 8 > s such that s" € oy(a),

if s € o1(h-a) then for every s > s there erxists s" > s such that s € oi(a) or
s"eo(p-a-1).

Proof. Follows easily from definitions. ]

For convenience of reference, we now reformulate in terms of IF; and Iy some of the
conditions on oy and o0y in a Kripke ZJp-model.

Lemma 4.1.7. For any Kripke ZJp-model S and any valuation p the following hold for
seS and X,Y € T:
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s,plFy X VY iff s,plk1 X ors,plH1 Y,
S,plko X VY iff s,plkg X and s,pl Y,
S,plFt XAY iff s,plk1 X and s,plH1 Y,
s,plkg X ANY aff

e v =~

e s, plkg X and for every s’ > s such that s', p by X we have §', pIF; HY, or
e s,plko Y and for every s’ > s such that s', p k1 Y we have ', p -1 HX,

5. s5,plF X DY iff
e s, plky HX and for every s’ > s such that s', p -1 X we have s',p k1 Y, or
e s,plH Y,
6. s,plFe X DY uff
e s,plH HX, and
e for every s’ > s such that s', p -1 X we have s, p by HY', and
e there exists ' > s such that s',plky X and ', plky Y,
7. s,pW1 L and s,p g L,
8 s,plkt HX iff s,plky X or s, plko X.

Proof. Follows easily from definitions. m

Theorem 4.1.8 (Soundness of Kripke semantics for ZJp).
]fF l_IJp M then I’ ”_IJP M.

Proof. The proof is by fairly straightforward induction on the length of derivation of I' = M.
Despite its easiness, we give the proof in full for the sake of completeness.

Assume S is a Kripke ZJp-model, p a valuation and s € §. Suppose s,p IF; T, and
consider the last rule used in the derivation of I' = M. We show s, p IF; M. The claim is
obvious for the axioms (Ax) and (_LHI).

(PI;) Then M =X DY and I', X F Y and I' - HX. So s,p IF; HX by the IH. Let s > s
be such that s’,p Iky X. Then &', p Ik T', X, and thus s, p IF; Y by the IH, because
I X Y. Therefore, s,pl-y X D Y.

(PI,) Then M = X DY and I' - Y. By the IH we have s,p Ik Y, so s, py Ik M.

(PE) ThenT'F N and I' = N D M. By the IH we have s, pl-; N and s,pl-; N D M. This
implies that s, p Iy M.

(PHI) Then M =H(X DY) and I', X F HY and I' - HX. By the IH, s, p IF; HX. Because
I, X - HY, by the IH for every s’ > s such that §',p IF; X we have s, p IF; Y or
s,plko Y, ie., &, plky HY. If there exists s’ > s such that s/, pIF; X and ¢/, p Ik Y,
then s, p lFg X D Y. Otherwise, s,plF; X D Y. In any case, s,plF HX D Y).
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(PHE;) Then ' F H(X DY), '’HX F M and I, Y - M. By the IH, s,plFy X D Y or
s,plkg X DY. Suppose s,pl-y X D Y. If s,p I Y then by the TH s,p IFy M.
Otherwise, s,p IFy HX, so s,p IF; M by the TH. Suppose s,p IFg X D Y. Then
s,plky HX, so s, p -1 M by the ITH.

(PHE,) Then M = HY and ' X and I' = H(X D Y). By the IH, s,p IF; X, and either
s,plFr X DY ors,plkg X DY. If s,plk; X DY then s,plk; Y, hence s, p IF; HY.
If s,plFg X DY then also s, plF; HY| because s, p I X.

(AI) Then M = X AY and ' X and I' - Y. By the IH, s,pIF; X and s,p |- Y. Thus
s,plFt X A\Y.

(AE;) Then I' = M A N. By the IH, s,plky M A N. Thus s,p Ik M.
(AE,) Analogous to (AE;).

(AHL) Then M =H(X AY)and I' - HX and I', X F HY. By the IH, s,p Ik X or s,p kg X,
and for every s’ > s such that §,p IF; X we have ¢,p IF; HY. If s,p IF; X then
s,p IFy HY. Thus s,p IFy Y or s,p IFg Y. In the first case, s,p IF; X AY, so
s,plFy H(X AY). In the second case, or when s, p I-g X, we have s,plFg X AY so
also s,plF; HX AY).

(AHI,.) Analogous to (AHL).

(AHE) Then T' F H(X AY), T’HX + M and T'HY - M. By the IH, s,p -y X AY or
s,plFg X AY. In any case, it is easy to check that s, p - HX or s, p I HY, and thus
s,p k1 M by the IH.

(AHE;) Then M = HY and ' H X and I' - H(X A Y). By the IH, s,p IF; X, and either
s,plFy XAY ors,plkg XAY. If s,plFy X AY then s,plH Y. If s,plFg X AY then
s,plFg X or s,plFg Y. Thus s,plg Y because s,pl-; X. In any case, s, p -y HY.

(AHE,) Analogous to (AHE;).
(VI;) Then M = X VY and I' - X. By the IH, s,p Ik X. Thus s,plk X VY.
(VL) Analogous to (VI;).

)

(VE) ThenI' X VY and ', X - M and 'Y = M. By the IH, s,plF; X or s,pl- Y. If
s,p k1 X then s,p Ik I') X, and thus s, p IFy M by the TH. If s, p I Y the proof is
analogous.

(VHI) Then M = H(X VY)and I' - HX and I' - HY. By the IH, s,p Ik X or s,p IFg X,
and s,p Ik Y or s, plkg Y. It is easy to check that in any case s, p IF; HX VY).

(VHE) Then ' F H(X VY), ', X - M, 'Y - M and I', HX,HY + M. By the IH, either
s,plFy XVYors plkg XVY. Ifs,pl-y X VY then s,plH; X or s,pl; Y, and thus
s,plF1 M by the IH. If s, pl-g X VY then s,plFg X and s,p g Y. Thus s, p I HX
and s, p -y HY  so s, p Ik M by the TH.

(HI) Then M =HX and I' - X. By the IH, s,p - X, so s, p Ik HX

(LE) Then I' = L, so by the IH, s, p I, L. This is, however, impossible. Hence, there are
no s and p such that s, p - I', and the claim holds.
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(Eq) Follows from the fact that C is an extensional combinatory algebra (for ZJp, a A-model,
for ZJpey,, a combinatory algebra).

O

Our next aim is to prove completeness of Kripke semantics for ZJp. For this purpose we
need some auxiliary definitions and lemmas.

Definition 4.1.9. A set of terms I' is prime if:
e it is closed under consequence in ZJp, i.e., I' - X implies X € T,
e 'FXVY impliessI'X or'FY.

Lemma 4.1.10. For every I' with I't/ M, there exists a prime I'" 2 T with T I/ M.

Proof. Consider the set X = {I" D T' | I/ M} ordered by inclusion. Is is easy to see that
every chain C' of elements of X has an upper bound | JC € X. Indeed, if | JC = M then there
exists a finite I'y C | C such that I'y = M. But since C' is a chain and Iy is finite, it must be
a subset of some I'y € C. So I'y = M. Contradiction. Of course, also X # (), because I' € X.

Therefore, by the Kuratowski-Zorn Lemma, there exists a maximal element IV € X. To
show that I" is prime it suffices to check:

o [, X I/ M for any X such that I+ X,
o if "FXVY then IV Xt/ MorI"Y t/ M.

For the first part, suppose IV = X and IV, X = M. Then I'" = M by the derived rule (Cut).
Contradiction. For the second part, assume IV X VY and IV, X + M and IV, Y = M. Then
I+ M by rule (VE). Contradiction. O

Theorem 4.1.11 (Completeness of Kripke semantics for ZJp).
[fF ”_IJp M then I’ |_IJp M.

Proof. Assume I' i/ M. We construct a Kripke ZJp-model § = (C, I, S, <, 09, 01) and a valu-
ation p such that there exists a state s € S with s, p -1 but s, p If M.

As the carrier of C we take fn-equality (for ZJp,s: B-equality, for ZJpcy,: w-equality)
equivalence classes of terms from T. We will denote by [X] the equivalence class of X. We
use the notation [I'] = {[X] | X € I"}. We take k = [K], s = [S], p = [P], etc. As h we
take [Ax.Pxz] and as - we take [Az.Pz_L]. Application is defined by [X]-[Y] = [XY]. Tt is
easy to check that C is a PICA which is extensional (for ZJp,s: a A-model) and it satisfies
h-a=p-a-aand --a=p-a-Lfor any a € C. We define the interpretation of constants
by I(c) = [c].

The set of states S is defined as the set of all [I] such that I' is a prime and consistent
set of terms. Because I' I/ M, the set S is non-empty, by Lemma We define:

o oi([X]) ={[l"fes|I"+ X},
o 0o([X]) ={[) € S|+ HX and I'" i X}.
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So states are sets of equivalence classes. As the order on states we take set inclusion.
Note that o1 and oy are well-defined because of the presence of rule (Eq). Note also that:

e Meo(X)if T"F X,
o I €oo([X]) i I" X and I'"F HX,
o [I'] € on([X]) iff T' F HX.

This follows from the fact that I' is closed under consequence, from the rule (Eq) and the
derived rule (EqL). Therefore, we may identify states with prime and consistent sets of terms,
indentify oy ([X]) with the set of prime and consistent I such that I'' = X, and analogously
for oy and oy,.

It remains to check that the conditions on oy and o7 from Definition are satisfied.

1. Tt is obvious that o1([X]) and o} ([X]) are upward-closed, because the ordering is by
inclusion.

2. Follows from the rule (_LHI).
3. Holds by definition of oy and o7;.
4. Follows from primeness and rules (VI;) and (VI,.).

5. First, we show the inclusion from left to right. Assume [I"] € oo([XVY]),i.e, "I/ XVY
and I F H(X VY). We have I'" t/ X and I" I/ Y by rules (VI;) and (VI,). Using
rules (VI;), (V1) and (VHE) we obtain I F X VY vV (HX AHY). Because I'' t/ X and
I'"/Y, by primeness of " we have IV - HX AHY. So I - HX and I'" - HY by (Al})
and (AlL). Thus [I"] € oo([X]) Noo([Y]).

For the other inclusion, assume [I'] € oo([X]) N oo([Y]). Then I" ¥ X, I" I/ Y,
I"FHX and I"F HY. Thus IV F H(X VY) by (VHI). f I"F X VY then I" + X or
[ Y by primeness of IV, which gives a contradiction. Hence I I/ X VY. Therefore
'] € oo([X VYY)

6. Follows from rules (Al), (AE;) and (AE,).

7. For the implication from left to right, suppose I = H(X AY) but I I/ X A Y.
Using (AHE) we may show I = HX VvV HY. By primeness of [V we obtain [ - HX
or I HY. Since I" / X A Y, also I I/ X or IV I/ Y by rule (AI). Without loss of
generality assume [ I/ X. Then [I] € 0¢([X]). Let I'” D IV be prime and consistent
with I = X. We need to show I' = HY". But this follows from (AHE;).

For the other direction, suppose IV - HX and I'" I/ X and
(%) for all prime and consistent I'" O T” such that I = X we have I - HY".

We would like to show IV, X F HY', and then conclude I" F H(X AY') by rule (AHI;), but
[V U {X} may not be prime. However, we can use Lemma . Suppose I'', X I/ HY'.
Then by Lemma there exists a prime IV O IV U { X} such that I I/ HY. But
I+ X, which contradicts (x). Hence ultimately IV, X = HY and thus IV - H(X A YY)
by rule (AHL;). Also I" / X A'Y, because otherwise [V F X by rule (AE;).
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8. The implication from left to right follows from rules (PE) and (PHE;). The implication
from right to left follows from rules (PI;) and (PI,) and from Lemma |4.1.10}

9. The implication from left to right follows from rules (PHE;), (PHE,), (PL;) and (PIL,),
and from Lemma [4.1.10] The implication from right to left follows from Lemma [4.1.10
and rules (PHI) and (PE).

We define the valuation p by p(z) = [z]. By Lemma [4.1.10] there exists a prime I O I' such
that IV I/ M. So [I'] € S. It is easy to check that [I"], pIF T but [IV], p ¥ M. O

Note that the above proof does not imply the consistency of ZJp, because to construct
the model we assume I' t/ M.

4.1.2 Classical semantics

In this section we define classical semantics for ZKp. It is in fact a restriction of the Kripke
semantics for ZJp to single-state Kripke models.

Definition 4.1.12. An ZKp-model is a Kripke ZJp-model with exactly one state sy. For an
ZKp-model we adopt the abbreviations 7 = {a | so € o1(a)} and F = {a | so € oo(a)}. Note
that a PICA C and the sets 7 and F uniquely determine an ZKp-model. We sometimes say
that a tuple M = (C,I,T,F) is an ZKp-model.

For convenience of reference, we reformulate in terms of 7 and F the conditions on o
and o; from Definition 4.1.5}

1. L€ F,

TNF=0.

vea-beTifae TorbeT,
vea-be Fiffae Fand b e F,
Aa-beTiffaeTandbe T,
A-a-be Fiffae Forbe F,
pra-beTifac ForbeT,
8. pra-beFifaeT andbe F.

For an ZKp-model M, we use the notation M, p |=; M or p |=; M, instead of sg, p IF; M.
The notations M,p =, ', p = I, I' |=; M, T =1k, M are defined in the obvious way.

N o oo W

Lemma 4.1.13. In every ZKp-model we have:
eh-acT iffae TUF,
e ~-acT iffaeF,
e —-a€ FiffaeT.

Proof. Follows directly from definitions. O]
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The intuitive interpretation of 7 and JF is rather obvious: 7T is the set of true elements,
and F is the set of false elements. An element is a proposition iff it is either true or false.
Thus, by restricting our Kripke semantics for ZJp to single-state models we obtain a quite
natural semantics for ZKp. We will now show that this semantics is sound and complete.

Theorem 4.1.14 (Soundness of classical semantics for ZKp).
If ' Foxp M then I =1k, M. Moreover, if I' ok, M then I' =¢ M.

Proof. The proof of the first implication proceeds by induction on the length of derivation of
I' - M, like in the proof of Theorem [£.1.8] Take any ZKp-model M and any valuation p, and
suppose M, p =1 I'. All axioms and rules except (EM) are checked by exactly the same proofs
as in Theorem [4.1.8] So suppose the last rule in the derivation of I' = M was (EM). Then
M=XV-Xand I' F HX. Hence M, p =1 HX by the TH. So M,p 1 X or M, p o X,
which implies M, p =1 M.

Now suppose I' - =M. Then I" =y =M, which implies T" ¢ M. ]

Definition of primeness may be used for ZKp if we interpret F there as provability
in ZKp. Then Lemma also holds for ZKp, by an identical proof.

Lemma 4.1.15. If I" is prime, then the following conditions hold:
e I'FXVY iffTFX orTHY,
e I'F=(XVY) iff TF-X and T'F =Y,
e I'FXAY iff TFX and THY,
FEA(XAY)iff T =X or 'Y,
Fr'EXDY iff TEF=-X orTHY,
e I'F=(XDY)iff THFX and '+ Y,
o ' -1,
where = denotes provability in TKp.

Proof. Easy, using Lemma O

Theorem 4.1.16 (Completeness of classical semantics for ZKp).
If ' =zxp M then T bz, M. Moreover, if I' =g M then I' = =M.

Proof. The proof of the first implication is similar to the proof of Theorem [A.1.11] but easier.
Assume I' I/ M. By Lemma there is a prime IV D I' with IV I/ M. We construct an
TKp-model M like in the proof of Theorem but as the single state we take IV. Note
that with this construction we have:

o [X]eTifI'F X,
o [X]e Fiff T'F—X.

Using Lemma it is easy to check the conditions from Definition Then we take p
such that p(z) = [z], and check that M, p =, T but M, p }= M.
Now suppose I' =g M. Then I' |51 =M, and consequently I' = =M. O
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NLNXEX (Ax) TE =L (—L1)
'FX I'+Y IrFXAY IrFXAY
rrxay M rrx M) Ty (M)
- Xx rcy r-xvy X~z I'YFHZ
rrxvy VI rrxvy VI TFZ (VE)
PEoX  Capy
TF—=(XAY) ! '-=(XAY) I'-XFZ RﬁYFZ<Am
I'FZ -
[F-Y
-A
FkﬂXAY)(IJ
r%ﬂxvy)(wm
PF-X TE-Y [F-X :
FF%XVY)<ﬁ)
I'F=(XVY)
oy (OVE)
rEX I, GV
FI——|—|X( I) ' X ( E)
X X=Y X I'F-X
Ty (Eq) TCy (—E)

Figure 4.3: Rules of ZKp’

4.1.3 An alternative formulation of ZKp

Definition 4.1.17. The system ZKp’ has T(X) as the set of terms, with the signature X

containing the illative constants: —,AV, L.
e X \NY =AXY,
e XVY =VXY,
e X DY =-XVY,
e HX = X v X,
The rules of ZKp' are shown in Figure 4.3

We adopt the abbreviations:

Formally, the language of ZKp is different from the language of ZKp', but there are
obvious translations between the languages, so, e.g., the rules of ZKp may be interpreted
as rules with terms from the language of ZKp', by replacing the constants of ZKp with
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their translations in ZKp'. The following theorem implies that all rules from Figure are
derivable in ZKp'.

Theorem 4.1.18. All rules of ZKp' are derivable in IKp. Conversely, all rules of ZKp are
derivable in TKp'.

Proof. First, we show that all rules of ZKp' are derivable in ZKp. The rules (Ax), (AI),
(AE)), (AE,), (VL)), (VI,) and (Eq) are present in ZKp. The rule (=) follows from (H.LI).
The rules (-AL}), (=AL.), (-AE), (=VI), (=VE,), (=VE,), (=—-I) and (—-—E) follow from
Lemma [£.1.3] The rule (=E) follows from (PE) and (LE).

Now we show that all rules of ZKp are derivable in ZKp'. The rules (Ax), (Al), (AE;),
(AE,), (VI)), (VI,) and (Eq) are present in ZKp'. The rule (EM) follows from the definition
of H in ZKp'. We indicate how to derive the remaining rules.

(LHI) Follows from (—1) and (VI,).
(PI;) Follows from (VE), (VI;) and (VI,.).
(PI
(PE) Follows from (VE) and (—E).

(VE)
Follows from (VI,.).
(VE) and (
(PHI) Follows from (VE), (VI;), (VI,
(VE), (VL)
(VE)
(VE)

)
r)
)

) (VL), (VIL,), (==I) and (=VI).
(PHE;) Follows from (VE), (VI;), (VI.), (-VE;) and (—-—E).
(PHE,) Follows from (VE), (=VE;), (=—E) and (—E).

(AHL) Follows from (VE), (VL,), (VI,), (AL), (=AL) and (—=AL).
(AHIL.) Analogous to (AHL).

(AHE) Follows from (VE), (VL), (VI.), (AE;) and (-AE).
(AHE,) Follows from (VE), (VI,), (VI,), (AE,), (-AE) and (-E).
(AHE,) Analogous to (AHE;).

) VE), (VL), (VI,) and (=VI).

) VE), (VL) (VI,), (-VE;) and (=VE,).

) VI).

) ~1) and (-F).

(VHI) Follows from
(VHE) Follows from
(HI) Follows from
(LE) Follows from

) (
(

~—~~ /N /N

Lemma 4.1.19. The following rule is admissible in TKp'.

D,-XF 1 FI—HX( D
I X -

Proof. Use (PL;), (VE), (-—E) and (LE). O
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4.2 Model constructions

In this section we construct models for ZJp and ZKp. A corollary of the model constructions
is consistency of ZJp and ZKp. The constructions will also be used in the next section to
prove completeness of translations of NJp into ZJp, and of NKp into ZKp.

To facilitate completeness of translation proofs, each construction of a model M for an
illative system (including the ones in the subsequent chapters) will be parameterised by
a model NV for a corresponding traditional system, and there will be a natural injection from
the set of elements true in (a state of) A to the set of elements true in (a corresponding state
of) M. We will give only two constructions for intuitionistic systems — the following one
for ZJp and one for a first-order system in Chapter |5l It is more difficult for intuitionistic
than classical systems to construct a model with an appropriate injection which can be used
in a completeness of translation proof/]

4.2.1 Model construction for ZJp

Fix a Kripke NJp-model § = (S, <,IF). Our construction of a Kripke ZJp-model Mg will
be parameterised by S. As the states of Mg we will adopt the states of S. The Kripke
ZJp-model Mg will be constructed in such a way that for each state s there will be a natural
injection from the set of elements true in state s in S to the set of elements true in state s
in Mgs. In Section this will be used to show completeness of a translation of NJp into ZJp.

We assume that all elements of Vp, i.e., the propositional variables of NJp, are present as
constants in the syntax of ZJp. We adopt the abbreviation T = P_L L.

Definition 4.2.1. For s € S and an ordinal a we define binary relations >¢ on T by
induction. In the following the notation X ~»® Y stands for X 4, - =% Y, and X ~»5%Y
abbreviates “there is 8 < a with X ~»? Y7 and similarly X =5 Y abbreviates “there is

B <awith X =8 Y7

(Vi) p=2Tifpe Vpand S,s I p,

(V) p=2 LifpeVpand S,sk¥p,

(Tr) T,

(L) L=oL
)
)
)

Y

(V1) XVY =0 Tif X s TorY ~5e T
(Vo) XVY =9 Lif X 5 Land Y~ L
(A) XAY =2 Tif X~ Tand Y ~50 T,

Y

20f course, if we do not require such an injection, then it is easier to construct models for intuitionistic
systems, because every model for a classical system is a model for its intuitionistic version. But a model
construction for a classical system cannot then be used to show completeness of a translation of traditional
intuitionistic logic into intuitionistic illative combinatory logic.
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(AL) XAY =2 L if
— X ~35* 1 and for all & > s, such that X ~5% T, we have Y ~35% p with
pe{T,L}, or
— Y ~5* 1 and for all & > s, such that Y ~3% T, we have X ~5% p with
pe{T, L},
(Pr) XDOY »=2Tif
— X ~35* pwith p € {T, L}, and for every s’ > s such that X ~»35% T we have
Y ~35 T, or
— Yo T,
(PL) XDOY =2 Lif
— X~ pwith pe {T, L}, and
— for every s’ > s such that X ~5% T we have Y ~5% p with p € {T, L}, and
— there exists s > s such that X ~»35% T and Y ~»3% L.

Above X and Y are arbitrary terms.

Note that it is not obvious that >¢ C >f for a < 3, because of the negative conditions
in (A1), (Pt) and (P,). We will show this only in Lemma [£.2.5] However, we obviously have
=50 C =P and 50 C 3P for a < 8.

In the rest of this section we assume that s € S, p € Vp, p,p/,... € {T,L} and M, N,
X, Y, Z, etc., are terms of ZJp, unless otherwise stated.

Lemma 4.2.2. If X =% p and X 55, Y, then Y =% p.

Proof. Induction on a.
First, notice that the inductive hypothesis implies:

(%) for all terms M, N and all p € {T, L}, if M ~5% p and M S5, N, then N ~5% p.

Indeed, assume M ~5® p and M S5, N. Then M 53, M’ =5 p for some M’. By
confluence of A3y there is N’ such that N =5, N’ and M’ <55, N'. By the inductive
hypothesis N’ =5% p. Thus N ~5 p. See Figure [4.4]

M=

* | %
Bn Bny
N-Z=N' -5°
Bn - p

Figure 4.4

Now assume X =% p and X imn Y. We need to consider all possible rules by which
X =% p may be obtained.
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Suppose X =% p follows by rule (Pt). Then p =T, X = X; D Xy, Y =Y; DYy,
X; —*>5,7 Y;, and Xy ~5* T or:
(a) X~ p with p/ € {T, L}, and
(b) for every s’ > s such that X; ~5% T we have Xy ~»5% T.
If X9~ T then also Y3 ~»5® T by (x). Thus Y >=¢ T. So assume (a) and (b) hold. By (x)
the condition (a) still holds with Y; substituted for X;. Assume s’ > s and ¥; ~35% T. Then
also X7 ~5% T because X imn Yi. So X5 ~5% T by (b). Thus by (x) we have Y5 ~5% T.
Hence, (b) holds with Y; substituted for X;. Therefore, Y =% T.
Suppose X =2 p follows by rule (P,). Then p= 1, X = X; D Xs and Y = Y] D Y, with
X; i>5,7 Y;. Also:
(a) Xy~ p with p/ € {T, L}, and
(b) for every s > s such that X; ~5% T we have Xy ~»5 p with p/ € {T, L}, and
(c) there exists s > s such that X; ~3* T and X, ~5% L.

By (%) the condition (a) still holds for Y;. Suppose s’ > s and Y; ~35% T. Then also
X, ~5% T, because X, —rg5, Y1. Hence Xy ~5% p/ with p/ € {T, L}. By (x) also Yy ~5% p.

So (b) holds for Y, i.e., with Y; substituted for X;. Let s’ > s be such that X; ~3% T and
Xy ~35% L. By (%) we have Y] ~35% T and Y3 ~3% L. Thus (c) holds for Y. Therefore,
Y - 1.

Other cases are similar. O

Corollary 4.2.3. X ~2Y iff there exists X' such that X =g, X' =Y.

Lemma 4.2.4. The following conditions hold.
1 If M =¢ T and s < sq then M =5 T.
2. If M =¢ 1 and s < so then M =5 T or M =g L.

Proof. Induction on a.
1. Follows directly from definitions and the inductive hypothesis.

2. Suppose M =% 1 and sy > s. The only non-obvious cases are when (A;) or (P ) is
used to obtain M > L.

(A1) Then M = X AY and e.g.
(x) X ~5* 1L and for all ' > s, such that X ~»35* T, we have Y ~5% p with
pe{T,L}.
If X ~35® L, then still M ¢ L. If not, then by the second part of the inductive
hypothesis X ~35® T. By (x) we have Y ~35® T or Y ~5® L. IfY ~3¢ T
then M =5 T by (At). Otherwise, by the first part of the inductive hypothesis,

X ~5* T for all s > 5. So in particular for all s > sy such that Y ~»35* T we
have X ~»5% T. Thus M ~¢ L by (AL).

(PL) Then M = X DY and
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(a) X~ pwith pe {T, L}, and

(b) for every s’ > s such that X ~5* T we have Y ~35% p with p € {T, L}, and
(c) there exists s’ > s such that X ~35* T and Y ~35% L.

By the inductive hypothesis, X ~»5® p’ for some p’ € {T, L}, so (a) holds with sg
instead of s. The condition (b) also holds with sy substituted for s. Assume (c)
does not hold for sg, i.e., for every s’ > sy such that X ~»5% T we have Y 635 L.
Then by (b), for every s’ > so such that X ~»5* T we have Y ~»5* T. Therefore,
M = T by (Pr).

O

Lemma 4.2.5. The following conditions hold.
1. If M =5 p then M =% p.
2. If M =¢ T then M #¢ L.
Proof. Induction on a.
First, note that it follows from the inductive hypothesis that:
(%) for v < a, if X ~»7 T then X 67 L.

Indeed, assume X ~»7 T and X ~7 L. Then X Sp, X; =7 T and X 54, X5 =7 L. By

confluence of \@n, there is Y such that X, i%’n Y and X, —*>ﬁ,7 Y. By Lemma m we
obtain Y =7 T and Y >7 L. This contradicts the second part of the inductive hypothesis.

See Figure [£.5]

|

n
L* | *

Bn Bny y
Xo-Z=Y =1 T
2 ,377 S

Y Y
[} w2
1 1

Figure 4.5

Now we check conditions 1 and 2.

1. Suppose, e.g., that X DY =7 T is obtained by (P) for some 3 < a. The other cases
are similar. We want to show X DY =2 T. We have Y ~° T or

(a) X~ pwith pe {T, L}, and
(b) for every s’ > s such that X ~5” T we have Y ~5° T.

IfY ~P TthenalsoY ~# T so X DY =2 T.
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Thus assume (a) and (b) hold. Obviously, (a) still holds with « instead of 5. So assume
s> sand X ~35% T, ie, X ~], T for some v < a.

If v < B then obviously X «»;6 T. Assume 8 < v < a. Since X ~8 p, by
Lemma we have X ~57 T or X ~57 1. If X ~5” L then X ~7, L by the first
part of the inductive hypothesis. However, this contradicts (), because also X ~»), T.

Therefore X ~57 T. Then Y ~57 T by (b), so also Y ~»5% T. Thus (b) holds with «
instead of 8. This proves that X DY > T.

2. Follows from (%) and Definition [4.2.1]
[
Lemma implies that =% C =7 for o < 8 and s € S. Therefore, by Theorem [2.1.3]
there exists the closure ordinal of Definition i.e., the least ordinal ¢ such that = = ==¢
for each s € S. We write =, and ~+, without superscripts to denote =§ and ~§. It is not
difficult to check that if the set of states § is finite then ( = w. In general, the closure ordinal

may depend on the cardinality of S.
Note that Lemma [4.2.2] and the second part of Lemma imply the following corollary.

Corollary 4.2.6. The reduction system (— gy, {>s}ses) is coherent.

Now, we are ready to construct the model M for ZJp.

Definition 4.2.7. Define Ms = (C, 1, S, <, 00, 01) where:

e (C is the extensional propositional illative combinatory algebra constructed from the
fBn-equality equivalence classes of terms, with k = [K], s = [S], p = [P], etc., where
by [X] we denote the equivalence class of X,

I is defined by I(c) = [c] for c € &,
S is the set of states of S,

< is the order on states from S,
o ([X])={se S| X~ T},
oo([X]) ={s€ S| X~ L}

Note that by coherence o¢ and oy are well-defined, i.e., the definitions do not depend on the
choice of representants.

Theorem 4.2.8. The structure Mg is a Kripke ZJp-model such that for each p € Vp there
is p € C satisfying for each s € S:

e scoi(p) iff S,slkp,
o scoy(p) iff S,s¥p.

Proof. Using Corollary it is easy to verify the conditions from Definition [4.1.5] The
additional requirements in the statement of the theorem follow directly from definitions. [l
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Corollary 4.2.9. The system ZJp is consistent, i.e., /7y, L.

Proof. Since there exists some Kripke NJp-model, by Theorem there exists a Kripke
ZJp-model M. If Fz3, L, then M IF L by Theorem [4.1.8, This is a contradiction. m

4.2.2 Model construction for ZKp

In this section we give a model construction for ZKp. Essentially, it is a simplification of the
construction for ZJp.

Let v be an NKp-valuation. Our construction of an ZKp-model M, will be parameterised
by v. We assume that the propositional variables from Vp are present as constants in the set
of terms T.

Definition 4.2.10. We define a binary relation = C T x T inductively:
(V1) p>=TifpeV, and v(p) =1,
(Vo) p=_LifpeV, and v(p) =0,

P
P

XDV s-=TiHX>1lorY =T,
XDOY=1lifX>=TandY > L.

)
(TT) T =T,
(L)) L1,
(V1) XVY =T X>TorY =T,
(Vi) XVvY = Lif X > _LandV > 1,
(A) XAY =Tif X »>TandY > T,
(A) XAY = LifX»>LorY =1,
(P)
(PL)

Like in Section [2.1 we use > to denote the a-th approximant of =, and we set =< =
Ugea = As in Section we use X,Y, M, ... for terms. The closure ordinal of the

definition of > is clearly w.
Lemma 4.2.11. The reduction system (—g,,>) is coherent.

Proof. We check the conditions in Definition [2.3.1}
1. —g, is confluent by Theorem [2.3.9]

2. It follows by straightforward induction on « that —g, preserves =“. For instance,

assume X VY =% T and X VY 55, X' VY’ Then e.g. X =<% T. By the IH we have
X' =<7, Thus X' VY’ =*T.

3. By straightforward induction on « one shows that if X = T then X /¢ 1.

Definition 4.2.12. Define M, = (C, 1,7, F) where:
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e (C is the extensional propositional illative combinatory algebra constructed from the
fBn-equality equivalence classes of terms, with k = [K], s = [S], p = [P], etc., where
by [X] we denote the equivalence class of X,

e [ is defined by I(c) = [¢] for ¢ € X,
o T={[X]| X~ T},
o F={[X]| X~ L}.
Here ~» is defined as usual: X ~ Y iff X —*>5,7 =Y.
Theorem 4.2.13. The structure M, is an ZKp-model such that for every p € Vp there is
p € C satisfying:
e peT iff u(p)
e pEF iff(p)

Proof. Using Lemma [4.2.11] it is easy to check the conditions from Definition [4.1.12] The
additional condition in the statement of the theorem holds by construction. O]

L,
0.

Corollary 4.2.14. The system ZKp is consistent, i.e., /7kp L.

4.3 Translations

In this section we prove that there exist sound and complete syntactic translations of
traditional systems of propositional logic into the corresponding illative systems. The proofs
are done semantically, using the results of the previous section. Since the translations are
very straightforward and natural, the results of this section may be seen as establishing
conservativity of propositional illative systems over the corresponding traditional systems.

Translations very similar to the ones we provide, both for propositional logic and for
first-order logic, were already defined before. Their soundness was shown syntactically.
See [Bun74a, BBD93].

We adopt the notational conventions like in the previous section, i.e., X, Y, Z stand for
terms in T, etc. Also @, 9, etc., stand for propositional formulas, and A, A’, etc., stand for
sets of propositional formulas. We assume that all propositional variables from Vp occur as
constants in T. Sometimes we write, e.g., A, ¢ instead of AU {p}.

Definition 4.3.1. We define a mapping [—]| from propositional formulas to the set of terms T
of illative systems, and a context-providing mapping I'(—) from sets of propositional formulas
to sets of terms. The definition of [¢] is by induction on the structure of ¢:

o "p'l EpfOI'pEVp,

e [L]=1,
e [pvyl=TelvIv],
o [o Ayl =Tl ATV,
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e [o—=v]=Tlp] D[]
We extend the mapping [—] to sets of propositional formulas thus: [A] = {[¢] | ¢ € A}.

For a set of propositional formulas A, the set I'(A) is defined to contain Hp for each
p € FV(A).

Note that, e.g., in the right-hand side of the third rule for [—] the expression [¢] V [¢]
is just an abbreviation for V[¢][v], whereas the V in the left-hand side is an operator in the
syntax of propositonal formulas.

The mapping I'(—) provides so-called “grammatical conditions”. In illative systems it is
not specified a priori which category a given variable belongs to, i.e., what is the type of the
variable. So this information must be provided explicitly in the context.

Lemma 4.3.2. I'({p}) Fzyp Hl¢].
Proof. Induction on the structure of ¢. O

Theorem 4.3.3 (Completeness of the translation for ZJp).
Alrxap @ W T(A, @), [AT iy ]

Proof. Assume A IFnjy, ¢. Let M be a Kripke ZJp-model, sy a state of M, and p an M-
valuation such that M, s, pIF T'(A, ), [A]. We define a Kripke NJp-model § = (S, <, IF)
by taking S and < to be the same as in M, and defining IF by: S, s I p iff M, s, p I p. By
induction on the structure of a subformula v of a formula from A U {¢}, it is easy to prove
that for s > sy we have: S,s |- iff M, s, p Ik [¢]. By way of an example, we show the case
¥ = 1)1 — 9. Other cases are similar. We have [¢]| = [¢1] D [12].

Suppose S, s Ik 11 — 3. Then for every s’ > s such that S, s’ IF ¢; we have S, s IF 1.
Let s’ > s be such that M, s, p IF [11]. By the induction hypothesis S, s I 11, so S, s I 1.
Applying again the induction hypothesis we obtain M, ', p IF [12]. By Lemma we
also have I'(¢1) Fzyp, H[¢1]. Since #; is a subformula of a formula from A U {y} and
M, s,p - T(A,p), we obtain M, s, p IF I'(¢). Hence M, s,p I- H[¢] by Theorem [4.1.§
Therefore, we finally conclude M, s, p IF [¢] by [5|in Lemma [4.1.7

Now assume M, s, p IF [¢1] D [12]. Let ' > s be such that S, s" IF ;. By the inductive
hypothesis M, s', p I [11], so M, ', plF [12]. Again by the inductive hypothesis S, s I 1.
This shows that S, s IF 11 — 1s.

Hence, we have S, sq I A, because M, sq, p IF [A]. Thus S, so IF . This in turn implies
M, s0,p IF [@]. Since M, sq and p were arbitrary satisfying M, so, p IF T(A, ), [A], we
have I'(A, @), [A] IFzyp [¢].

Assume I'(A, @), [A] Fzyp [¢]. Let S be a Kripke NJp-model and sy € S be such that
S, s0 IF A. We construct a Kripke ZJp-model M using Theorem [£.2.8] This model has the
same states and state ordering as S, and it satisfies the following for every state s € S and
each p € V;:

e M,s,plt piff S, sl p,
o M,s,pltqpiff S, sl p,
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where p is an M-valuation such that p(p) = p. Thus M, p I, Hp for each p € V,,. Using this
it is easy to show by induction on the structure of a formula ¢ that M, p Iy H[%]. It is then
straightforward to prove by induction on the structure of ¢ that: M, s, p Iy [¢] iff S, s IF 9.

Hence, we have M, sg, p IF [A], because S, so IF A. Since M, p IF Hp for each p € V,,
we also have M, p IF T'(A, ¢). Thus M, plF [¢]. So S IF ¢. Since S and sy were arbitrary
satisfying S, s IF A, we obtain A Iy, . m

Corollary 4.3.4. A by, @ iff T(A, ), [A] Fzip [#]-
Proof. Follows from Theorem [4.3.3] Theorem [4.1.8] Theorem |4.1.11| and Theorem [2.4.3] [J

Theorem 4.3.5 (Completeness of the translation for ZKp).
A Exkp ¢ W T(A, 9), [A] Fzxp [0]-

Proof. The proof is similar to the proof of Theorem [.3.3], but somewhat simpler. First, assume
A E=xkp - Let M be an ZKp-model and p an M-valuation such that M, p = T(A, ¢), [A].
Let v be an NKp-valuation defined by:

o v(p) =1iff M,p Ep,

e v(p) =0iff M,p £ p.

Using Lemma and Theorem it is easy to show by induction on the structure of a
subformula v of a formula from AU {¢} that: M, p |= [¢] iff v |=¢. Hence v = A, because
M, p = [A]. Sov = ¢. Thus M, p |= [¢]. Therefore, I'(A, ¢), [A] Ezxp [¢]-

In the other direction, assume I'(A, ), [A] FEzxp [¢]. Let v be an NKp-valuation such
that v = A. Take M to be the ZKp-model obtained by applying Theorem to v. It is
easy to check by induction on the structure of a formula v that:

e M,p=H[¢], and

e Mipk[¥]iffv =1,

where p is an M-valuation such that p(p) = p for p € Vp. Then M, p =T(A, ), [A]. Thus
M, p E [¢]. Hence v |= . Therefore, A FExkp ¢ O

Corollary 4.3.6. A by, ¢ iff T(A, @), [A] Fzip []-

Proof. Follows from Theorem [4.3.3] Theorem Theorem and Theorem [2.4.5] [
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Chapter 5

First-order predicate logic

5.1 Illative systems

Definition 5.1.1. The system ZJ of intuitionistic first-order illative combinatory logic comes
in three variants: ZJyg,, ZJzg, ZJcrw. They differ chiefly in the underlying reduction system.
The set of terms T is defined separately for each of the variants, as in Definition basing
on a signature X containing the following illative constants: =, X, A, P, A, V, L. We adopt
the same abbreviations as in Definition plus the following (see also Section [1.1)):

o L= )\r.=xx,

e M oN = Mx.M(Nz),

o Vr:M.N=Z=ZM(Az.N) when xz ¢ FV(M),
e Jz: M .N =XM(A\x.N) when z ¢ FV(M).

Whenever we write 3z : X .Y or Vo : X .Y we assume that = ¢ FV(X).

A judgement in ZJ has the form I' = X where I is a finite set of terms and X is a term.
We adopt the same conventions concerning + as in Definition [£.1.1] The rules of ZJ consist
of the rules of ZJp in Figure the rules for quantifiers in Figure , and the rule (ALI):

' LA (ALD)

The system ZK of classical first-order illative combinatory logic is obtained from ZJ by
adding the rule of excluded middle (EM) (see Definition {4.1.1)).

Intuitively, LX means “X is a type” or “X represents a permissible range of quantification”.
The illative constant A represents a first-order universe — the type of all individuals. We
could easily add more such constants to effectively obtain a many-sorted system, but we will
not do so to keep things simple. See also Section [I.1]

Informally, the interpretation of quantifiers is as follows:

e =XV is true iff X is a type, and for all Z such that X Z is true, Y 7 is true,
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XekFYe THLX 2¢FV(I,X,Y) (=D '=XY Tk XZ (ZE)
'-zZXY - r-vyz -
LXeFH(e) TELY s FVILXY) o LEHEYY)  oup
[ HEXY) = IFEX(Hov) =
I'FHEXY) _
I'-LX (ELE)
'-mMzZ TTENZ THLM (XI)
I'=XMN
DEXMN D Mo NebZ a¢ V(L MNZ) oo
TFZ (XE)
LMo b HNa) TELM o @ PV MN)
T - H(XMN)
[+ H(XMN) T, XMNFZ T,EM(HoN)F Z
TFZ (XHE)
I+ HXMN)
I'-LM (XLE)

Figure 5.1: Rules for quantifiers (2 and X)
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e ZXYVY is false iff X is a type, and there is Z such that X Z is true and Y Z is false, and
for all Z such that X7 is true, Y Z is true or false,

e XMN is true iff M is a type, and there is Z such that M Z is true and NZ is true,
e XMN is false iff M is a type, and for all Z such that M 7 is true, NZ is false.

Note there is a certain asymmetry in the rules for =Z and X. It is not true that I' Fzx Vz: X. Y
is equivalent to I' Fzx —dz : X . —|Y.E| In the classical setting it may be more convenient
to simply define Vo : X .Y as =dz : X . =Y. However, this obviously does not work for the
intutitionistic system. We do not know how to formulate rules for = in a way that would be
satisfactorily simple, would make sense in intuitionistic logic, and after the addition of the
rule of excluded middle (EM) would yield the desired equivalence. We shall thus stick with
the present formulation of the rules for =.

Systems of illative combinatory logic known to the author do not have the H-elimination
rules (EHE) and (XHE), nor the L-elimination rules (ELE) and (XLE). The reasons for
including these rules are as with the H-elimination rules for other connectives: they make our
semantics complete and are useful in practice.

We could simplify the rules for X by dropping (XLE) and replacing (XI) with

'-MZ TENZ
' XMN (XI)

It is easy to change the proofs and definitions that followﬂ to work with this modification of
our systems. However, this would require complicating the semantics slightly. Condition
in Definition [5.1.4] would have to be split into two conditions. We shall thus continue with
our original formulation.

Now we consider the question of whether it is possible to define some connectives from
the other ones in a way that would make the relevant rules derivable. Certainly, one may
define P in terms of = by PXY = Z(KX)(KY). This is a standard definition, but to make all
rules for P derivable one would need to add to ZJ the following rule for =, which intuitively
says that if Y'Z holds for an arbitrary object Z, then ZXY holds, regardless of what X is (it
may not represent a type at all).

I'FYzr z¢FV(,X,Y)
TFEXY

(EL)

However, such a definition complicates slightly the model constructions, so we will not adopt
it. As for the other connectives, it is an open question whether they may be defined from =,
or possibly some more constants. Note that the presence of unrestricted A-abstraction and
illative primitives like H provides additional possibilities for such definitions, as compared to

'However, as we shall see, in ZK all classical tautologies are provable if we restrict the right-hand sides of
judgements to terms which are propositions, i.e., terms M such that HM is provable.

2This remark pertains only to the proofs and definitions in the present chapter — for the first-order system.
For a higher-order system in the next chapter it is an open problem whether an analogous modification can
be made.
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ordinary logic. See e.g. [Bun&4] for a definition of A from = and H which gives unrestricted
introduction and elimination rules, though in a somewhat different system, with H essentially
being a type, among other differences.

Lemma 5.1.2. The rules (Weak), (Sub), (EqL) and (Cut) from Lemmal{.1.9 are admissible
inZLJ.

Proof. Analogous to Lemma O

5.1.1 Kripke semantics

In this section we define Kripke semantics for ZJ.

Definition 5.1.3. A first-order illative combinatory algebra (FOICA) is a propositional
illative combinatory algebra (see Definition 4.1.4]) with additional distinguished elements: A,
L, = and x.

Definition 5.1.4. A Kripke ZJ-model (ZJp,-model, ZJg-model or ZJcy,,-model) is a tuple
S=1(C1,8,<,00,01) where:

e C is a first-order illative combinatory algebra (extensional for ZJygz,, A-model for ZJyz)
satisfyingh-a=p-a-aandL-a=2-a-a for any a € C,
e S is a set of states,

e < is a partial order on states,

e 0y and oy are mappings from C to S satisfying conditions 1-9 from Definition and
the following:

10. s € oy1(z-a-b) iff
— s€oy(L-a), and
— for every s’ > s and ¢ € C such that s’ € o1(a - ¢) we have s’ € o1(b - ¢),
11. s € op(-a-b) iff
— s€oy(L-a), and
— for every s’ > s and ¢ € C such that s’ € gy(a - ¢) we have s’ € g,(b - ¢), and
— there exists s’ > s and ¢ € C such that s’ € g1(a-¢) and §" € g¢(b - ¢),

12. s € o1(x-a-b)iff
— s€o(L-a), and
— there exists ¢ € C such that s € gy(a-¢) and s € 1(b - ¢),
13. s € op(x-a-b) iff
— s€oy(L-a), and
— for every s’ > s and ¢ € C such that s’ € o1(a - ¢) we have §' € g,,(b- ¢), and
— for every ¢ € C such that s € oy(a - ¢) we have s € g¢(b - ¢),

4. o1(L-A) =S.
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Given an S-valuation p : V — C, the value of M € T, denoted [M]3 or just [M],, is
defined analogously to the corresponding notion in Definition [£.1.5] with additional conditions
for the new illative constants.

We adopt conventions analogous to those in Definition In particular, I' IF; M means
that for every S, every s € S and every p, the condition s, p IF; I' implies s, p IF; M. And
I'lFz; M stands for I' I+ M.

Note that any Kripke ZJ-model is a Kripke ZJp-model. It is thus clear that Lemma [4.1.0]
also holds for Kripke ZJ-models. The intuitive interpretation of oy, o1, o, and § is as for
Kripke ZJp-models. See the discussion just after Definition m The statement s € oq(L - a)
is intuitively interpreted as “a is a type in state s” or “a determines a permissible range of
quantification in state s”.

Lemma 5.1.5. If p’ = p[z/[X],] then [Y], = [Y[z/X]],-
Proof. If T = Ty, then we proceed by induction on the structure of Y. Otherwise, T = T
and p’ = p[z/[(X)cL],] and [Y],, = [(Y)cL],, so by the case T = Tqy, we have

Y1, = [(V)ewlz/(X)eLl],-

Thus [Y], = [(Y[z/X])cL], = [Y[z/X]], by Lemma . O

For convenience of reference, we now reformulate in terms of I, and I the conditions

from Definition [5.1.4]

Lemma 5.1.6. For any Kripke ZJ-model S and any valuation p the following hold for s € S,
X, YeTandx ¢ FV(X,Y, Z):

10. s,plHy EXY iff

e s,plH LX, and
o for every s’ > s and c € C such that s, plz/c] k1 Xx we have §', p[x/c] Ik Y,

11. s,p ko ZXY iff

e s,pl LX, and
o for every s’ > s and ¢ € C such that §', p[x/c] k1 Xa we have s, p[z/c] Ik H(Y ),
and

e there exists s > s and c € C such that ', p[z/c] -y Xa and §', plx/c] ko Y,
12. s,p 1 XY Z iff

e s,plH LY, and
o there exists ¢ € C such that s, plx/c| by Y and s, plz/c] Ik Zx,

13. s,p kg XY Z iff
e s,plH LY, and
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o for every ' > s and ¢ € C such that §', p[z/c| k1 Y we have s', p[z/c] Ik H(Zz),
and

o for every c € C such that s, p[z/c] Ik Y we have s, plx/c] Iy Zzx,
14. s,plFy LA for any s € S.
Proof. Follows from definitions. O

Theorem 5.1.7 (Soundness of Kripke semantics for Z.J).
[fF I_IJ M then I’ “_IJ M.

Proof. The proof is by straightforward induction on the length of derivation of I' = M.

Assume § is a Kripke ZJ-model, p a valuation and s € S. Suppose S, s I, I and consider
the last rule used in the derivation of I' = M. Since § is also a Kripke ZJp-model, all rules
of ZJp have already been verified in the proof of Theorem [£.1.8] Hence, it remains to consider
the following possibilities.

(ALI) Follows directly from condition |14]in Definition |5.1.4l

(ZI) Then M = =ZXY and x ¢ FV(I', X,Y) and I, Xa - Yz and I' - LX. Let ' > s and
¢ € C be such that ¢, p[z/c] IF; Xx. Since x ¢ FV(I'), we have ¢, p[z/c] IF T, Xzx.
Hence ¢, p[z/c] IF1 Yz by the IH. Of course, also s, p IF; LX, by the IH. Therefore,
s, ply M.

(EE) Then M = YZ and I' F ZXY and I' - XZ. By IH we obtain s,p IF; EXY and
s,plF1 XZ. Thus s, plz/[Z] )] IF1 Y2. By Lemma5.1.5, s, p Ik Y Z.

(EHI) Then M = H(EXY) and « ¢ FV(I', X,Y) and I', Xz - H(Yz) and I" - LX. Let
s’ > s and ¢ € C be such that ¢, p[z/c] IFy Xx. Then ¢, p[z/c] IF1 H(Yz) by the IH, so
syplz/c) Ik Yo or & plz/c] kg Ya. Also s, p Iy LX. Thus, if there exists s’ > s and
¢ € C such that ¢, p[x/c] IF; Xz and ', p[z/c] kg Y, then s, p IFg ZXY. Otherwise
s,plFy ZEXY. In any case s, p I M.

(EHE) Then M = ZX(HoY) and I' F H(ZXY). Let s > s and ¢ € C be such that
s, ple/c] k1 Xx. By the IH, s, pIFy ZEXY or s, p kg ZXY. In any case, §', p[z/c]| IF; Xz
implies §', p[z/c] IFy H(Yz). Obviously, also s, p Iy LX. Thus s, p IFy M.

(ELE) Follows from the IH and conditions [L0] and [L1] in Definition [5.1.4]
(XI) Follows from the IH, condition [I2]in Definition [5.1.4] and from Lemma [5.1.5]
(XE) Follows from the IH and condition [12]in Definition [5.1.4]
(XHI) Follows from the IH and conditions [12] and [13]in Definition [5.1.4]
(XHE) Follows from the IH and conditions [4] [10} [12] and [13] in Definition [5.1.4]
(XLE) Follows from the IH and conditions [12| and [13]in Definition |5.1.4}
O

We shall now prove that the semantics based on Kripke ZJ-models is also complete for ZJ.
For this purpose, we need to augment the definition of primeness.
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Definition 5.1.8. A set of terms I' over a signature X is prime with respect to 3 if:
e ' X implies X €T,
e 'FXVY impliessI'FX orI'FY,
o ' XY Z implies I' = Ye A Zc for some constant ¢ € X.

The following simple lemma implies that provability in ZJ is conservative under extensions
of signature.

Lemma 5.1.9. Let I' be a set of terms over X and M a term over X. Let X' O Y. Let by
denote provability in IJ with terms over X3, and sy provability in TJ with terms over X'
Then we have the following equivalence:

o Fl_EMZﬁ'FFZ/M

Proof. The implication from left to right is obvious. The other direction is proven by induction
on the length of derivation, showing that the constants from ¥’ \ ¥ may be replaced with
fresh free variables. O

Lemma 5.1.10. Assume X is a countable signature and C is a countably infinite set of
constants, disjoint with 33, such that XU C C Y. Let I be a set of terms over 3, and M a
term over X'

If Tt/ M then there exists a set I" D T' of terms over ¥ U C, which is prime with respect
to XU C and satisfies T t M.

Proof. Without loss of generality we may assume that C' = J,,.y Cn where C,, are pairwise
disjoint countably infinite sets of constants. Because the number of constants occuring in M
is finite, we may also assume that none of the constants in C' occur in M.

We define by induction sets I',, of terms over signature ¥, = ¥ U J, ., Ci such that
I, I/ M. We take I'y = I'. Now suppose we have defined I',,. Since X,,, and thus the set of
terms over Y, is countable, we may assume that C,,;; contains a distinct constant c¢ for
each term £ = XY Z in I',,. Consider the set X', ordered by inclusion, of all A C T(X,.1)
such that:

(a) ADT,,
(b) AV M,
(c) it E=XYZ isin I, and ¢¢ occurs in some term in A, then Yee A Zee € A.

It is easy to see that every non-empty chain L of elements of X has an upper bound |J L € X.
Of course, also X' # (), because T',, € X (note that the second condition follows from the
inductive hypothesis). Therefore, by Zorn’s Lemma, there exists a maximal element in X,
and we take I',, 11 to be any such maximal element. Obviously, we then have I',, .1 I/ M.

We prove the following:

1. if ¢ =XY Z is in I, then ¢ occurs in some term in I',1; (and thus Yee A Zee € T
by (c)),
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2. if Fn+1 F X then X € Fn+1,
3.l FXVY thenl'),,u FXor ', FY.

Suppose ¢ does not occur in any term in I', ;. We show that I',, 1y U{N} contradicts the
maximality of I',41, where N = Y¢e A Zce. It suffices to show that I',1q, N I/ M. Assume
otherwise. Since ¢ is a constant not occuring in any term in I',, 4 or in M, we may as well
change it to a fresh variable x. Thus we have I';,.1,Yx A Zz = M. It is easy to see that then
L1, Yo, Zoe = M. Since £ € T',, CT',,11, we have I',, 11 = £. So by (XE) we obtain I',, 11 - M.
Contradiction.

Now let A be any superset of I',,,1. Of course A D T, because I',, C I',,;;. Using the
implication just proven, it is easy to see that A also satisfies (c).

Suppose I',11 F X and X ¢ I',11. We show that ', 1 U{X} € X, which contradicts the
maximality of ', ;. It suffices to show (b), since the conditions (a) and (c) were shown in the
previous paragraph. If T’ 1, X = M and T',, ;1 X, then I, ;1 = M by (Cut), contradiction.
So I'py1, X I/ M and thus (b) is satisfied for ', U {X}.

Suppose I',,.1 F XVY and ', 14 i/ X and T',,1 /Y. Then either I, (yU{X} or [, . U{Y}
contradicts the maximality of I',,41. It suffices to show that at least one of I',,1; U {X} or
[',41 U{Y} satisfies (b). Assuming otherwise, I, 1, X - M and I',,;1, Y - M, s0o ' n b M —
contradiction.

Now, we finally take ¥’ = (J, .y 2n and IV = {J,, oy I'n. It is easy to see that I is prime
and IV I/ M. This follows from the fact that if [ = X then A F X for some finite subset
A CT'. So there exists n such that A C T, and X € T(%,). Thus I', F X, so X € I',44,
from which the claim easily follows using the three implications shown above. O

The proof of completeness for ZJ is similar to the proof of Theorem [4.1.11]

Theorem 5.1.11 (Completeness of Kripke semantics for ZJ).
[fF H_IJ M then T’ '_IJ M.

Proof. Assume T' I/ M. We construct a Kripke ZJ-model S = (C,1,S,<,00,01) and a
valuation p such that there exists a state s € S with s, pIF T but s, p | M.

Let C; € Cy C ... be countable sets of constants disjoint with 3 and such that C,,1 \ C,
is infinite for each n € N. Let X, = X U C,,, C = [J,,ey Cn and X' = XU C.

As the carrier of C we take fn-equality (for ZJ,s: [-equality, for ZJcop,: w-equality)
equivalence classes of terms from T(X'). We will denote by [X] the equivalence class of X.
We take k = [K], s =[], etc. As h we take [Az.Pxz], and as L we take [Az.Ezx]. Application
is defined by [X] - [Y] = [XY]. It is easy to check that C is a FOICA which is extensional
(for ZJp,s: a A-model) and it satisfiesh-a =p-a-aandL-a==-a-a for any a € C.

The set of states S is defined as the set of all pairs (I, 3,,) such that I is a consistent set
of terms over ¥, which is prime with respect to >,,. Because I' t/ M, the set S is non-empty,

by Lemma [5.1.10, We define:
e 0 ([X])={(I"%,) e S| T"+ X},
o oo([X]) = {(I",%,) € S| ' F HX and I" I/ X}

92



Note that oy and o are well-defined because of rule (Eq). The order < on states is defined
as follows: (I'1,%,) < (['y,%,,) iff '} C 'y and n < m.

It remains to check that the conditions on oy and oy from Definition [5.1.4] are satisfied.
Conditions 1-9 follow by proofs analogous to those in the proof of Theorem [1.1.T1] but using
Lemma instead of Lemma [£.1.10l We check the remaining conditions.

10. The implication from left to right follows from rules (HI), (ELE) and (ZE). For the
other direction, suppose I is a consistent set of terms over Y, which is prime with
respect to X,,, and IV - LX, and:

(%) for all (I, %,,) > (I'",%,) and all Z such that I' -+ X Z we have ' Y Z.

Let x ¢ FV(I", X,Y) be a fresh variable, and assume I'', Xz I/ Y. Let &k > n be
such that X € T(3;). Then by Lemma there exists a set I D IV U { Xz} of
terms over Y, 1 which is prime with respect to ¥;,1 and satisfies I I/ Y. But this
contradicts (x). Therefore, IV, Xz F Yz, and since also I'' - LX, we obtain [" F ZXY
by rule (ZI).

11. The implication from left to right follows from rules (£LE), (EHE) and (Z), and from
Lemma [5.1.10, For the other direction, suppose I is a consistent set of terms over X,
which is prime with respect to ¥, and

o I'FLX,
e for every (I, %,,) > (I",%,) and every Z such that I F X Z we have I - H(Y Z),
e there is (I'g, X,,) > (I",%,) and Z, such that I'y - X Z, but 'y i/ Y 7.

Using Lemmal5.1.10|and rule (ZHI) we may show I - H(ZXY"), by a proof analogous to
the proof of IV = ZXY in the previous point. Assume also IV = ZXY. Then I'y - ZXY,
because [y D I". Since also I'y = X Zy we obtain I'g - Y Z by rule (ZE). Contradiction.

12. The implication from left to right follows from rules (HI) and (XLE), and from primeness.
The implication from right to left follows from rule (XI).

13. The implication from left to right follows from primeness and rules (XLE), (XHE), (ZE)
and (XI). The implication from right to left follows from rule (XHI), Lemma [5.1.10| and

primeness.
14. Follows from (ALI).

We define the valuation p by p(z) = [z]. By Lemma [5.1.10| there exists a set IV O T" of
terms over ¥; which is prime with respect to ¥; and satisfies IV t/ M. So (I, ¥;) € S. It is
easy to check that (IV, ¥1), p IF T" but (I", 1), p ¥ M. O

5.1.2 Classical semantics

In this section we define two variants of classical semantics for ZK. The first one is based
on classical ZK-models, which are simply single-state Kripke ZJ-models. In contrast to the
propositional case, we have not been able to show that this semantics is complete. There
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is one subtlety which prevents a straightforward adaptation of the standard Henkin-style
completeness proof. In fact, it seems plausible that classical ZK-models may not be complete
for ZK. We will explain this in more detail later.

The second semantics, which is complete, is based on Kripke ZK-models, which are
Kripke ZJ-models (C, I, S, <, 00, 01) satisfying: for all s € S and a € C, if s € o,(a) then
s€oy(vea-(p-a-l1)).

Definition 5.1.12. A classical ZK-model is a Kripke ZJ-model with exactly one state sg.
For a classical ZK-model we adopt the abbreviations 7 = {a | so € 01(a)} and F = {a |
sop € og(a)}. Note that a FOICA C and the sets 7 and F uniquely determine a classical
ZK-model. We sometimes say that a tuple M = (C,I,T,F) is a classical ZK-model.

For convenience of reference, we reformulate in terms of 7 and F the conditions on o
and oy from Definition [5.1.4] The reformulation of conditions 1-9 is as in Definition [4.1.12]

The remaining conditions are reformulated as follows:

10. =-a-be Tiff

eL-acT,and

e for every ¢ € C such that a-c €T we have b-c € T,
11. =-a-be Fiff

e L-a€ T, and
e for every ¢ € C such that a-c €T we have b-c € T U F, and
e there exists ¢ € C such that a-c € T and b-c € F,

12. x-a-be T iff

eL-acT,and

e there exists c€ C such that a-c€ T and b-c€ T,
13. x-a-be Fift

eL-ac T, and

e for every ¢ € C such that a-c €T we have b-c € F,

4. L-A€eT.

For a classical ZK-model M and a valuation p, the notations M,p |, M, p = M,
M, p ;T etc., are defined as in Definition [4.1.12}

The intuitive interpretation of 7 and F is the same as for classical ZKp-models: 7T is the
set of true elements, and F is the set of false elements.

Theorem 5.1.13 (Soundness of semantics for ZK based on classical ZK-models).

Proof. The proof proceeds by induction on the length of derivation of I' = M, like in the
proof of Theorem [5.1.7} Only the additional rule (EM) needs to be checked, which is done in
exactly the same way as in the proof of Theorem [4.1.14] O
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As we have remarked, it is an open problem whether the semantics based on classical
ZIK-models is complete for ZK. The standard Henkin-style completeness proof cannot be
easily adapted. To see where the problem is, consider conditions 13 in Definition [5.1.12] To
show this condition for a one-state model we would need to have the following for prime I

(x) if ' FLX, and for every Z, I' - XZ implies I' - =Y [z/Z], then ' F =(3z : X . Y').

HTF (3z:X.Y)V(3r: X.Y) then (x) follows from the primeness of I', but we have
excluded middle only for terms 3z : X .Y for which H(3z: X .Y) is provable. Essentially, this
makes it impossible to easily adapt the standard trick with Henkin constants in the case we
have only one state. This observation also makes it plausible that classical ZK-models may in
fact not be complete for ZK. However, proving this would probably be difficult. One would
need to find a term M which is not provable in ZK but is true in all classical ZK-models.
Finding such a term would imply the consistency of ZK. Moreover, the model construction
for ZK that we provide to show consistency is a construction of a classical ZK-model, so it
cannot be used to settle this question.

Definition 5.1.14. A Kripke TK-model is a Kripke ZJ-model (C, I, S, <, 09, 01) satisfying:
e forallse SandaeC,if s € o4(a) then s€ oy(v-a-(p-a-1)).

Semantics based on Kripke ZK-models seems somewhat less intuitive, but it is easy to see
that it is sound and complete for ZK. We state the relevant theorems without proofs, since
they are straightforward modifications of the proofs for ZJ. One just needs to consider the
additional cases to account for the condition in Definition [5.1.14] We shall denote by 7k
the semantic consequence relation with respect to Kripke ZK-models.

Theorem 5.1.15 (Soundness of the semantics for ZK based on Kripke ZK-models).
[fF |_IK M then I H_kIK M.

Theorem 5.1.16 (Completeness of the semantics for ZK based on Kripke ZK-models).
[fF “_kZK M then T’ |_IK M.

5.2 Model constructions

In this section we construct models for ZJ and ZK. A corollary is consistency of these systems.
Like in Section the constructions are parameterised by appropriate models for traditional
systems, and used later to show completeness of translations of corresponding traditional
systems into ZJ and ZK.

5.2.1 Model construction for ZJ

Fix a Kripke NJ-model § = (S, <,{A; | s € S}). We construct a Kripke ZJ-model M
parameterised by &. The construction is a relatively straightforward extension of the
construction from Section [4.2.1. We assume that function and relation symbols of NJ are
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present in the syntax of ZJ. Also, for the purpose of constructing the model, we assumeﬂ that
each element of (J, ¢ As occurs as a distinct constant in the set of terms T. Without loss of
generality we may assume that for s;, sy € S, if there is no sg with sg < s7 and sg < s9, then
A, N Ag, = 0. We will construct the model M from appropriate equivalence classes of terms
from T. As in Section [4.2.1] we adopt the abbreviation T = P_L L. In this section we adopt
the convention LX = ZX X, i.e., when we write LX this stands for ZX X, not for (A\x.Zzx)X.
This convention is to shorten notations. The important thing is that LX is never a redex.

Definition 5.2.1. We define binary relation —z on T as the compatible closure of the
following rules:
e rules of 8- and n-reduction,
e fai...a, — aif f is a function symbol and there is s € S such that aq,...,a, € A,
and f4(ay,...,a,) = a.

Denote by — the compatible closure of the rules for function symbols above. Assume

fai...a, — a and fay...a, — b. Then a = f*1(ay,...,a,), b = fA2(a,...,a,) and
a,...,a, € As, N A, for some sy, s9 € S. So there is sy < s1, 59 with ay,...,a, € As,. But
this implies f41(ay,...,a,) = fA2(a1,...,a,) = f*o(ay,...,a,). Hence —p is confluent.

Using Lemma [2.3.4] one also easily shows that —r commutes with gn-reduction. Therefore,
it follows from the Hindley-Rosen lemma that — is confluent (see Lemma [2.3.3]).

Definition 5.2.2. For s € S and an ordinal a we inductively define binary relations >¢
on T by the rules from Definition [4.2.1] except (V) and (V) plus the following rules, where
the relation ~ is given by: X ~»® Y iff X 55 - =2 Y. The notations ~+=* and =% are as
in Definition £.2.1]

(LAt) LA>2 T,
Aa =2 T if a € Aj,
Tifay,...,a, € Ay and (a4, ..., a,) holds,

)

) raj...a, =2

(r.) ray...a, =% Lifai,...,a, € A; and r*:(ay, ..., a,) does not hold,
)
)

EAX =9 T if for every s’ > s and a € Ay we have Xa~3% T,

EAX = L if
— for every s’ > s and a € Ay we have Xa~35% p with p € {T, L},
— there exists ' > s and a € Ay such that Xa~35* L,

(XAT) XAX =% T if there exists a € A, such that Xa~5* T,

(XAT) XAX =2 L if

3This assumption holds only in the present section — in general the syntax of ZJ is not assumed to be
parameterised by any specific Kripke NJ-model. It is more convenient to extend the terms of ZJ and build the
Kripke ZJ-model from equivalence classes of these terms, then to define a separate class of terms specifically
for the model construction.
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— for every s’ > s and a € Ay we have Xa~3% p with p € {T, L},
— for every a € A, we have Xa ~5% L.

Above X is an arbitrary term.

Like in Section [4.2.1] we assume that s € S, f and r are function and relation symbols,
p,p ... €{T, L} and M, N, X, Y, Z, etc., are terms, unless otherwise stated.

Lemma 5.2.3. If X =% p and X SrY, then Y =% p.

Proof. The proof is completely analogous to the proof of Lemma [4.2.2] One just needs to
consider additional easy cases corresponding to new rules in Definition [5.2.2] O

Corollary 5.2.4. X ~¢Y iff there exists X' such that X =g X' =2Y.

Lemma 5.2.5. The following conditions hold.

1. If M =% T and s’ > s then M =% T.

2. If M =% L and s' > s then M =% T or M =$ L.
Proof. The proof is analogous to the proof of Lemma The additional cases are
straightforward. O
Lemma 5.2.6. The following conditions hold.

1. If M =5 p then M =% p.

2. If M =¢ T then M #¢ L.

Proof. Again, the proof is analogous to the proof of Lemma [4.2.5] the additional cases being
straightforward. m

Like in Section it follows from Lemma and Theorem that there exists
the closure ordinal ¢, i.e., the least ordinal such that >=$ = =5¢ for each s € S. We write =,
and ~», without superscripts to denote =$ and ~+§. If the set of states S is finite and for
all s € S the structure A, is finite, then ( = w. In general, ( may depend on the Kripke
NJ-model S.

Lemma [5.2.3| and the second part of Lemma [5.2.6| imply the following corollary.

Corollary 5.2.7. The reduction system (—g,{>s}ses) is coherent.
Coherence implies that the following is a good definition.

Definition 5.2.8. Define Ms = (C, 1, S, <, 00, 01) where:

e C is the extensional first-order illative combinatory algebra constructed from the < -
equivalence classes of terms, with k = [K], s = [S], p = [P], etc., where by [X] we denote
the equivalence class of X,

e [ is defined by I(c) = [c],
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e S is the set of states of S,
e < is the order on states from S,
e 01([X])={se S| X~ T},
o 0p([X])={seS|X~, L}
Theorem 5.2.9. The structure Mg is a Kripke ZJ-model such that for each relation symbol r

(in the signature of NJ) there is T € C, and for each function symbol f there is f € C, and
for each s € S and each a € Ay there is a € C, so that for s € S and ay,...,an,a € Ay:

o foay-...-a, =aiff fAay,...,a,) =a,
esco(F-ar-...-ay) iff r(ay,...,a,) holds,
e scoy(T-ay-... @) iff r*(a1,...,a,) does not hold.

Proof. Using Corollary it is straightforward to check that Mg is a Kripke ZJ-model
satisfying the required conditions. O]

Corollary 5.2.10. The system ZJ is consistent, i.e., /5 L.

5.2.2 Model construction for ZK

The construction for ZK is an extension of the construction for ZKp from Section [1.2.2]
Let A be a classical NK-structure. We construct a classical ZK-model (Definition [5.1.12)).
The construction is parameterised by .A.

We assume that the function and relation symbols of NK are present in the syntax of ZK.
For the model construction, we also assumd’] that all elements of A occur as distinct constants
in the set of terms T. As in Section [5.2.1] we adopt the convention LX = ZX X.
Definition 5.2.11. We define a reduction system R = (—g, {>}) by the rules for reduction

e rules of n- and [-reduction,

e fai...a, wraifay,...,a, € Aand fA(ai,...,a,) = a,
the rules from Definition [4.2.10 except (V) and (V), and the following rules:

(LAt) LA T,

raj...a, = T ifay,...,a, € Aand r*(ay, ..., a,) holds,

)
(rv) ray...a, = Tifay,...,a, € Aand r*ay,...,a,) does not hold,
) EAX > T if for every a € A we have Xa~ T,

) ZAX = L if

— for every a € A there is p € {T, L} with Xa ~ p,
— there exists a € A such that Xa~» L,

4This assumption holds within the present section. Cf. Section m
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(XAT) XAX > T if there exists a € A such that Xa~ T,
(XA) XAX = L if for every a € A we have Xa~> L,
where X ~+ Y denotes X = - = Y.

If the structure A is finite then w is the closure ordinal of the definition of >. In general, the
closure ordinal depends on A and it may be quite large even for countable structures. Indeed,
we conjecture (but we have not checked the details) that if the structure A is sufficiently rich
(essentially includes the natural numbers with enough operations on them), then the closure
ordinal ¢ is at least the Church-Kleene ordinal w{¥, i.e., the first non-recursive ordinal (see
e.g. [Rogb67, §11.7-8]). Indeed, if { were recursive then, by encoding ordinals below ¢ with
natural numbers, we could essentially replicate the definition of ~» inside the structure M4
(see Definition below), i.e., we could define a term 7" such that TX ~» T iff X is the
code of a true element of M 4. By a diagonal argument this would lead to a contradiction.

Lemma 5.2.12. The reduction system R is coherent.

Proof. We check the conditions in the definition of coherence. The compatible closure of
the reduction rules for function symbols is a confluent relation. Using Lemma [2.3.4] one
also easily checks that reduction according to the rules for function symbols commutes with
Bn-reduction. Thus — 5 is confluent by Theorem [2.3.9] and the Hindley-Rosen Lemma [2.3.3
The remaining two conditions follow by straightforward transfinite induction, like in the proof
of Lemma [£.2.11] O

Definition 5.2.13. Define M4 = (C,I,T,F) where:

e C is the extensional first-order illative combinatory algebra constructed from the R-
equality equivalence classes of terms, with k = [K], s = [S], p = [P], etc., where by [X]
we denote the equivalence class of X,

e [ is defined by I(c) = [¢] for ¢ € X,
o T={[X][X~T}
o F={[X]| X~ L}.
Theorem 5.2.14. The structure My is a classical ZK-model such that for every a € A

there is @ € C, for every relation symbol r there isT € C, and for every function symbol f
there is f € C, so that for ai,...,a,,a € A:

o foar-...-a, =aiff fAay,...,a,) = a,
eT-ay-...-a, €T iffrai,...,a,) holds,
o7 -Gy ...y € F iffr*(ay,...,a,) does not hold.

Proof. Using Lemma [£.2.T1] it is easy to check the conditions from Definition [5.1.12] The
additional conditions in the statement of the theorem hold by construction. O]

Corollary 5.2.15. The system ZK 1is consistent, i.e., t/7x L.
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5.3 Translations

In this section we show sound and complete syntactic translations of traditional systems of
first-order logic into corresponding illative systems. The proofs are similar to the ones in
Section 4.3

We adopt the notational conventions like in the previous section, i.e., X, Y, Z, etc., stand
for terms in T. Also ¢, s, etc., stand for first-order terms, ¢, v, etc., stand for first-order
formulas, and A, A’] etc., stand for sets of first-order formulas. We assume that all function
and relation symbols of traditional systems occur as constants in T, and all variables of
traditional systems occur as variables in T. Sometimes we write, e.g., A, ¢ instead of AU {p}.

Recall the following abbreviations from Section [I.1}

F = leyf.Zx(Az.y(f2))
FO = I
Fori = Avy...zpy.Fey(Foxe . 201y)

Intuitively, FXY F' means that F' is a function from X to Y, and F,X; ... X,,)YF means
that F' is an n-argument function from Xy, ..., X,, to Y.

Definition 5.3.1. We define a mapping [—| from first-order terms and formulas to the set
of terms T of illative systems, and a context-providing mapping I'(—) from sets of first-order
terms and formulas to sets of terms from T. The definition of [—] is by induction of the
structure of its argument:

e [z]| =z for x a variable,

o [f(tr,-. . tn)] = flta]. .. Ttal,
o (T(tl,..., to)] =rlti] ... [ta],
o [L]=
e [pV WEROWVWL
o [onY] =T[pl AfY],
o [0 =] =[e] D[],

[

Va.p] = EANz. o],
o [Jr.p] = XAAz.[p].

We extend the mapping [—] to sets of first-order formulas thus: [A] = {[¢] | p € A}
For a set of first-order terms and formulas A, the set I'(A) is defined to contain:

e F,A...AHr for each relation symbol r of arity n, where A occurs n times,
e F,A...AAf for each function symbol f of arity n, where A occurs n + 1 times,
e Ax for each z € FV(A),

e Ay for a fresh variable y, i.e., we assume y not to occur free in any first-order formula.E]

5Note that the set of variables of T is distinct from the set of first-order variables. We assume each
first-order variable to occur as a variable in T, but not vice versa.

100



The last point is necessary, because in ordinary logic the universe is implicitly assumed to be
non-empty. If we did not include the last point, we would not be able to prove soundness of
the translations. In the proof of Theorem [5.3.4/ we would not be able to transform an arbitrary
Kripke ZJ-model into a Kripke NJ-model, because some of the universes A, might turn out
to be empty. The proof of Theorem would break down in the case for implication
elimination.

Lemma 5.3.2. I'({t}) 75 A[t].

Proof. Induction on the structure of ¢. m
Lemma 5.3.3. I'({p}) Fz; Hl¢].

Proof. Induction on the structure of ¢, using Lemma [5.3.2] m

Theorem 5.3.4 (Completeness of the translation for ZJ).

Proof. Assume A IFyy . Let M = (C,I,S,<,00,01) be a Kripke ZJ-model, s, € S and p
an M-valuation such that M, sg, p IF T'(A, ), [A]. We define a Kripke NJ-model

S = <S, S, {As}>

by taking S and < to be the same as in M, and defining A, = (A, {7}, {r/**}) by:

e A,={ceClseco(r-0)},

o fA(ay,....a,)=1I(f) ar-...-ap,
As(ay,...,a,) holds iff s € oy (I(r) - ay-...-ay).
Note that As # () for s € S. This is because Ay is present in I'(A, ¢) for a fresh variable y,
so for each s > s there exists a € C such that s € oy(a-a). Hence S is a well-defined Kripke
NJ-model.

For v an M-valuation and s > sq, we define an Ag-valuation vs by: vs(x) = v(x) for
x € FV(A, p), and vs(x) = a for other variables x ¢ FV(A, ) and some arbitrary a € A,.
This is well-defined, because Ax is present in I'(A, ¢) for = € FV(A, p).

First, by induction on the structure of a term ¢ such that FV(¢) C FV(A, ¢) we show for
s > Sp:

(a) [t1* = [o-
Then, by induction on the structure of a subformula 1 of a formula from A U {¢}, we prove
that for s > sy we have:

(b) S, s,vs IF 9 iff M, s vl [¢].

For example, we show the case 1) = Vx.1)'. Other cases are similar, with Lemma and
Theorem needed for implication. We also need to use (a) for the base case when
W =r(ty,. .. t,). Assuming ¢ = Va.)' we have [¢] = ZA(Az.[¢]).

LN
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Suppose S, s,vs IF Vz.)'. Let & > s and a € C be such that s’ € oy(a-a). Then
a € Ay, s0 8,50, IF ¢ where v'(y) = v(y) for  # y and v'(z) = a. By the inductive
hypothesis M, s',v" IF [¢']. Since s’ > s was arbitrary, and of course M, s I LA, we obtain
M, s, v lF EAAz.[Y]).

Now assume M, s, v I [Vx.ap], i.e., M, s, vk ZA(Az.[¢']). Let & > s and a € Ay. Then
M, s v IF [¢'] where v'(y) = v(y) for y # = and v'(z) = a. By the inductive hypothesis
S, v, IF 4. This implies that S, s |- Va.9'.

Hence, by (b), we have S, sq, ps IF A, because M, sg, p IF [A]. Thus S, so, ps IF . This
in turn implies M, sg, p IF [¢]. Since M, sy and p were arbitrary satisfying M, sq, p IF
L(A, ), [A], we have T'(A, ), [A] IFz3 [¢].

Assume I'(A, ), [A] IFz5 [¢]. Let S = (S, <, {A; | s € S§}) be a Kripke NJ-model,
sp € S and p be an Ay, -valuation such that S, sg, p IF A. We construct a Kripke ZJ-model M
using Theorem [5.2.9] This model has the same states and state ordering as . By induction
we show that it satisfies the following for s > sy and v an A,-valuation:

o M,s, Ul Aft],

o M,s,vlFH[Y],

o [t =i,

o M,s, Tl [Y]iff S,s,v -,

where FV(t,1) C FV(A, ¢), and 7 is an M-valuation such that v(z) = v(z), where @ for
a € A, is like in Theorem [5.2.9] The proof is straightforward and we omit it.

Hence, we have M, sy, p IF [A], because S, s¢, p IF A. If follows from the definition of M
that also M, sg, 7 IF T'(A, ). Thus M, so,pIF [¢]. So S, sg, p Ik @. Since S, so and p were
arbitrary satisfying S, s, p IF A, we obtain A Iy . m

Corollary 5.3.5. A bny ¢ iff T(A, ), [A] Fz5 [¢].
Proof. Follows from Theorem [5.3.4] Theorem [5.1.7] Theorem [5.1.11] and Theorem 2.4.10] O

Theorem 5.3.6 (Soundness of the translation for ZK).

Proof. Because we have not proved completeness of classical ZK-models for ZK, the proof
needs to be done syntactically, using Lemma [5.3.3] We proceed by induction on the length
of derivation of A Fyk ¢. The interesting case is with implication elimination. So assume
A Fnk ¢ was obtained from A Fyk ¢ and A Fyk ¥ — ¢. By the inductive hypothesis

F(A,%Tﬂ), (A—‘ I_IK hﬂ - “0—‘
and also I'(A, ), [A] Fzx [¥]. Since I'(A,¢) CT(A, p,9) =T'(A, ) UT'(¢) we obtain
L(A, ), T(¥), [A] Fzx [e].

We have I'(¢)) \T'(A, ¢) = Azy, ..., Az, for some z1,...,x, € FV(¢)) \ FV(A, ). Recall that
Ay € T'(A, ) for a fresh variable y ¢ FV(A, p, ). Substituting y for each x;, by (Sub) from

Lemma [1.1.2) we have ['(A, ), Ay, ..., Ay, [A] Fzx [¢], ie., T(A, p) Fzx [¢]. O
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Theorem 5.3.7 (Completeness of the translation for ZK).
IfT(A, ), [A] Fzx [¢] then A i .

Proof. Assume I'(A, ), [A] Ezx [¢]|. Let A be a classical NK-structure and p an A-
valuation such that A,v = A. Take M to be the classical ZK-model obtained by applying
Theorem to A. It is easy to check by induction on the structure of a formula 1 that:

o M, = Alt],

e M,7 = H[y],

o [t =Tl

o M7 0] iff A v =,

where T is an M-valuation such that v(z) = v(z), where @ for a € A is as in Theorem [5.2.14
Then we have M,p = I'(A,¢), [A]. Thus M,p = [¢]. Hence A,p = ¢. Therefore,

Corollary 5.3.8. IfT'(A, ), [A] Fzk [¢] then A Fxk .
Proof. Follows from Theorem [5.3.7, Theorem [5.1.13] and Theorem [2.4.8| O
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Chapter 6

Higher-order predicate logic

6.1 Illative systems

Definition 6.1.1. The system ZKw of intensional classical higher-order illative combinatory
logic comes in three variants ZKwyg,, ZKwyg and ZKwcr,, which differ in the underlying
reduction system. As in the preceeding chapters, we shall only give definitions and proofs
for ZKw)g,, and possibly note the differences with other variants. The set of terms T is
defined separately for each variant, basing on a signature > containing the following illative
constants: =, A, V, =, L, and a constant A, for each 7 € B, where B is some specific set of
base types. We adopt the abbreviations (see also Section :

o | = —IJ_,

e X \NY =AXY,

e XVY =VXY,
XDOY=-XVY,

e H=)\r.xV -z,

L = \z.Bzx,

X = vy~ (Ex(Az.-(yz))),

o Vz: X.Y =ZX(\z.Y) where z ¢ FV(X),
e dr: X.Y =XX(\2.Y) where z ¢ FV(X),
F=XeyfZx(Azy(fz2)),

® FoEI,

Froii = Avq .o xpy.Fo(Frzs .o 2pay),
e A~ B=FAB,

QL = XaxyVp:a — H.pzx D py,

X =Y =QLAXY
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The rules of ZKw are those of Figure .3 and Figure [6.1]

The illative primitive Qr, represents typed Leibniz equality: QA denotes Leibniz equality
in type A. As mentioned above, we usually write X =4, Y instead of QAXY. The
system ZKw may be extended to a system eZKw extensional wrt. Qz by adding the following
rules:

'FVe:A. Xe=pYzr 2¢FV(X,Y A B)

TFX =457 (Fxty)
ITFXOY THYOX
TFX=pyY (Exty)
'XzkFYzr THLX z¢FV(I,X,Y) (=D TF=XY TFXZ (ZE)
TF=XY = TFYZ =
THFXZ TF—(YZ) LeLY o
TF —(ZXY) =
I'F—~(EXY) I, Xz,~(Yz)F2Z 2¢FV(,X,Y,Z) , _
TFZ (-=E)
I, XzFH(Yz) TFLX x¢FV@g&Y)FHD
I'FH(EXY) -
I'FHEXY)
rrix =B
S PFLX T, XzkLlY 2¢FV(T,X,Y)
rr A, AL rrn (Y Tk L(FXY) (FL)

Figure 6.1: Additional rules of ZKw

Lemma 6.1.2. The rules from Figure rule (EM) from Definition and rules (XI),
(XE), (XHI) and (XLE) form Figure are all admissible in TKw.

Proof. Straightforward, using Theorem 4.1.18] O]
Lemma 6.1.3. IfTF X =, Y, I'FFABZ, '+ AX and "' LB, thenl'-ZX =5 ZY.

Proof. Assume ' - X =, Y, I' - FABZ, ' LA and I' + LB. Since I' F LB, by (ZI) it
suffices to show
(%) I'FBHp Fp(ZX) D p(ZY).
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Let M = Ax.p(Zz). We have I', FBHp - FAHM, because I' - FABZ. Hence
T,FBHp+ MX > MY
because I' H X =4 Y. Therefore
[ FBHp, p(ZX) F p(ZY)

by (PE) and (Eq). Because I' - AX and I' - FABZ, we have I', FBHp - H(p(ZX)). Hence
we obtain (x) by (PI). O

Definition 6.1.4. A higher-order illative combinatory algebra (HOICA) is a tuple
(C,- ks, AV, =, L2 {Ar }ren)

where (C, -, k,s) is an extensional combinatory algebra, a,v,~, 1,z € C and A, € C for 7 € B.
In other words, a higher-order illative combinatory algebra is an extensional combinatory
algebra with additional distinguished elements. We often confuse a HOICA with its carrier
set C. In a HOICA C we define the elements h, p, etc., by the following equations, for arbitrary
a,b,c €C:

eh-a=v-(--a)-a,
v

ep-a-b= -~-a)-b,
eL.-a=%-a-a,
ex-a-b=--(z2-a-(s-(k-=)-b)),

b
ef-a-b-c=z-a-(s-(k-b)-c),
eq-a-b

where e € C is the unique element such that
e-d=p-(d-b)-(d-c)

for any d € C. Note that the above equations uniquely define elements of C, because C is
extensional.

Definition 6.1.5. An ZKw-model is a tuple (C, I, T, F) where:
e (C is a higher-order illative combinatory algebra.
e [ is a function from 3 to C.

e 7 and F are sets of elements of C satisfying the following for any a,b € C, where we
use the notation 7 (a) ={b|a-be T} fora €C.

1. TNF =10,
2. L€ F,
3. ~racTiffae F,
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~ra€e FiffaeT,

cbeTiffaeTorbeT,

-be Fiffae Fand b € F,

beTiffaeT andbe T,

be Fiftae Forbe F,

-be T iff L-a e T and for every c € C with a-c € C we have b-c € C,
10. 2-a-be Fiff L-a €T and there exists c € C witha-c€ T and b-c € F,
11. L-heT,

12. LA, € T for each 7 € B,

13.ifL-aeT,and T(a)=Qorr-beT,thenr-(f-a-b) €T.

R N
m > > < <
2 2 2 8 ©

[1]

An eZKw-model is an ZKw-model additionally satisfying the following for all a, b, ¢, d € C:
14. if L-a € T and for every e € T (a) we have q-b-(c-e)-(d-e) € T, thenq-(f-a-b)-c-d € T,
15. ifa,b €T ora,b€e Fthenq-h-a-beT.

Let M be an ZKw-model or an eZKw-model. An M-valuation is a function from V to C
(cf. Definition [2.3.17)). Given an M-valuation p : V — C we define the value of M € T¢y,
denoted [M]7" or just [M],, by induction on the structure of M:

[[a:]]p =plz)ifz eV,

[KI, =k, [S], =S,

=1, =~ V], =v, [Al, =, [L], = 1, [E], = =,
[c], = I(c) if c€ X\ {~,V,A\, L,E},

[MyMs], = [Mi], - [Mi],-

For M € Ty we set [M], = [(M)cL],-

If [M])" € T, we write M, p = M. If M is closed then we write M |= M. We write
M,pETif M,p = M for all M € T'. Finally, we write I' Frkw M (resp. I' ek M) if for
every ZKw-model (resp. eZKw-model) M and every M-valuation p, the condition M, p =T
implies M, p = M.

Lemma 6.1.6. If p' = p[z/[X] ] then [Y], = [Y[z/X]],.
Proof. Analogous to Lemma [5.1.5 m
Theorem 6.1.7. [fI' 7 X then ' =7 X, where T = TKw or T = eZKw.

Proof. Straightforward induction on the length of derivation of I' 7 X. O]
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6.2 Model construction

In this section we construct a model for ZKw and eZKw, thus establishing consistency of
these systems. The model construction is parameterised by a standard model

N={D:|7eT}1)

for higher-order logic (see Definition [2.4.13). We assume the set of base types B in the
model A to be the same as the set of base types of ZKw, and that all constants of NKw are
present in the syntax of ZKw. For the model construction, we also assume that each element
d € D, for any 7 € .7 occurs as a distinct constant in the set of terms T. If I(c) =d € D,
then without loss of generality we assume that ¢ = d. If f € D,,, and a € D;, then to
avoid confusion with the term fa we write fV(a) instead of f(a) to denote the value of the
function f at argument a. Without loss of generality, we identify the term L (resp. T) with
the element L (resp. T) of D,. In this section we use the abbreviation LX = ZX X i.e.,, LX
stands for ZX X and not for (Az.Zxx)X. This convention is to shorten notations.

Definition 6.2.1. For 7 € 7 and an ordinal a we define the representation relations
=2 € T x T, the contraction relation —+* € T x T, and the relation >% € T x .7 inductively.

The notation X ~2 Y stands for X 5% =2Y, and the notations >=%, ~»=* are defined as
usual.

(8) (. X)Y - X[z/Y),
Ar. Xz —* X if ¢ ¢ FV(X),

fX =9bif f € Dyyory, b€ Doy, fN(a) =band X —=% a, for some a € D,
d>*dfor d € D, and 7 € BU {0},

(n

)
)
)
) X =2dif T =7 = 7, d € D;_y, and for every a € D, we have Xa~35* dV(a),

(—7) ~X =0 Tif X =5@ 1,

(m1) "X >0 Lit X 5T,

(Vi) XVY =0 Tif X =S¢ Tor YV =50 T,

(Vo) XvY >=¢Lif X >5s*LlandY »5* L,

(Ar) XAY =0TiHX>5*TandY 5T,

(AL) XAY =0 Lift X >=s*LorY =51,

(E1) EXY =0 T if X =5 7 and for every d € D, we have Yd ~5* T,
) EXY =% Lif X »5 7 and there exists d € D, with Yd ~5* L,
) LX =0 Tif X >=5% 7 for some 7 € .7,

) Ad =2 TifreBanddeD,,
) H>% o,
) A =% 7 for T € B,
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(F7) MEXA\eY[y/(fx)]) =% 1 = nif fLo ¢ FV(X,Y), X >=5% 1 and A\y.Y ~5% 7.

It is to be understood that the relation — is the compatible closure of the rules (53), (n)
and (), while the relations > for 7 € .7 and >% are defined directly by the corresponding
rules, i.e., without taking compatible closure — these are not contraction relations.

It is easy to see that for a < k we have —* C =" > C > for 7 € .7, and >% C >%.
Hence by Theorem there is the closure ordinal ¢ with —¢ = —<¢ =¢ = =<Cfor 7 € .7,
and =% = »5°. We use the notations —, =, (1 € .7), =5 for =<, ¢ (1 € 7), =5,
respectively.

By —¢ we denote =\ —,, and by —, we denote — \ —3,. We sometimes write — g,
instead of — to avoid confusion with other reduction relations. The relation —, is called
~v-contraction, and its transitive-reflexive closure —*m is called y-reduction.

We define the reduction system R by R = (=g, {>r}rez U {>7}). The reduction
system R* is defined by R* = (=, {>=2},c7 U {>%}).

The intuition behind >, for 7 € 7 is that X >, d means “X is represented by d in
type 77, i.e., “X behaves exactly like d in every context where a value of type 7 is expected”.
The closure under arbitrary contexts where a value of type 7 is “expected” is essentially
implemented by v-reduction. The relation X >4 7 is interpreted as “X intepreted as a type
is represented by 77.

The rules for >, correspond to the conditions on 7 and F in Definition [6.1.5. They are
as one would expect them to be, except perhaps the rules (1) and (Z,). Instead of the
rule (E1) one might expect

(27) EXY =2 Tif LX =5 T and for all Z such that XZ ~5% T we have YZ ~5* T.

However, in this rule there is a negative reference to ~»5® in XZ ~»5% T, so it may no longer
be the case that ~$ C >% for a < &, and we could not apply Theorem 2.1.3] The way
we solve this major problem is to restrict quantification to constants from appropriate D...
We will show that if X >4 7 then quantifying over only elements of D, is equivalent to
quantifying over all Z such that X7 ~», T. A crucial step is to show that the reduction
system R is invariant (see Section [2.3.3)).

To see how the argument goes and where invariance is used, assume that X > 5 7 and for
every d € D, we have Yd ~», T. Suppose XZ ~», T. We will show in one of the following
lemmas that if X >4 7, then XZ ~», T implies that there is d € D, with Z ~», d, i.e., that
there is an element of D, by which Z is represented in type 7. But since Yd ~», T and
Z ~». d, by invariance (see Lemma we then obtain Y Z ~». T. In other words, if Yd
holds for all d € D,, then also Y'Z holds for all terms of type 7 (the terms of type 7 are
those Z such that XZ ~», T, because X interpreted as a type is represented by 7).

The real problem here, and the reason we need an argument like the one sketched above,
is with function types. For a base type 7 € B, the only terms which have type 7 are the
elements of D, (more precisely, the constants in T corresponding to these elements). But the
terms having a function type 7 — 7o are defined “semantically”: these are all terms X such
that for any Y of type 7y the term XY has type 7.

We now give several examples to illustrate Definition [6.2.1]
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Example 6.2.2. Let 7 € B and let id € D,_,, be the identity function on D, i.e. idN(d) =d
for d € D,;. We show A\z.x >,,, id. For d € D, we have (Az.x)d —3 d >, d, so
(Az.z)d ~, d = id" (d). Thus A\z.x =,_,, d by (Fr,).

Let f € D, be such that f(d) = id for d € D,. We show \yz.z >,_,,_,, f. For
d € D, we have (\yz.x)d —5 A\v.x =, id, so (A\yz.x)d ~»,_,, id. Thus \yz.x =, ., f
by (Frorsr).

Let g € D((r—r—r)—r)—- be such that gV(d) = dN(f) for d € D(r—r—r)—r, Where f is as
in the previous paragraph. We show A\z.z2(Ayz.x) > ((r—rmr)=r)or - For d € D;rr),r We
have (A\z.z(\yz.z))d —5 d(\yz.z) —., &V (f) because \yz.x =, .., f. We also have
dV(f) =, dV(f) by (D,), so M\z.z(Ayz.2))d ~, dV(f) = ¢V(d). Thus we conclude
/\ZZ(/\y$$) >'((T—>T—>T)—>T)—>T g by (‘F((T—>T—>T)—>T)—>T)'

Now we proceed with the model construction. We shall show that the reduction system R
is closed under substitution (see Definition [2.3.14)), coherent (see Definition[2.3.1)) and invariant
(see Definition [2.3.14)).

Lemma 6.2.3. Let o be an ordinal, X, Y be arbitrary terms, and x1, ..., x, ¢ FV(X). Then
the following conditions hold.
o If X[y/xy...x,] = X' then X' = X"[y/z;1...2,] where X[y/Y] = X"[y/Y] and
1y, Ty & FV(X").
o If X|y/xy...xy] =5 d then X[y/Y] =% d.

Proof. Induction on a. First note that the inductive hypothesis implies:
o if X[y/z1...2,] ~5%d then X[y/Y]~=*d.

*<a

Indeed, assuming Xy/zi...x,] —  X; =% d, by the inductive hypothesis there ex-
ists X| with xq,...,z, ¢ FV(X]) and X; = X|[y/z1...2,], X[y/Y] 5= Xily/Y]. Hence
X{ly/Y] == d by applying the IH again. Thus X[y/Y]~= d.

Assume Z(Xi[y/xy ... x,))(Xo[y/x1 ... 2,)) =% T follows by rule (271), i.e.,

Xl[y/wl e Z’n] >_}o¢ T
and for every d € D, we have Xs[y/x1 ... x,]d ~5* T. We want to show
E(Xuly/YD(Xely/Y]) =5 T.

By the IH we obtain X;[y/Y] =5 7 and for every d € D, we have X[y/Y] ~5* T. Thus
=(Xuly/Y)(Xaly/Y)) =2 T by (1),

Assume (Au.Xq[y/z1 ... 2,])(Xaly/z1 ... 20]) =5 Xaly/z1 .. xn]lu/Xsly/x: ... 2,]] and
1, .., & FV(Xy, X2). Then Xyly/zy ... z,|[u/Xoly/z1 ... 2,)] = Xa[u/Xo][y/x1 ... 2]
Since z1,...,x, ¢ FV(Xy, Xs) then also z1,...,z, ¢ FV(X;[u/X5]). Hence we may take
X” = Xl[U/XQ]

Assume fX[y/z1... 2] =% b, f € Dyyosry, a € Dy, b € Dy, fN(a) = band X =5 a.
Then by the IH we obtain X[y/Y] ==%. Thus also fX[y/Y] = b and we may take X" = b.

Other cases are similar. O
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Corollary 6.2.4. For each ordinal o the reduction system R is closed under substitution.
In particular, the reduction system R is closed under substitution.

Lemma 6.2.5. For7 € 7, d,aq,...,a, € T in normal form, and any variable x we have

1 ..an%Td

Proof. Induction on the structure of 7. If xa;...a, >, d then this may only follow from
rule (F,). Then 7 = 7, — 7, d € D;,_,,, and for a € D,, we have za; ...a,a ~,, dV(a).
Since D,, # 0, there is a € D,, with za; ...a,a~,, " (a), which is only possible when
Tay ... ana >, @ (a). But this is impossible by the inductive hypothesis. O

Lemma 6.2.6. For all ordinals o, k the reduction systems R* and R" are mutually coherent.
In particular, the reduction system R is coherent.

Proof. We proceed by induction on pairs of ordinals («, k) ordered componentwise. We need
to show the conditions:

(a) = and —" commute,
(b) —" preserves >,
(¢c) —® preserves >
(d) if X =% d; and X >F dy then dy = do,
where i € 7 ori = 7.
So assume (a) — (d) hold for all pairs of ordinals (¢, x') with o/ < aand k' < Kk, or &/ < «

and k' < k. We show that (a) — (d) also hold for (o, ). First we prove the following, for
arbitrary terms X, Y.

(x) f X ~5*dand X =" Y then Y ~:% d, where i € 7 or i = 7. The same holds
with « and k exchanged.

Assume X ~5% d and X —" Y. Then X 55X =% d for some X'. By part (a) of
the IH there is Y’ with ¥ 5~" ¥ and X’ 5" Y". By part (b) of the IH we have Y’ =5 d.
Thus Y ~5% d. See Figure . The proof of the statement with a and x exchanged is

analogous, but using part (¢) of the IH instead of part (b).

|

Y - <O‘Y’ - d
Figure 6.2

*<OéX/ >_<a d

We also show the following for arbitrary terms X,Y, and i €  ori = 7.
(xx) If X ~>5% dy and X ~F dy then d; = dp. The same holds with o and & exchanged.
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Assume X ~5% dy and X ~f dy. Then there are X, Xo with X e X; =% dy and

X 3" Xy = dy. By part (a) of the IH there is X' with X, A" X7 and X5 LS G By
parts (b) and (c) of the IH we have X’ =% d; and X’ >/ dy. By part (d) of the IH we obtain
dy = dy. See Figure [6.3] The proof for the statement with o and x exchanged is analogous.

X 259X, =54,

K <o K
Xy - 250X -5

Y

S Sy

dy dy
Figure 6.3

Now we prove (a) — (d).

(a) We show that the following pairs of relations commute: —5 and =7, =7 and —g,,
—7% and —g,. Since —p, is confluent, =%= =% U —4, and —="= =5 U —g,, it then
follows from the general Hindley-Rosen Lemma that —»® and —" commute.

Assume X —% X; and X —7 Xy, We show that there is X’ with X, i: X' 5: Xs.
Without loss of generality assume that the contraction X —5 X; occurs at the root.
We have X = fY, f € Dy, X1 = fV(di) and Y =5 dy. If the contraction
X = fY =% X, also occurs at the root, then X, = N(dy), Y =5 dy and by part (d)
of the IH we obtain d; = ds, so we may take X' = X; = X,. Otherwise, Xy, = fY’
with Y =2 Y. Since Y =5% dy, by part (b) of the TH we have Y’ == d;. Thus still
Xy = Y’ —5 dy = X1, so we may take X' = X;.

It remains to show that — and —, commute, the proof for —7 and —4, being
analogous. We will show that if X -3 X; and X —3, X, then there is X’ such that
Xy —pn X' and X, i>j X'. Then the claim will follow by Lemma [2.3.4]
So assume X -9 X and X —3, Xy. First suppose the contraction X -5 X, is at the
root. Then X = fY for some f € D; ., Y =5 d and X = fN(d). Hence X, = fY’
with Y —g, Y'. By part (b) of the IH we obtain Y’ =5 d, so still Xy =% d = X;. We
may thus take X' = Xj.

If the contraction X — X is not at the root, then assume without loss of generality
that the contraction X —g, X, is at the root.

Suppose X —3 X, occurs at the root. Then X = (A\z.Y7)Y; and X, = Yi[z/Y5]. If the
contraction X —5 X; occurs in Ya, i.e., Yo =5 Yy then take X' = Vi[x/Y;]. We then

have Xy = Y[z/Y53] i)j Yi[z/Y]] = X', and
X, = (A Y0)Y] =5 Vila/ ]
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as required. Otherwise, the contraction X —% X occurs in Y7, i.e., Y1 =7 Y]. Then

Yi[z/Ys] = Y{[x/Y5] by Corollary 6.2.4, and we may take X' = Y{[z/Y3].

Finally, suppose X —, X5 occurs at the root. Then X = Az. Xox with ¢ FV(X,). It
is impossible that Xz is the redex contracted in X -7 Xi. Indeed, otherwise x >, d
for some d € D,, which is impossible by Lemma, . So the contraction X —2 X,
must occur inside Xy, i.e., Xo =5 X3. Then we may simply take X' = Xj.

Assume X > d and X =" X'. We need to show X’ > d. We consider possible cases
according to the definition of X >{ d.

Assume X >¢ d follows from (21), ie.,i =0, X = ZX; Xy, d =T, X; »=5* 7 for
some 7 € .7, and for every a € D, we have Xsa ~»5* T. Then also X’ = EX| X} with
X, =" Xj.. By part (b) of the IH we have X{ >5% 7. By (%), for every a € D, we have
Xla~5s*T. Hence X' = ZX[ X, =2 T by (E71).

Assume X >¢ d follows from (Z,), ie.,, i =0, X = EX1X,, d = L, X; »5° 7 for
some 7 € .7, and there exists a € D, with Xya ~5* L. Then also X' = ZX| X}, with
X, =" Xj.. By part (b) of the IH we have X{ 5% 7. By (x) we also have Xja ~»5* L.
Hence X' = ZX{ X} =% L by (2)).

Assume X =% d follows from (Fz), ie., i =7, X = A\fEXi(\e.Y[y/fz]), d=1 —
e, f,r g FV(X)Y) Xy =5% 1 and A\y.Y ~5* 7. If the contraction X —* X’
occurs inside X; then it follows from the IH and (Fz) that X’ =% 7. Otherwise the
contraction occurs in A\z.Y[y/fz], i.e., \e.Y]y/fz] =" Z. If \e.Y[y/fz] = Iv.fo —,
f=Zthen Y =y and \y.y >5* 7, which is impossible by Definition . Hence
by Lemma we have Y/ = Y"[y/fz] with Y —* Y" and f,z ¢ FV(Y”). Thus
MY =% Ay.Y”, so Ay.Y” ~5% 1 by (x). Then Y’ >% 7 follows from (F).

Assume X >¢ d follows from (F,), i.e., i =1 — 7o, d € D, ., and for every a € D,
we have Xa ~5% dV(a). By (%), for a € D,, we have X'a ~5% dV(a). Thus X’ =2 d
by (F7).

Assume X =% d follows from (=), ie,i=0,d=T, X ==Y and Y >5% L. Then
X'= Y with Y =% Y’. We have Y’ =5% L by part (b) of the IH. Thus X’ =% T
by (=)

Other cases are similar.

Analogous to (b).

Suppose X > dy and X >F dy. We need to show d; = ds. We consider all possible
overlaps of rules in Definition [6.2.1] i.e., all possible pairs of rules by which X > d;
and X >7 dy could be obtained.

Assume both X >% dy and X >f dy follow from (F.). Then i = 7 =7 — 7,
dy,dy € D, and for a € D, we have Xa ~3* d/l\/(a) and Xa ~3" dé‘/(a). Then
dV(a) = d)(a) for a € D,,, by (%x). Thus d; = ds.

Assume X =& d; follows from (Z1) and X > dy from (). Then i = 0, X = ZX; X5,
di=T,dy, =1 and
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- X, >—}°‘ 7 and for all d € D, we have Xod ~5% T, and

— X; =57 7" and there is ' € D, with Xod' ~5" L.
By part (d) of the IH we have 7 = 7/. But then Xod' ~5% T and Xod' ~»5" L. This
contradicts (k).

Assume X =% d; follows from (—7) and X >% dy follows from (—,). Then i = o,
i =T,dyo=1, X==-Y, YV >=5*Land Y >5"T. But Y »5* Land Y =53¢ T
cannot both hold by part (d) of the IH.

Other cases are similar.
O

Definition 6.2.7. The rank of a type 7 € .7, denoted rank(7), is defined as follows. If
7 € BU {0} then rank(7) = 1. Otherwise 7 = 11 — 7 and we set

rank(7) = max{rank(r;) + 1, rank(72)}.
We write X >" Y if there exists a term Z, distinct variables xy, ..., z,, € FV(X), and terms
X1,...,Xm, di,...,d, such that:
o X =Zx1/ X1, xm/Xnl,
o Y =Zxi/dy,. .., xn/dy],
e for each k =1,...,m there is 7 € J with rank(7) < n and X}, >, dj.
We set ><" =J,,.,,>" and > = |,y >"-

The following simple lemma will be used implicitly.

Lemma 6.2.8.
1. If X >" 1Y, then X = X1 Xy with X1 >" Y] and Xy >" Y5,
2. If X >" \x.Y then X = \e. X" with X' >"Y. Moreover, if X1,...,X,, are as in the
definition of X' >"Y, then v ¢ FV(Xy,..., Xpm).
Proof. Follows directly from Definition [6.2.7] O
Lemma 6.2.9. The reduction system R is invariant.
Proof. We show the following two conditions by induction on pairs (n,a) ordered lexico-
graphically, i.e., (ny, a1) < (ng, as) iff ny < ng, or ng = ny and oy < ao.
(1) f X >"Y =% dthen X >; d, where i € J ori = 7.
(2) If X >" Y 5" Z then there is Y’ with X = Y’ > Z.

For a = (, where ( is the closure ordinal of Definition the above conditions imply the
invariance of R. Indeed, assuming X >; d and Yd ~; d’, we have YX > Yd 5. =, d', so
YX 5> =;d by (2), hence YX 5 . =; d by (1), and thus Y X ~s; d'.

So assume (1) and (2) hold for all (n’,a’) < (n,a). First we show the following:
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(%) if X >"Y ~=%d then X ~, d.

Assume X " Y 577 =< d. Applying part (2) of the IH we obtain X = - " . =< d,
and thus X 5 - =, d by part (1) of the IH, i.e., X ~», d.
Now we show (1) and (2) for (n, «).

(1) Assume X >"Y > d where i € .7 or i = .7. We consider all possible rules by which
Y =% d could be obtained.

(D)

(F7)

(=)

(E7)

Then X >" d > d. This is only possible when X = d or X >, d. In any case
X =, d.

Then X >»"Y »%d, 7 =7 — T2, d € D, and for every a € D, we have
Ya~5* dV(a). Let a € D,,. Then Xa >" Ya~5% ¢V (a). Thus Xa ~,, dV(a)
by (x). Since a € D,, was arbitrary, we conclude X >, d.

Then X >" =Y’ =% T and Y’ >5% L. We have X = -X' with X’ >" Y’. So
X' >, L by the IH. Therefore X = =X’ >, T by (—7).

Then X >" ZY1Y; >=¢ T, Y: =5 7 and for every d € D, we have Yod ~5* T.
We have X = ZX; X, with X;, >" V. So X; >"Y; 5% 7, and by part (1) of
the IH we obtain X; =4 7. If d € D, then Xod >" Yod ~5* T, s0 Xod ~, T
by (x). Therefore, X ==X X5 =, T.

Then X >" ZV1Y, »& 1, Y7 =5 7 and there is d € D, with Yod ~5* L. We
have X = ZX; X, with Xj, >"V;. So X; >"Y) =5* 7, and by part (1) of the IH
we obtain X >4 7. Also Xod >" Yod ~5* L, so Xod ~, L by (x). Therefore,
X =2X1 Xy =, L.

Then X >" A,d =, T with 7 € B and d € D,. Because 7 € B we must have
X = A.d. Indeed, the only other possibility would be X = A, X’ with X’ >, d,
but by inspecting Definition [6.2.1] one sees that for 7 € B this implies X’ = d.
Then X >" M.ZYi(Az.Yaly/fz]) =% 71 — 7, f,o ¢ FV(Y1,Y2), Y1 =5 1y
and A\y.Ys ~5% 7. We have X = M\f.2X (M. Xo[y/ fz]) with f,z ¢ FV(X;, X»),
X: >"Y; and Xy >" Y, (because if Z >, d then d is closed and in particular
f,x ¢ FV(d), so M >" Ys[y/fz] implies M = Xy[y/fz] with X, >" Y3). Thus
X1>" Y, =5 1 and Ay. Xy >" A\y.Ys ~5 1. Hence Xy >5 7 by part (1) of
the TH. Also A\y. Xy ~ 4 1 by (x). Thus X =4 71 — 7.

Other cases are similar.

(2) It suffices to show that if X >" Y — Z then X = - >>" Z. Without loss of generality,
we may assume that the contraction Y —* Z occurs at the root. We consider possible
rules by which this contraction could occur.

(5)

Then Y = (A\z.Y1)Ys, X = (A\2.X1)Xs, Z = Yi[x/Ys] and Xj, >" V). Note that
Xi[z/Xo] > Yi[x/Y3] follows from Lemma [6.2.8, Indeed,

Xy = Xplo /My, .. 2, /M)
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and
Yk = Yk/[l’l/dl, Ce ,[L’m/dm]

with M; >, d; and x ¢ FV(My,..., M,,), so

(Xilx1 /My, ..o /M) 1) X521 /My, . o 2 [ My)] =
Xi[x/ X5 [xy /My, ... /My

Also
(Y[z1/dy, ... xm/dn))x/ Y521 /dhy o X/ d]] =
Vilo/Yllar /du, . ] ]
Hence
Xi[z/Xs] = X[/ X5][x1 /My, . .., X/ M)
and

Vi[z/Yo] = Yi[w/V3][x1/dy, . ]

so X =5 Xi[z/Xo] >" Y1/ Ya| = Z
(n) Then Y = Ar.Zx and X = \z. X'z with X' >" Z, n ¢ FV(X',Z). Therefore
X =) X' > 7.
(v) We have X >"Y —% Z. There are two possibilities.
LX=fX,Y=fY' X >»Y and f € D; . Then Y’ ~=* d for some
d € D, and Z = fN(d). By part (1) of the IH we have X’ >, d. So
X=fX' =, Nd)=2Z>" 2.
2. X = FX,Y = fY F -, f, X’ >"Y' f € D, rank(r) < n and
7 =17 — 7. Then also Y’ =5 d for some d € D,, and Z = f¥(d). Since
X' >"Y' =5 d, we have X' =, d by part (1) of the IH. Since 7 =7, — 7
one sees by inspecting Definition that F' =, f can only be obtained
by rule (F,). Since d € D,, we thus have F'd ~»,, fN(d) = Z. We have
FX'><" Fd = - =,, Z, because rank(r;) < rank(r) < n and X’ =, d.
Thus FX' 5 - ><" . = Z by part (2) of the IH. So FX' 5 - =, Z by

*

part (1) of the IH. Since rank(m) < rank(r) <n, X = FX' — - >" Z.
O
Coherence of the system R together with Lemma [2.3.5) and Lemma [2.3.6] implies the
following for i €  ori = .7
o X~ dift X =5->;d,
o if X ~»,; d; and X ~»; dy then dy = d».

In particular, if X ~»; d and X =g Y then also Y ~»; d.

Coherence and invariance also imply that if X ~»; d and Y[z /d] ~; d' then Y[z/X] ~; d'.
Indeed, assume X ~»; d and Y[z/d] ~»; d'. Then (A\x.Y)d — Y[z/d] ~; d', so (A\x.Y)d ~; d'.
By Lemma we obtain (Az.Y)X ~»; d'. Since (Az.Y)X — Y[z/X], by coherence we
have Y[x/X] ~; d'.
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In what follows we use the above simple properties implicitly, only noting that something
follows by coherence and/or invariance (of the system R).

Also note that if, e.g., ZXY ~», T then X ~» 4 7 for some 7 € .7 and for all d € D, we
have Yd ~», T. Indeed, EXY = Z =, T implies Z = ZX'Y’ with X = X' and Y 5 Y.
By inspecting Definition one sees that ZX'Y” >, T can only be obtained by rule (Zv).
Hence X = X' =4 7 for some 7 € .7 and for all d € D, we have Yd = Y'd ~», T.

For the sake of brevity, justifications of analogous trivial observations will be left implicit.

Lemma 6.2.10. If X =4 7 then for any Z with XZ ~», T there is d € D, with Z ~. d.

Proof. We proceed by induction on the structure of 7. Suppose X =5 7 and XZ ~», T.

If 7 € Bthen X = A, and A.Z 55 A.Z' =, T where Z = Z'. Then Z' = d for some
deD,, s0oZ~.d If r=o0then X =H, and HZ ~, T. By coherence (Lemma we
have Z V —=Z ~», T. This implies Z ~», T or Z ~, L, and we are done because T, L € D,.

So assume 7 = 71 — To. Then X = A.EX,(\e. Xoly/fzx]) with f,z ¢ FV(X;, Xs),
X; =7 1 and A\y. X5 =4 7. Since XZ ~», T, by coherence ZX;(Az.Xs[y/Zx]) ~, T. By
coherence and (E1) this implies that for every d € D,, we have (A\y.X3)(Zd) ~, T. Since
Ay. Xy =7 To, by the IH, for every d € D,, there is a4 € D,, with Zd ~., ag. So by (F,) we
have Z >, f for f € D, such that fN(d) = ay for d € D,,. O

Lemma 6.2.11. Ifd € D, forT € 7, then d >, d.
Proof. Induction on the size of . n
Lemma 6.2.12. If X >4 7 then Xd~», T for any d € D,.

Proof. Induction on the structure of 7. Suppose X =4 7 and d € D,.

If 7 € Bthen X =A, and A;d =, T by (Ar). If r=0then X =H, d e {T,L1}, and
Hd =, T follows from definitions.

So assume 7 = 7 — To. Then X =4 FX1 X, with X; >5 7 and Xy =2 7. Let a € D,,.
Then X»(dV (a)) ~, T by the IH. By Lemma[6.2.11] we have a >, a, so da —, d"'(a). Hence
Xy(da) ~, T. Thus Xd~», T by (21) and coherence. O

Lemma 6.2.13. The following conditions hold.
1. ZXY ~, T iff LX ~, T and for every Z with XZ ~», T we have Y Z ~», T.
2. ZXY ~, L iff LX ~, T and there exists Z with XZ ~, T and Y Z ~», L.

Proof. Follows from Lemma [6.2.6] Lemma [6.2.9] Lemma [6.2.10, and Lemma |6.2.12] O
Lemma 6.2.14. If X ~ 5 1 and Y ~ 5 1 then FXY ~ 5 71 — 7.

Proof. We have FXY = Af.EX(A\z.Y (fx)) with f,z ¢ FV(X,Y). Assume X ~ 4 7, ie.,
X 5 X' =5 7, and assume Y ~»5 7. Then M\y.Yy ~+5 7 for y ¢ FV(Y). By (Fy)
this implies FXY 5 Af.EZX'(\2.Y(fx)) =5 7 — 7 where f,z ¢ FV(X,Y). Hence
FXY ~>g Ty — To. [
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Lemma 6.2.15. If LX ~, T, and either LY ~», T or there is no Z with XZ ~», T, then
LIFXY) ~, T.

Proof. Assume the antecedent of the implication in the lemma. Since LX ~», T, there is
7 € 7 with X ~4 7. We have D,, # (), so by Lemma there is d € D, with
Xd~», T. Hence LY ~», T, so there is 5 € 7 with Y ~ 4 75. Thus FXY ~» 5 71 — 7 by
Lemma [6.2.14] Hence L(FXY) ~, T. O

The model we construct will in fact be an eZKw-model, validating extensionality of
Leibniz equality. To show this we need the following lemmas.

Lemma 6.2.16. If p € D, _,,, and pX ~»., b for some b € D,,, then there is a € D, with
X~ a and pV(a) = b.

Proof. Assume p € D, ., and pX ~»,, b for some b € D,,. By straightforward induction
on « one shows

(%) for any n € N, any terms X1,..., X,,,c and any type 7 € T, if pX; ... X,, ~, ¢ then
there are a term X’ and a constant d such that X; - X’ and pX' —., d.

Using (%) and coherence we conclude that there is X’ with X = X’ and pX’ —, b. But then
X" = a for a € D,, such that pV(a) =b. So X ~,, a. O

Lemma 6.2.17. If QQAXY ~», T and A ~»4 7 then there is d € D, such that X ~. d and
Y ~_ d.

Proof. Recall that Q AXY = Z(FAH)(Ap.—(pX) V pY). Assume Q AXY ~», T and
A~z 7. Then FAH ~s 5> 7 — 0. Let p € D,_,, be such that pV(d) = L for d € D,. We
have =(pX) V pY ~, T, s0 =(pX) ~, T or pY ~», T. If pY ~», T then by Lemma [6.2.16]
there is d € D, with pV(d) = T, which contradicts p"V(d) = L. Hence =(pX) ~», T, so
pX ~, L. By Lemma there is dx € D, with X ~», dx. By an analogous argument,
using p € D-_,, such that pV (d) = T for d € D,, one concludes that there is dy with
Y ~», dy. Suppose dy # dy. Take p € D,_,, such that p"/(dX) = T and pN(dy) = 1.
We have —(pdx) V pdy ~, L, so =(pX)V pY ~», L by invariance. But this contradicts
QLAXY ~, T. O

Lemma 6.2.18. IfLA ~, T and for every Z with AZ ~», T we have QuB(XZ)(YZ) ~, T,
then QL(FAB)XY ~», T.

Proof. Recall that QQAXY =5 Z(FAH)(A\p.—(pX) V pY).

Suppose LA ~», T and for every Z with AZ ~», T we have Q. B(XZ)(Y Z) ~», T. Since
LA ~», T, we have A ~»5 7 for some 7, € 7 by (L+) in Definition [6.2.1} Because D,, # (),
there is d € D,,, and by Lemma we have Ad ~, T. Thus Q. B(Xd)(Yd) ~, T, so
LB ~, T by (Lt), (1), (F7) and coherence. Hence B ~ 4 7, for some 7 € 7.

We show that there is f € D, ., with X ~», . fand Y ~, . f. Let d € D;,. Then
Ad ~», T by Lemma because A ~» 7 11. So Q. B(Xd)(Yd) ~, T and by Lemma
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there is by € D,, with Xd ~»,, by and Yd ~»,, by. Thus by (F,, _,) we may take f € D, .,
with fN(d) = by for d € D,,.

By Lemma we obtain FAB ~ 4 11 — 7, so F(FAB)H ~4 (11 — 72) — o. Let
P € Dy —sry)—o- We have pf ~», T or pf ~», L, by Definition [6.2.1} Thus —(pf) V pf ~, T.
By invariance =(pX) V pY ~», T. Since p € D(7,_,7,)0 Was arbitrary, Q. (FAB)XY ~, T
by (E1) and coherence. O

Lemma 6.2.19. If XY ~, T or X, Y ~, L then QLHXY ~», T.

Proof. For concreteness, assume X ~», T and Y ~», T. Recall that

QLHXY =3 Z(FHH)(Ap.~(pX) V pY').

or pY ~s, T. If pV(T) = T then pT —, T, and thus pY ~, T by invariance. If PV(T) =

By Lemma [6.2.14] we have FHH ~» 5 0 — 0. Let p € D,_,,. It suffices to show that pX ~», L
then pT —, L, and thus pX ~», L by invariance. O

Definition 6.2.20. Define My = (C,I,T,F) where:

e C is the extensional higher-order illative combinatory algebra constructed from the
Bny-equality equivalence classes of terms, with k = [K], s = [S], = = [Z], etc., where
by [X] we denote the equivalence class of X,

e [ is defined by I(c) = [c] for c € &,

o T=A{[X][ X~ T},

o F={[X]]|X~, L}
Theorem 6.2.21. The structure My from Definition 18 an eLKw-model such that
for every d € D, there exists d € C so that:

e f-d=f(d) for f € Dyy_r,, d € Dy,

e Iy(c) = In(c) for ¢ a constant in the language of higher-order logic.

Proof. Using Lemma [6.2.6, Lemma [6.2.13] Lemma [6.2.15], Lemma [6.2.18 and Lemma [6.2.19
it is straightforward to check the conditions for an eZKw-model from Definition [6.1.5, The

additional conditions in the statement of the theorem follow from definitions. ]

Corollary 6.2.22. The system eZKw is consistent, i.e., Heriw L.

6.3 Translations

In this section we give sound translations of systems of higher-order logic into corresponding
illative systems. The translations are extensions of those from Section 5.3l We show soundness
syntactically. We also derive a limited completeness result with respect to standard semantics
for higher-order logic.
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In what follows X,Y, Z, ... stand for terms from T, and ¢, s, ... stand for terms of higher-
order logic (NKw), and ¢,1,... stand for higher-order formulas (terms of type o), and
A, A’ ... stand for sets of formulas. We assume that all constants from the syntax of
traditional higher-order logic occur as constants in T, and also all variables of traditional
systems occur as variables in T. Sometimes we write, e.g., A, ¢ instead of AU {p}.

Like in the previous section, we assume that the set of base types B of eZKw (ZKw) is
the same as the set of base types for traditional higher-order logic. For each base type 7 € B
there is a constant A, in T. For other types 7 € .7 we define A, by induction on the structure
of :

e A, =H,

e A, = FAL A,
Definition 6.3.1. We define a mapping [—] from higher-order terms and formulas to the
set of illative terms T, and a context-providing mapping I'(—) from sets of higher-order terms

and formulas to sets of terms from T. The definition of [—] is by induction on the structure
of its argument:

e [z]| =z, for x a variable,

e [c] = ¢, for ¢ a constant,

tita] = [t1][t2],

Ar.t] = dx.[t],

= ¢1 = Tol D [¥],

o Vz:7.0] =ZAx.Jp|ifzeV,.

We extend the mapping [—] to sets of higher-order formulas thus: [A] = {[¢] | p € A}.
For a set of higher-order terms and formulas A, the set I'(A) is defined to contain:

-1 1 —

e A cfor each c € X,
e A.x for each x € FV(A) with x € V,
e A,y for each 7 € B and a fresh variable .

The last point is necessary, because in ordinary higher-order logic each base type is assumed
to be non-empty. If ¢ is a term of higher-order logic, we write I'(¢) for I'({t}).

Lemma 6.3.2. [t][z/[s]] = [t[x/s]].
Proof. Induction on the structure of t. O]
Lemma 6.3.3. 7, LA, for T € 7.
Proof. Induction on 7. m

Lemma 6.3.4. Ift € T, then I'(t) Fzk, A-[t].
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Proof. Induction on the structure of ¢. If t = ¢ then [¢] = ¢ and A,c € T'(t). If t = x then
[z] = x and Az € T'(t).

If t = tity then t; € T, ., and ty € T, for some 7,75 € . By the IH we have
[(t1) F FAL, A, t; and ['(t2) F A, to. Note that I'(t1te) = I'(t1,t2). Hence I'(t1ta) F AL, (t1ts).

If t = \x.ty with z € V, and ¢; € T,, then [t] = Az.[t;]. By the inductive hypothesis
[(t1) F A, [t1]. Note that I'(t;) = I'(¢t) U {A,,z}. By Lemma we have I'(t) F LA,,.
We may assume x ¢ FV(I'(¢)). Then I'(t) - FA, A, (Az.t;) by (ZI) and (Eq). Therefore
F( ) - A71—>T2

If t = — ¢ then [t] = [¢] D [¢]. By the IH we have I'(p) - H[¢] and I'(¢)) - H[¢].
Since I'(¢, ) = I'(¢ — v), this implies I'(¢ — ¥) = H[@ — ¥].

If t =Va:7.p then [t] = ZEA \x.[¢]. By the inductive hypothesis we have I'(p) = H[p].
Since I'(p) = I'(Vz : 7. ¢) U{A 2z}, and I'(Vz : 7.¢) F LH and we may assume that
x @ FV(I'(Vz : 7. ¢)), we have I'(Vz : 7. ¢) F H(EA Az.[¢]) by (EHI) and (Eq). O

Lemma 6.3.5. If 7 € J then there exists a term X € T with T'(0) Frkw A X.

Proof. Induction on 7. If 7 € B then A,y € I'(()) for some variable y and we may take X = y.
If 7 = o then we may take X = L. Otherwise 7 = 74 — 7 and by the IH there is Y with
I'(®) FALY. Then I'(0) - FA,, A, (KY), so we take X = KY'. O

Theorem 6.3.6 (Soundness of the translation).
If Ay o then T(A, ¢), [A] bz [¢], where N = NKw and Z = ZTKw, or N = eNKw and
7 = elKw.

Proof. First, we consider the case when N/ = NKw and Z = ZKw. We proceed by induction
on the length of derivation of A Fyk., . We consider possible rules by which A Fyg., ¢ is
derived.

(Ax) Then A = A’ ¢ and we have T'(A, ¢), [A"], [¢] Fzkw [¢]-

(LE.) Then A, — L F L. By the IH we havd| T'(A, ¢ — L), [A],[¢] D [L] Fzxw [L].
Notice that I'(A, ¢ — L) =T'(A, ¢). We have I'(p) = H[¢] by Lemma|6.3.4] From this
one easily obtains I'(¢) F H([¢] D [L]). Hence I'(A, ), [A ] ([ 1D [L]) D [4L]

by (PI;), so I'(A, ), [A] F =(=[¢] vV [L]) vV [L]. By Lemma 9| it suffices to show

F(Av @)? (AL_'“O] L

We have
L(A, @), [A], =[] F =@l VL]
Because [ L] = ZHI, we have [ L] F L by (LHI) and (ZE). Since
LA, @), [A], =[] F (=l VL) VL]
by (VE) and (—E) we obtain T'(A, ¢), [A], =[¢] F L.

'We use L here in two distinct meanings: as a constant in the set of illative terms T, and as the term
1 =Vp:o.pin the language of NKw.
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(—1) Then A, p F 9. By the IH we have T'(A, p,¥), [A], [¢| F [¢]. By Lemma we
have I'(¢) F H[¢]. Since I'(A, ¢ — ) = I'(A, ¢, ), by (PI;) we ultimately obtain

LA, ¢ = 4), [ATF [¢ = 9]

because [ — ] = [¢]| D [¥].
(—=E) Then A+ ¢ — ¢ and A F ¢. By the IH we have I'(A, p,¢), [A] F [¢] D [¢] and
LA, ¢), AT [9]. Hence (A, ¢, ¢), [A] = []. Since I'(A, ¢, ¢) = T(A, ) UT()

we have

LA ), [A] ALz, .. AL x, o]

where {z1,...,2,} =FV(¢) \ FV(A, ¢). By Lemma there exist Xi,...,X,, with
I'(0) - A, X;. By (Sub) (see Lemma [4.1.2]) we have

L(A, @), [A], AL X, .. AL X E [e].
Applying (Cut) consecutively n times we obtain
I'(A, ), [ATF [o].

(VI) Then ¢ =Vaz : 7.1 and A F ¢, where ¢ FV(A). By the inductive hypothesis we
have I'(A,¢), [A] F [¢]. Since I'(A, ) = T'(A,Vz : 7. 4¢), A;x we have

LAYz 7.9), [A], Az = [¥].

Thus
(A Yz . 7.9), [A] F EA (Az.[¥]).

(VE) Then ¢ = ¢[z/t] with ¢t € T, and A F Vx : 7.¢. By the inductive hypothesis
(A Vz :7.¢), [A] F ZA; Az [¢]. By Lemma we have I'(t) - A, [t]. Thus

DA,V 7. ), [ATE [o]fe/[t]]
by (ZE). So by Lemma we have

L(AVz:7.9), [A] F [[z/t].
Since I'(A,Vz : 7.4¢) C T'(A,¢[z/t]), we finally obtain

D(A, /), [ATF [¢le/d].

(conv) Follows from rule (Eq).

To show the case when N' = eNKw and Z = eZKw it now suffices to prove that the
translations of the axioms e; and e, (see Definition [2.4.11)) are derivable in eZKw. This is
straightforward using (Ext;) and (Exty). O
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Completeness of the above translation is an open problem, i.e., we do not know whether
(A, ), [A] Fz [¢] implies A Fpr ¢, where N = NKw and Z = ZKw, or N' = eNKw and
7 = eIKw. However, we have the following partial result.

Theorem 6.3.7 (Completeness of the translation with respect to standard semantics).

If (A, ), [A] Eerkw [¢] then A Fga o

Proof. Let N = ({D, | 7 € T}, Iy) be a standard model for higher-order logic and p an
N-valuation such that N, p =ga A but N, p Fega . Let M = (C, Iy, T, F) be the model
from Theorem . Let p be an M-valuation defined by: p(x) = p(x).

For a term ¢ in the syntax of traditional higher-order logic, by [t]” we denote [t] with
each free variable z replaced by p(x) treated as a constant in the set of terms T from which
the model is built.

First, we show by induction on the structure of t € T, that

(%) [t17 ~ 21,
where ~, is as in Definition [6.2.20} If ¢t = ¢ then ¢ >, ¢ by Lemma [6.2.11] If ¢ = x then
p(z) =+ p(x) by (D-).

If t = 1ty with t1 € Tr,r, and ty € Ty, then [1]7 ~orLp, [6]) and [t5]7 ~, [t2]), by
the inductive hypothesis. By (v) and (F,, .,), we have [tito]” ~, [[tth]]Q/ :

If t = M.t/ with x € V;, and ¢’ € T,,, then by the IH [¢']?l=/4 ~, [[t’]]ﬁ[/x/d] for every
d € D,,. Hence (\z.[t']")d ~, ([[Ax.t’]]/p\/)N(d) for every d € D,,. Therefore by (F,, _.,) we
obtain [Ax.t']? = Ax.[t']? ~ry sy [[/\x.t’]]ﬁf.

If t = Vx : 7. then [Ax.@|?d ~, ﬂcp]]ﬁ[fx/d] € {T,L} for every d € D,. Therefore
Vo :7.¢]P ~, Vo 7. go]]ﬁ/ by (=) or ().

If t = ¢ D ¢ then the claim follows from the inductive hypothesis, (=1), (=1), (V1)
and (V).

This concludes the proof of (*).

Now if T = T¢y, then for ¢ € T, one easily shows by induction on the structure of [¢]
that [[¢]]2" = [[¢]?], where [X] denotes the Sny-equivalence class as in Definition . If
T # Tcy then for t € T, we have [[¢]]3* = [([¢])cL]2® = [(([£17)cw)a] = [[t17).

Since T = {[X] | X ~, T}, F = {[X] | X ~, L} (see Definition [6.2.20)), the condition (%)
and 7 NJF = 0 imply:

o [N eTif [t]Y =T,
o [[t]]2" e Fiff [t} = L.
From this it follows that M,p = T'(A, ), [A] but M, 7 F~ [¢]. O

Corollary 6.3.8. IfT'(A, ), [A] Ferke [@] then A Fgq ¢-
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Chapter 7

Extensions

In this chapter we introduce the system Z* which is an extension of the system eZKwcr,,
from the previous chapter by a choice operator, universal and empty types, the conditional
combinator, subtypes, dependent function types, dependent sums and W-types. The sys-
tem Z1 may interpret a great deal of mathematics. We study only a version of ZT based
on combinatory logic with weak equality, in order to avoid some complications in the model
construction. The incorporation of - and n-reduction adds some tedious technicalities which
obscure the main ideas of the construction.

7.1 Illative system

Definition 7.1.1. The set of terms T of the system Z7 is defined as Ty, (2) where ¥ contains
the following illative constants: =, A, V, =, L, ¢, M, W, sup, T, D. We adopt the abbreviations
from Definition [6.1.1] except the one for F, plus the following:

G = ey f.2x(A\z.y2(f2)),
F = \zy.Gz(Ky),

o T = \xyz.zxY,

m = Ax.zK,
o = Az.z(KI),
T = dvyz.ez A yz,

Y= dayz.a(mz) Ay(mz)(mz),

if X then Y else Z7 = MXY 7,

A x B =YA(KB),

A+ B = YH(Az.if z then A else B),
O =K1,

e E=FOO.
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A judgement of the system Z* has one of two forms: ' X or ' - X =Y, where X,Y are
terms and I is a finite set of terms. The rules of Z are those of Figure except (Eq),
plus the rules (ZI), (EE), (==1I), (-=ZE), (EHI), (ELE), (HL) from Figure[6.1] and all rules
from Figure [7.1] and Figure [7.2] Recall that X =, Y is an abbreviation for Q,AXY (the
definition of Q appears in Definition [6.1.1]).

Note that we use a different abbreviation for F than in Chapter [6] This is because by
basing the system on combinatory logic with weak equality we have effectively disallowed
reduction “under lambdas”, and we need the new definition of F to make the rule (FL)
admissible.

The term 7 represents a pair-forming operator, and m;, my are the first and second
projections, respectively. Their definitions are standard. Now we shall give an informal
explanation of the meaning of the new illative primitives not explained in Section or in
Chapter [6]

M Conditional combinator. This combinator allows “branching” on arbitrary formulas.
Intuitively, the term MXY Z should be equal to Y if X is true, or to Z if X is false. An
important thing to notice is that X above need not be computable — it may represent
any proposition, possibly one containing unbounded quantification. To incorporate
the conditional combinator it is necessary to extend the syntax of judgments of ZT
by judgements of the form I' H X =Y. Alternatively, instead of introducing a new
form of judgement I' - X =Y we could introduce a new combinator for equality inside
the system. This approach was adopted in [Czal3d, [Czal3d]. However, such a choice
complicates the model construction.

e Choice operator. Intuitively, eAX is an object of type A satisfying X, if such an object
exists, or an arbitrary object of type A otherwise. If A is empty then eAX is undefined.

O Empty type. Using the empty type O and the functionality combinator F one may
define the universal type E by E = FOO. Indeed, every object X is a function from O
to O, because for every object Y of type O (and there none) the object XY is of type O.

T Subtype constructor. A term TAX is interpreted as the subtype of A consisting of all
objects Y of type A such that XY is true.

>} Dependent sum type constructor. A term X AB represents a dependent sum type — the
type of all pairs 7.XY such that X has type A and Y has type BX. Using dependent
sums one may define binary products A x B and non-dependent binary sums A + B.

W W-type constructor. A term WAB is interpreted as a W-type: the type of all well-
founded trees with nodes labelled with objects of the constructor type A and branching
specified by the selector family B, i.e., a node labelled with a has a distinct child for
each object of type Ba. If we have an object a of type A, i.e. a particular label, and if
we have a function b from Ba to WAB, i.e. a collection of subtrees, then we may form
the tree sup(WAB)ab.

W-types originally appeared in Martin-Lof’s type theory [ML84],[NPS90, Chapter 15].
Using W-types it is possible to define many inductive types. For example, to define the
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type of natural numbers, we need a type A with exactly two elements z and s, and a
family B such that Bz is empty and Bs has exactly one element. Then WAB represents
the type of natural numbers. The tree corresponding to the natural number n consists
of n nodes labelled by s (the first of these is the root), one after another, ending in one
more node (a leaf) labelled by z (if the number is zero, then the root is the leaf).

T Test combinator for W-types. This combinator allows to test the labels of nodes in
a tree which is an element of a W-type. Intuitively, if X =4 X’ is true (X is equal
to X’ in type A, i.e., QL AX X’ holds, see Definition then T(sup(WAB)XY)X'
is true (provided (sup(WAB)XY) has the type WAB). If X =4 X' is false, then
T(sup(WAB)XY)X' is false.

D Destructor combinator for W-types. This combinator allows to destruct a tree which is
a member of a W-type, i.e., to obtain its subtrees. Intuitively, if sup(WAB)XY has
type WAB and Z has type BX, then D(sup(WAB)XY)Z is identical with Y Z, or
in other words D(sup(WAB)XY)Z is the child of sup(WAB)XY associated with the
object Z.

One may wonder why we chose to include the above illative primitives and not some others,
e.g. an illative primitive representing a constructor of a power type (the type of all subtypes
of a given type). The answer is that (most of) the listed primitives correspond to types known
from type theory, they make sense in a constructive setting (subtypes, dependent types and
W-types essentially appear in Martin-Lof’s type theory), and they suffice to interpret a great
deal of mathematics. Actually, it seems highly plausible that the model construction in
Section could be adapted for an illative system incorporating virtually any notion from
standard set theory. We leave for future work the problem of incorporating in a conceptually
satisfactory way the notions of set theory into an illative system.

Most of the rules from Figure [7.1] are self-explanatory. They implement the intuitions
about the illative primitives explained above. Note that the induction rule (WInd) for
W-types in Figure is unrestricted, i.e., the term X is not required a priori to have any
particular type. One can thus, e.g., reason about types of terms by induction.

Lemma 7.1.2. The rules from Figure rule (EM) from Definition[{.1.1, and rules (XI),
(XE), (XHI) and (XLE) form Figure are all admissible in .

Proof. Follows directly from Lemma [6.1.2] m
Lemma 7.1.3. The rule (FL) from Figure[6.1 and all rules from Figure[7.3 are admissible
inTT.

Proof. Follows directly from definitions. O

Therefore, all rules of eZKw except (A,L) are admissible in Z*. The system Z" is thus
essentially an extension of eZKw, but without the base types B.

Lemma 7.14. IfTF X =4 Y, I'FFABZ, '+ AX and "' F LB, thenl' - ZX =5 ZY.
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I'FLA T,Az b L(Bz) xz¢FV(I,A,B)

'+ L(GAB) (6L
LA TFFALB
o OV Irimap) b
LA TFFALB [HLA TFFAHX
rriwas W rri(tax) (Y
X T'EX=VY
Y (Eq)
X =y Py =2
rFx =y Fdb I xy = x7 B4
rEX=Y rEX=Y IFY =2
ey = x (B TFX=2 (EaT)
I X I -X
IF Mx =k (Mb) I My — ki (ME2)
DEXAX TEFAHX () [EXAA TEFAHX ()
I'F X(cAX) : I A(eAX) ’

I['FAX TFF(BX)(WAB)Y T©F L(WAB)
' WAB(sup(WAB)XY)

(WI)

I+ WAB(sup(WAB)XY) Tk X =4 Z
' T(sup(WAB)XY)Z

(ThL)

'+ WAB(sup(WAB)XY) Tk ~(X =4 2)
I'F ~(T(sup(WAB)XY)Z)

(TIy)

' WAB(sup(WAB)XY) T+ BXZ
I'F D(sup(WAB)XY)Z =Y Z

(D)

I'FL(WAB) T, Az,F(Bz)(WAB)y,Vz:Bz. X (yz) - X (sup(WAB)zy)
[ =(WAB)X
(in (WInd) we assume z,y,z ¢ FV(I', A, B, X))

Figure 7.1: Additional rules for Z*
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'FVe: A Xe=p,Yzr x¢FV(X,Y, A B)

TFX —cap Y (Ext;)
rFX2oY TTHY DX
TFX=pY (Exts)
F'EmX =amY TFmX=pmnx Y I'FLXZAB) Ext
TF X —=gap ¥ (Ext,)
X =4 X" T'FY =rsxwan Y TI'FLWAB) Ext
T F sup(WAB)XY = sup(WAB)X'Y” (Exty)
Figure 7.2: Extensionality rules for Z*
Proof. Identical to the proof of Lemma [6.1.3 m

The following proposition shows that, because of the presence of the conditional combina-
tor M, all functions whose domain is the universal type E are essentially constant functions.
This property of the system Z* may seem paradoxical at first sight, but it only means that
quantifying over the whole universe does not make much sense. It should be kept in mind
that, intuitively, the universe contains some nonsensical, meaningless objects, like for instance
an X such that X = —X. Usually, one just considers objects which have some “reasonable”

types.

Proposition 7.1.5. If I' - LA and for every X we have I' = A(FX), then for all X,Y we
have ' - FX =4 FY.

Proof. Let X,Y be arbitrary terms. Define Z by the following recursive equation:
Z =if FX =4, FFZ then Y else X

Because I' H A(FZ) and I' - A(FX), we have I',FAHp + H(p(FX) D p(FZ)) where
p¢ FV([ A F, X, Z). Since I' - LA and ' F LH, we have I' - L(FAH), and thus

C'FH(p:FAH . p(FX) D p(FZ))
by (ZHI) and the rules for equality. Thus I' F H(FX =4 FZ). Of course
NVFX =p FZFFX =4 FZ.
AlsoI' FX =4, FZ+ Z =Y by (M];) and the rules for equality. Hence
VFX =4 FZF FX =4 FY.

We also have I', ~(FX =4 FZ) F Z = X by (MI;) and the rules for equality. Because
I'FA(FX)and I' - L(FAH), we have I' F FX =4 FX using (ZI), the rules for propositional
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'F0X
rFYy (OE) FFEX(H) FFLEEU

'FAY TFXY I'FYAXY I'FYTAXY

I'FYTAXY (D) T AY (TE,) XY

I'-Y¥ABX (SE))

Fl_A(ﬂ'lX) Fl_B(ﬂ'lX)(T('QX) (EI) Fl‘A(T(lX)
T+ XABX
[ YABX
rkagme)@&)
'+ (AxB)X
'+ A(mX) Tk B(mX) FFMmX)<X&)
(xI)
T+ (AxB)X
FE(AxB)X o
T Blmx) F2)

FLA TFLB
IrLAxp U

PFAX TFZ
T+ (A+ B)(nZX)

I-BX IF-Z
T+ (A+ B)(nZX)

(+1) (+1s)

TH(A+B)X T,mX, A(mX)FY T,~(mX), B(mX)FY
E (+E)

[FLA T+LB
rrLA+B) Y

(TEy)

Figure 7.3: Admissible rules in Z*
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'ENX (NL,)

Nb) N(sX)

FI—NO(

X0 I')Nz,Xzxk X(sz) z¢FV([,X)
I'=NX

(NInd)

Figure 7.4: Rules for the type of natural numbers

connectives and the rules for equality. Thus I', ~(FX =4 FZ)F FX =4 FZ, and therefore
I''=(FX =4 FZ)F L. Hence

I, ~(FX =4 FZ)F FX =, FY

by (LE). Therefore, since I' b H(FX =4 FZ), and I'FX =4 FZ + FX =, FY,
and I',~(FX =4 FZ) F FX =4 FY, we ultimately obtain I' - FX =4 FY by (EM)
and (VE). O

In extensional Martin-Lof’s type theory, using W-types it is possible to define many
inductive types [Dyb97, [AAGO4]. A very similar construction may be carried out in Z*. The
extensionality rules (Exts), (Ext,) and (Ext,,) are essential here. Without them, when trying
to derive induction principles for inductive types defined using W-types, one encounters a
problem similar to the problem encountered in intensional Martin-Lof’s type theory.

We will not formulate here a general theorem. We just present the example of natural
numbers. The type N is defined by:

N = WH(\z . if x then THI else O)

Recall from the previous informal discussion that the type of natural numbers should be
represented by WAB where A has two elements z, s, and Bz is empty and Bs is a singleton.
Because the system Z7 is classical, the type of propositions H has two elements T and L (up
to Leibniz equality =y in type H). The type THI is essentially a singleton — its only element
is T.

We use the abbreviations:

sup NLK
Az.sup NT (Kz)
Ax.DxT

n
1

Lemma 7.1.6. The rules from Figure[7. are admissible in T .

Proof. The rule (NL) follows from (WL). Indeed, we have I' - LH by (HL) and T' = L(THI)
by (YL) and T' + LO by (OL). Because Hx = x V —z, by (ZI), (VE), (MI;) and (MIy) we
conclude I' = FHLB. Therefore I' = LN by (NL).

Let B = Az.if = then THI else O. The rule (NIy) follows from (WI), (Eq), (LE) and (FI).
Indeed, we have I' - HL. Because ' - B1L. = O and O = K, we have I', Blxz - 1 with
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x ¢ FV(I'). Hence I', BLa = N(Kz) by (LE). Thus I' - F(BL)NK by (FI). So we conclude
I' = NO using (WI), because 0 = sup N.LK and I" = LN by (WL).

The rule (NI) follows by a similar argument. Indeed, assume I' - NX. We have
['FsX =supNT(KX). Of course I' - HT. By (MI;) and the rules for equality we have
I' = BT = YTHI. Using (TL) we thus obtain I' = L(BT). Because I' - NX, we have
I', BTz F KXz where x ¢ FV(I', B, X). Hence using (ZI) we obtain I' = F(BT)N(KX). Also
I' = LN by (NL). Therefore, by (WI) we conclude I' = N(sup NT(KX)), i.e., I' F N(sX).

We prove that (NInd) is admissible. Thus assume I' = X0 and I', Nz, Xz F X(sx),
where z ¢ FV(I', X). By (WInd) it suffices to show that I, Hz, F(Bz)Ny,Vz : Bx . X(yz)
X (sup Nzy) where z,y,2z ¢ FV(I', X). Since Hx = = V =z, by (VE), (MLy), (Mly), (EqL)
and (Weak) it suffices to show two cases:

e Iz, F(YHI)Ny,Vz : THI. X (yz) F X (sup Nzy). First note that = THIT. We thus have
F(YH)Ny F N(yT) and F(YHI)Ny,Vz : THI. X (yz) - X(yT). Because

IoN(yT), X(yT) F X(s(yT))
and s(yT) =supNT (K(yT)), we have
(%) Iy F(TYHDNy, Vz : THI. X (y2) F X (supNT (K(yT)))
using (Sub), (Weak) and (Cut). By (Ext;) we have x = T =g 2. Then also
T =yu z,

because the provability of F(THI)Np implies the provability of FHNp. So

[, F(YH)Ny, YHIz - yT =\ yx
by Lemma Since K(yT)x =, yT, by the rules for equality we obtain

[ F(YHDNy, YHIz - K(yT)z =y yz.

Thus by (ZI) and (Extf) we have

I, F(THDNy E K(yT) =F(TH)N Y-
Since we also have x = T =y x and F LN, by (Ext,,) we obtain

[z, F(YH)Ny = supNT (Ky T) = sup Nzy.

Therefore, by () and the rules for equality we conclude

Iz, F(THI)Ny, Vz : THI. X (y2) F X (sup Nzy)
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o I'—z,FONy,Vz : O. X(yz) F X(supNzy). We have I' - X0, ie., I' - X (sup NLK).
By (Exty) we have =z F 1L =4 . We also have - K =gon y. Therefore

-z F sup NLK = sup Nzy

by (Ext,). So we finally conclude

I, =2, FONy,Vz : O. X(yz) - X (sup Nzy)

by I' = X (sup N_LK) and the rules for equality.

Lemma 7.1.7.

IfTF NX then T+ p(sX) = X.

Proof. Assume I' - NX. We have p(sX) =, D(supNT(KX))T. Since I' = N(sup N T (KX))
and I' - KX'T, by (DI) we obtain I' - D(supNT (KX))T = KX T. Using the rules for equality,
we conclude T' - p(sX) = X. O

Definition 7.1.8. An Z"-model is a tuple (C,I,T,F) where
e C is a combinatory algebra.

e [ is a function from the signature ¥ to C. We use the notations s = I(S), k = I(K),
== 1(2), e =1I(e), w = I(W), etc. We define the elements g,f,v,x,... € C in an
obvious way to correspond to G, F, T, >, etc.

e 7 and F are sets of elements of C satisfying the following for any a, b, ¢,d € C, where we
use the notation 7 (a) ={b|a-b e T} for a € C. The first 11 conditions are identical
with the conditions in Definition [6.1.5

—_

el e e e e
Ttk N = o © 0N Ok WY
-omom> > < <

QL2 2 <

. q-
be Fifae Fand b e F,

beTiffaeTandbe T,

be Fiftae Forbe F,

-beTiff L-a €T and for every ¢ € C with a-c € C we have b- ¢ € C,
ca-
-heT,

L-oeT,

.ifa €T thenm-a =k,

ifa€e Fthenm-a=k-i,

. ifwea-b-(sup-(w-a-b)-c-d) € T and q-a-c-e € T then t-(sup-(w-a-b)-c-d)-e € T,

TNF=0,
1LEeF,
~-a€cTiffaeF,
~ra€ FiffaeT,

beTifae TorbeT,

be Fiff L-a €T and there exists c€ C witha-ce€ T and b-c € F,
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16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.

27.
28.

29.

ifw-a-b-(sup-(w-a-b)-c-d) € T andq-a-c-e € F then t-(sup- (w-a-b)-c-d)-e € F,
ifw-a-b-(sup-(w-a-b)-c-d) € T and b-c-e € T thend: (sup-(w-a-b)-c-d)-e =d-e,
ifx-a-beTandf-a-h-b€T thenb-(e-a-b) €T,

ifx-a-a€T andf-a-h-beT thena-(e-a-b) €T,
ifa-ceT,f-(b-c)-(w-a-b)-deT andr-(w-a-b) €T thenw-a-b-(sup-c-d) €T,
if L-a €T and for every ¢ € T(a) we have L- (b-c) € T, thenL-(g-a-b) €T,
ifL-aeTandf-a-L-beT thenr-(x-a-b) €T,

ifL-aeT andf-a-L-beT thenr-(w-a-b) €T,
ifr-aeTandf-a-h-beT thenr-(v-a-b) €T,

if L-(w-a-b) € T and for every ¢ € C such that a-c € T,f-(b-¢)-(w-a-b)-d €T
and =z-(b-c)-(s-(k-e)-d) € T we have e - (sup- (W-a-b)-c-d) € T, then
=-(w-a-b)-eeT,

if L-a € T and for every e € T(a) we have q-(b-e)-(c-e)-(d-e) € T, then
q-(g-a-b)-c-deT,

ifa,be T ora,be Fthenq-h-a-beT,
ifq-a-(x-c)-(m-d) €T,q-(b-(xm1-¢)) (r2:¢)-(xy-d) €T and L-(x-a-b) €T
thenq-(z-a-b)-c-deT,
ifq-a-c-deT,q-(f-(b-¢c)-(w-a-b)-d-d €T andr-(w-a-b) €T then
sup-(W-a-b)-c-d=swp-(wW-a-b)--d.

Let M be an ZT-model. An M-valuation is a function from the set of variables V' to C
(cf. Definition [2.3.17)). Given an M-valuation p : V' — C we define the value of M € T¢y,
denoted [M]2" or just [M],, by induction on the structure of M:

o [7],=p(x)ifz eV,

e [KI,

=k, [[S]]p:s,

o [c],=1(c)ifceX,
o [MMy], = [M], - [M],

If [M]}* € T, we write M,p = M. If M is closed then we write M |= M. We write
M,pETif M,plE M for all M € T. We write I" =7+ M if for every ZT-model M and
every M-valuation p, the condition M, p = I' implies M, p = M. We use the notation
[ =7+ My = M if for every ZT-model M and every M-valuation p, the condition M, p =T
implies [M;])* = [M])".

Theorem 7.1.9. If 7+ X then T =7+ X. Also, if T+ X =Y then T =7+ X =Y.

Proof. Induction on the length of derivation. O]
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7.2 Model construction

In this section we construct a model for Z*. This implies the consistency of Z+. We assume
the existence of a strongly inaccessible cardinal, i.e., in this section we work in ZFC—+SI
(see Section . The existence of a strongly inaccessible cardinal is necessary to handle
dependent function types, dependent sums and W-types. Without a strongly inaccessible
cardinal we just would not be able to define the set of types 7.

Definition 7.2.1. The set of types .7 is defined by a fixpoint construction. We define .7, by
induction on an ordinal «, together with the domains D,. As usual, we set J., = |J f<a 3.
e c,oe T, and D.=0,D,={T, L},
e ifre I ,and S C D, thenﬂ Y(7,5) € 7, and Dy(rg) = S,
e if T € I, and F is a function from D, to I, then G(7, F) € 7, and

F) = H Dr(a),

deD~

o if T € I, and F is a function from D, to I, then X(7, F') € Z, and

Ds(rr) = {{dq,ds) | d1 € D;,d; € DF(dl)}y

e if 7 € I, and F'is a function from D, to I, such that there is d € D, with Dpg = 0,
then W(r, F') € 7, and Dw, r) is defined as follows. Let v be the maximum of w
and the least cardinal greater than the cardinality of (J;ep, Dr). We define DW( )
inductively by:

— if d € D; and f is a function from Dpg) to D U5</3 D5 then

We set Dw(r,r) = UB<~/

Because there exists a strongly maccessible cardinal, by Lemma there is a Grothendieck
universe U. Using Lemma [2.2.5| one shows by induction on « that .7, C U and D, € U for
T € J,. It is also easy to see that .7, C 75 for @ < . Hence we can apply Theorem to
obtain an ordinal ( with 7 = J... We take J = .

If F is a function from D;, to .7 such that F(d) = 7, for every d € D,,, for some fixed
Ty € 7, then instead of G(7y, F') we also write 7 — 7. If F'(d) = 7 for all d € D, then we
use the abbreviation 7 x 1 = X(7, F).

The set of terms T is defined to be the set of all combinatory terms over the signature
containing all constants of Z* plus a distinct constant d” for each d € D, with 7 = o0 or

Formally, Y(7,S) should be understood as a triple (Y, 7, S) where T is some “tag” (some appropriately
constructed constant set) uniquely identifying the kind of this type (i.e. the tag signifies that this is a subtype).
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T=G(T,F)e Tort=%(17,F) € T ort=W(r,F) € 7. To save on notation, we usually
drop the superscript 7, i.e., we confuse elements of D, with the corresponding constants in T.
The point of superscripting elements with their types is to ensure that each constant f has a
uniquely determined type which is not a subtype. Note that, e.g., the constants corresponding
to the elements of Dy (, sy are superscripted with the type o, not with Y (o, S).

If f € Dg(r,ry then we use the notation f7(d) for the value of f at d € D, to avoid
confusion with the term fd (i.e. with fe(=F)dr).

Lemma 7.2.2. (d, f) € Dw(-r) iff d € D, and f is a function from Dpqy to Dw(r F)-

Proof. The implication from left to right follows directly from definitions. For the other
direction, assume that d € D; and f is a function from Dpg) to Dw(rr)y = U, - D&v(T, P)-

Then for every e € Dp there is a(e) < v with f(e) € D\?\/((ET),F)- It suffices to show that
SUDeep, afe) < . First assume 7 > w. Note that each «a(e) has cardinality at most
t = |Ugep, Drea, because |a(e)] < a(e) < v, and v is the least cardinal greater than s.

Hence we have
Uepy, (0]

[Dra)|p

1

Because v > w and 7 is the least cardinal greater than g, the cardinal p is infinite and
we have p = p?. Therefore |supe€DF(d) ale)] < u?> = p < ~. Since v is a cardinal, this

ININA

implies sup.cp, ale) <. If y = w then J;ep Dr) is finite. Hence so is Dp(g) and thus
SUDcep,. ) a(e) is also finite, i.e., SUDcep, ) ale) <w =1. O
In this section we adopt the following conventions:
o LX =EXX,
o GXY = \fEX(A\z.Yx(fzr)) where z ¢ FV(Y) and f ¢ FV(X,Y), i.e.,

GXY = S(K(ZX))(S(S(S(KY)N)(S(S(KS)(S(KK)N)(KI))),

o TXY = Az XY,

mX = XK,

mX = X(KI),

o TAX = \x.Ax N X,

e YAB = \z. A(mx) A B(mx)(mex).

In other words, whenever we write, e.g., m; X, this denotes the term XK, not the term
(Ax.zK)X. This convention allows us to shorten some notations. Its significance is purely
technical. Without it we would simply have to replace, e.g., m X with XK in some places
below. The important thing is that LX, GXY, 7 XY, TAX, Y AB are never a w-redex, and
mic, moc are not a w-redex when c is a constant.
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Definition 7.2.3. For 7 € 7 and an ordinal a we define the representation relations
=2 € T x T, the contraction relation —+* € T x T, and the relation >% € T x .7 inductively.

The notation X ~2 Y stands for X 5% =2Y, and the notations >=%, ~»=* are defined as
usual. Let 7, be a ch01ce function for P(D ) \ {@} and let D, , = {d € D, | p”(d) = T} for
p € Dr .

(w )KXY—>°‘X
(w

€1) €AX =0, (D) it A5 7, X =39, p and DTp +,
€2) €AX =, (D;)if A >. 7,D; #0, X —=¢ pand D,, = 0,

(sup) sup AXY —* (d, )" 1fA>9 T—W(T’,F) X>=5%dand Y =52, . f,

F(d)—t

2)
)
)
)
)
)
)
)
)
) D
)
Fr) X =2 dif 7 =G(7', F), d € D; and for every a € D we have Xa ~ 7, d* (a),
(S;) X >=2dif r=7(r",9), X =*dand d € S,
(m7) X =2 {a,b)" if 7 =%(7", F), a € Dy, b € Dpq), and mX ~5% a and mX ~30, b,
) X =0 THEX =5 1,
) "X =2 Lif X -5,
) XVY =0 Tif X =5TorY =5¢T,
) XVY =2 Lif X =5 L and Y =5 1,
) XAY = Ti X =52 Tand Y =5° T,
) XAY =2 Lif X >=5*LorY =51,
) EXY =0 Tif X =5 7 and for every d € D, we have Yd~5* T,
) EXY =& Lif X =5 7 and there exists d € D, with Yd ~5* L,
) WAB(, )™ =3 T if WAB =5 T,
) T, /)" X =3 Tifr=W(r',F) and X >5°d
) T{d, fY"X =2 Liftr=W(r,F), X =5 d and d # d,
) LX =0 Tif X >=5% 7 for some 7 € .7,
)

H>% o,
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(O0z) O

(Goy) GAB ~% G(T F)if A>5% 7 and for every d € D; we have Bd ~35* F(d),
(X7) ¥AB =% (7, F) if A =5 7 and for every d € D, we have Bd ~35% F(d),
(Wz) WAB =% W(r, F) if A >5% 7 and for every d € D, we have Bd ~5% F(d),
(T7) TAX =% Y(7,5,) if A =57, X =% pand

T—0

S,={deD,|p"(d)=T}

It is to be understood that the relation — is the compatible closure of the rules (w;), (ws),
(), (€1), (€2), (1), (p2), (m1), (m2), (sup) and (D), while the relations =2 for 7 € .7 and =%
are defined directly by the corresponding rules, i.e., without taking compatible closure — these
are not contraction relations.

It is easy to see that for @ < k we have —* C =", »2 C > for 7 € .7, and ~% C >%.
Hence by Theorem [2.1.3) “ there is the closure ordinal ¢ with —¢ = —<¢ =¢ = =<¢ for 7 € 9
and =5 = =5°. We use the notations —, =, (1 € J), =5 for —><, >C (7' c 7)), -5,
respectively.

By —, we denote the y-contraction relation determined by the rule (), by —. the
e-contraction relation determined by the rules (e;) and (e2), and so on. We also use the
notations —7, —¢, etc., accordingly.

We define the reduction system R by R = (—, {>,};e7U{>2}). The reduction system R*
is defined by R* = (=% {>-2},c2 U{>%}).

The following lemma will often be used implicitly. Note that this lemma would be false
in the lambda-calculus with S-reduction.

Lemma 7.2.4. If GXY 5 7 then Z = GX'Y" with X 5 X/ and Y 5 Y. An analogous
result holds when SXY = Z or YXY 5 Z or WXY 5 Z. Here = may be any of =, — ,
—>7, etc.

The general strategy of the correctness proof for the model construction is the same as in
Section (6.2, we just need to consider the additional cases for the new illative primitives. We
show that the reduction system R is coherent and invariant, and then we use these properties
to show a sequence of lemmas corresponding to the conditions in the definition of an Z*-model
(see Definition . Because Z7 is based on combinatory logic with weak equality, no
reduction “below lambdas” is possible, so in contrast to Section it is not necessary to
prove that R is closed under substitution. The fact that Z* is based on combinatory logic
with weak equality also allows us to avoid many purely technical problems which would
otherwise appear.

Lemma 7.2.5. For all ordinals o, k the reduction systems R* and R" are mutually coherent.
In particular, the reduction system R is coherent.

Proof. Like in Lemma [6.2.6] we proceed by induction on pairs of ordinals («, k) ordered
componentwise. We need to show the conditions:

137



(a) = and —" commute,
(b)
()
(d) if X >—? dy and X >f ds then dy = dg,
where i € 7 ori = 7.
So assume (a) — (d) hold for all pairs of ordinals (¢, k') with o < cand K’ < k, or ¢/ < «v
and k' < k. We show that (a) — (d) also hold for (a, k).

As in Lemma one may show the following two conditions (x) and (*x), by identical
proofs.

(x) If X ~5*dand X =" Y then Y ~5% d, where i € 7 or i = 7. The same holds
with « and k exchanged.

(xx) If X ~=% d; and X ~F dy then d; = dy. The same holds with a and x exchanged.
Now we prove (a) — (d).

K o
—" preserves >;°,

[0 K
— preserves >,

(a) Define —¢ = =2 U=V U= U=, U—4, U—p for an ordinal v. We show that the
following pairs of relations commute: —,, and —¢, —,, and =%, =% and —%. Since —,,
is confluent, -%= —, U =% and == —, U =%, it then follows from the general

R

Hindley-Rosen Lemma that —* and —" commute.

First we show that —¢ and —% commute. Assume X —¢ X; and X =% X,;. We show
= K =«

that there is X’ with X; —, X’ <, X,. Without loss of generality assume that the

contraction X —¢ X; occurs at the root. We consider possible rules by which the
contraction X —% X; may occur.

(v) We have X = fY, f € Dgirpy, X1 = f7(di) and Y =5 d;. If the contraction
X = fY =% X, also occurs at the root then it is a y-contraction and we have
Xy = f7(dy) and Y == dy. By part (d) of the [H we obtain d; = ds, so we may
take X’ = X; = X,. Otherwise, Xy = fY' with Y —% Y’. Since Y =% dy, by
part (b) of the IH we have Y’ =% d;. Thus still Xy, = fY' =S d; = X, so we
may take X' = Xj.

(1) We have X = €AY, A >5% 7, Y =59 p, and X; = d for appropriate d € D,. If
the contraction eAY —# X, also occurs at the root, then A =5 7/, Y =52 p/
and X, = d' for appropriate d' € D,.. By part (d) of the IH we conclude that
7" =71 and p’ = p, which implies d’' = d. Otherwise, if the contraction X —% X,
does not occur at the root, then Xy = eA'Y” with A 3: A" and Y if X'. Using
part (b) of the IH one checks that still Xy = €AY —& d.

(e62) The argument is analogous to the case for (€).

(1) We have X = MY, X; =K and Y >5* T. If the contraction X —% X, occurs
at the root, then it is a u-contraction, and either Xy = K, in which case we may
take X’ = K, or Xy = KI. But if Xy = Kl then Y >5% L which contradicts
part (d) of the IH. If the contraction X —% X5 does not occur at the root, then
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Xo = MY’ with Y =% Y’ Then Y’ =5 T by part (b) of the IH. Thus still
Xy = MY’ =9 K= X, so we may take X' = X.

(u2) Analogous to the case for (p1).

(m1) We have X = m(a,b) and X; = a. By inspecting definitions one sees that
X =% X, is only possible when X5 = a.

(m2) Analogous to the case for (7).

(sup) We have X = supAZ1Zy, X1 = (d, f)", A =5 7 = W(7', F), Z; =5 d and
Za >;‘("d)_>T f. If the contraction X —% X, occurs at the root, then it is a
sup-contraction, and Xy = (do, fo)™ A =5 10 = W(7, Fo), Z1 >T<6” dy and
7y >§:(d0)_)m fo. Using part (d) of the IH we then conclude that 7o = 7, dy = d
and fo = f, so Xy = X;. If the contraction X —% X5 does not occur at the root,
then Xy = sup A'Z! Z} with A 5. A, Z) . Z|, Zy =. Z}. Using part (b) of
the IH we conclude that X; —g  X.

(D) We have X = D(d, )Y and X; = fY. If the contraction X —% X, occurs at
the root, then Xy = X;. Otherwise, Xy = D(d, /)Y’ where Y —% Y’. Then
Xy =% fY' and X; =% fY'.
Now we show that —,, and —¢ commute. The proof for —,, and —% is completely
analogous. We show that if X —¢ X; and X —, X, then there is X’ such that
X = X" and X, 50 X'. Then it will follow from Lemma [2.3.4 that —,, and —°
commute. So assume X —¢ X; and X —,, Xo. If the contraction X —¢ X is at the
root, then the proof is analogous to an appropriate case considered above. For instance,
if the contraction X —¢ X, is a y-contraction, then X = fY for some f € Dg(r r),
Y ==*d and X; = f7(d). Hence X, = fY’ with Y —,, Y’. By part (b) of the ITH we
obtain Y’ =% d, so still Xy =5 d = X;. We may thus take X' = X;.
If the contraction X —& X; is not at the root, then assume without loss of generality
that the contraction X —,, Xj is at the root. If X = KX,Y then X; = KXY’
with X5 ij X5 and Y i)f: Y’. Hence X; —, X} and we may take X' = X). So
suppose X = SY1Y5Y3, X7 = SY/YJYS and Xy = Y Y5(YaYs), where Y, ij Y/. Then
X, i)j YV (VYY) and we may take X' = Y/Vi(Y,Y5).
Assume X >¢ d and X —" X’. We need to show X’ >=¢ d. We consider possible cases
according to the definition of X > d.
Assume X >¢ d follows from (F;), i.e., i =7 = G(7', F), d € Dg(- r), and for every
a € Dy we have Xa~5) @ (a). By (%), for a € D we have X'a~35¢8 ) d”(a). Thus
X' =& d by (F,).
Assume X >=¢ d follows from (S;), ie., i =7 =T(7,5), X =5*dand d € S. By
part (b) of the IH we obtain X’ =5 d. Thus X' >¢ d by (S;).

Assume X =% d follows from (72), i.e., i =7 =3(7',F), d = (a,b), a € Dy, b € Dp(q),
mX ~5% a and mpX «»;‘(Xa) b. Then by (x) we obtain m X’ ~5% a and X' M;((Xa) b,

and thus X’ >=¢ d by (72).
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Assume X >¢ d follows from (Ggz), ie.,, i = 7, d = G(1,F), X = GAB, A =5 71
and for every d € D, we have Bd ~3* F(d). Then X' = GA'B’ with A 5" A and
B 5" B'. By part (b) of the IH we obtain A" =5 7. By (%), for d € D, we have
B'd~5* F(d). Hence X' = GA'B’ =% G(r, F) by (Gz).
Other cases are similar to the above or analogous to the corresponding cases in the
proof of Lemma [6.2.6]

(¢) Analogous to (b).

(d) Suppose X =¢ dy and X > dy. We need to show d; = dy. We consider all possible
overlaps of rules in Definition [7.2.3] i.e., all possible pairs of rules by which X > d;
and X > dy could be obtained.

Assume both X =& d; and X > dy follow from (F,). Then i = 7 = G(7', F),
di,dy € D; and for a € Dy we have Xa ~5(, df (a) and Xa f\»;’("””a dj (a). Then
df (a) = d (a) for a € D,, by (). Thus d; = ds.

Assume both X =& d; and X ># dj follow from (S;). Theni =7 = Y(7',5), d1,ds € 5,
X =5%dy and X =5 dy. By part (d) of the IH we obtain d; = ds.

Other cases are similar to the above or analogous to the corresponding cases in the
proof of Lemma [6.2.6]

]

Like in Definition we introduce the notion of the rank of a type. This notion is
needed in the inductive proof of Lemma [7.2.9]— at certain points in the proof we need to show
that the rank of the type considered decreases to be able to use the inductive hypothesis.
Because here types are not finite objects, the rank of a type may be an infinite ordinal.

Definition 7.2.6. The rank of a type 7 € .7, denoted rank(7), is an ordinal number defined
inductively as follows.

rank(o) = 1

rank(e) = 1
rank(G(7, F')) = max(rank(r) + 1,supgep rank(F(d)))
rank(X(7, F')) = max(rank(7),supyep. rank(F(d)))
rank(W(7, F')) = max(rank(7),supyep, (rank(F(d)) + 1))
rank(Y(7,5)) = rank(r

We write X >" Y if there exists a term Z, distinct variables x1, ..., z,, € FV(X), and terms
Xi,..., X, dy,...,d,, such that:

[} XEZ[SUl/Xl,-U,xm/XmL
) YEZ[,Tl/dl,...,l'm/dm];
e for each k =1,... ,m there is 7 € J with rank(7) < k and X} >, dy.

We set ><F = __, > We define a binary subtype relation C on 7 inductively:

a<k
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e 7L T,

o if 7/ C 7 then Y(7/,S) C 7.

Note that 7 C 7/ implies rank(7) = rank(7’).

Intuitively, one could equivalently think that when X >, d, the rank is associated with
the element d. The notion of rank used here bears some similarity to the notion of rank in
ZFC set theory (see Section [2.2)): the (types of) constituents (at least those that we care
about) of an object have smaller rank than (the type of) the object itself. In fact, we could

define, e.g.,
rank(G(7, F')) = max(rank(7), sup rank(F(d))) + 1

deD,
and the proofs would still go through. However, we need rank(Y(7,S)) = rank(7), because
Dy (r5) € D-.
Lemma 7.2.7.
1. If X = dand 7" C 7 then X =, d.
2. If X =, d,d €Dy and 7 C 7 then X =, d.

Proof.

1. Induction on the definition of ¥ C 7. If 7 = 7’ then the claim is obvious. Otherwise
7" =Y (719, 5) with 70 C 7. Then X >, d could only be obtained by (S,/). So X >, d,
and by the inductive hypothesis X > d.

2. Induction on the definition of 7/ C 7. If 7 = 7/ then the claim is obvious. Otherwise
7" =T(19,5) with 79 C 7. Then d € S C D,,, so by the inductive hypothesis X >, d.
Thus X >, d by (Sy).

O
The following simple lemma will be used implicitly.

Lemma 7.2.8.
1. If X >FY1Ys; then X = X1 X5 with X1 > Y] and X >" Y.
2. If X >" NY where N € {S,K,Z,\,V,—, ¢, MW sup, T,D} then X = NX' with
X' '>"Y.
3. If X >" GY Yy then X = GX Xy with X; >" Y;. An analogous result holds when
X >¥YYY, or X > TV Ys.
Proof. Follows directly from Definition [7.2.6] O

Lemma 7.2.9. The reduction system R is invariant.

Proof. Like in Lemma [6.2.9], we show the following two conditions by induction on pairs
(K, a) ordered lexicographically, i.e., (k1, 1) < (Ko, ) iff K1 < Ko, or K1 = K9 and oy < as.
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(1) If X >*Y =% d then X =; d, where i € J ori = 7.
(2) If X >*Y 5% Z then there is Y/ with X 5 Y/ >~ Z.

For k = a = (, where ( is the closure ordinal of Definition [7.2.3] the above condltlons imply
the invariance of R. Indeed, assume X >; d and Yd ~; d’. Then Y X >" Yd " B d’ for

some . Using (2) and then (1) we obtain YX ~»; d'.
So assume (1) and (2) hold for all (x’,a/) < </~@, a). As in the proof of Lemma one
may show the following condition.

(x) If X >FY ~=*d then X ~, d.
Now we show (1) and (2) for (k, a).

(1) Assume X >"Y =% d where i € 7 or i = .7. We consider all possible rules by which
Y =% d could be obtained.

(D;) Then X >" d > d with 7 = 0 or 7 = W(7, F'). This is only possible when X = d
or X =, d. If X =, dthen 7/ C 7. By Lemma [7.2.7 we obtain X >, d.

(F7) Then X >»" Y =% d, 7 = G(7',F), d € D,, and for every a € D, we have
Ya ~5, d*(a). Let a € Dy. Then Xa >" Ya ~ df( ). Thus Xa ~p)
d*(a) by (). Since a € D, was arbitrary, we conclude X —r d.

(Tt) Then X >*T(d, f)"Y1 =& T, 7 =W(r', F) and Y; =5* d. Because 7 = W(7', F),
we have X = T(d, f)"Y, with Yy >* Y. By part (1) of the IH we obtain Y, >, d.
Thus X >, T.

(7Z) Then X > Y =2 (a,b), 7 = B(7',F), a € Dy, b € Dy, mY ~5* a and
mY MF(a b. We have mX >" mY and mX >" mY, so mX ~,. a and
ToX ~>p(a) b by (%).

(Gz) Then X >* GY1Y, =% G(7, F), Y1 =5% 7 and for every d € D, we have Yod ~»5*
F(d). We have X = GX;X, with X1 > Y] and Xy >" Y,. Thus X, >>”
Y, =5 7, so by part (1) of the IH we obtain X; >4 7. Let d € D,. We have
Xod >" Yod ~5* F(d), so Xod ~>5 F(d) by (). Thus X =5 G(7, F).

Other cases are similar to the above or analogous to corresponding cases in the proof of

Lemma [6.2.0

(2) It suffices to show that if X >* Y — Z then X = - >>* Z. Without loss of generality,
we may assume that the contraction Y —* Z occurs at the root. We consider possible
rules by which this contraction could occur.

(w1) We have X > KY;Y; —, Y;. Then X = KX, X, with X; >" Y,. Hence
X = X7 >Y.
(wy) We have X >" SY1Y5Y; —,, YV1Y3(YaY3). Then X = SX; X5 X3 with X; >" V.
Hence X —,, X7 X3(X2X3) > Y1Y3(YaY3).
(7) We have X >"Y —% Z. There are two possibilities.
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L X =fX"Y =fY' X" >»"Y and f € Dg(rr). Then Y’ =5 d for some
d € D, and Z = f*(d). By part (1) of the IH we have X’ =, d. So
X=fX'—, ffd)=7Z>"Z.

2. X =MX' Y =fY' M=, f, X’ >" Y rank(r) < k and 7 C G(7y, F).
Then Y’ > d for some d € D,, and Z = f7(d). Since X' >" Y’ =% d,
we have X’ >, d by part (1) of the IH. Let 79 = G(my, F'). Since 7 C 79, by
Lemma we also have M ., f. One sees by inspecting Definition
that M >, f can only be obtained by (F,,). Since d € D,, we thus have
Md ~p@ [7(d) = Z. Because rank(r;) < rank(rp) < s and X' =, d,
we have MX' ><¢ Md = - ~r@ 4. Thus MX' A ~r@ 4
by part (2) of the IH. So MX' =5 - =g Z by part (1) of the IH. Since
rank(F(d)) < rank(ry) < k we have X = MX' 5 . > Z.

(€1) We have X >" eAY) =& d with A =57, Y »=%, p and d = 1,(D,,). We need
to find Y’ with X = Y’ >~ d. We have X = eAyY, with Ay >" A and Yy >" V).
It suffices to show that Ay =5 7 and Yy >,, p. We have Ay >" A =5 7, so
Ay >z 7 by part (1) of the IH. Also Yy >"Y; ==%_ p, so Yy =, p by part (1)
of the IH.

(e2) Analogous to the case for (e7).

(111) We have X > MY; —% Kand Yy =5 T. Then X = MX, with X; >" ;. So
X1 >, T by part (1) of the IH. Thus X —, K.

(12) Analogous to the case for (u).

(m1) We have X >* m(a,b)” —, a with 7 = 3(7/, F'), and either X =Y, which case
is trivial, or X = m X’ with X’ >, (a,b), rank(7) < k. Then X’ =, (a,b) must
follow by rule (7Z) (and possibly some applications of (S,) but these may be
ignored by Lemma , so we have 71 = 7. Then a € D, and m X' ~, a, i.e.,
X =mX' 5 Y’ =, a. Since rank(7') < rank(7) < k, we actually have Y’ >* a.

(m2) We have X >" moy(d, f)” — f with 7 = X(7/, F'). The argument is analogous to
the case for (m;).

(sup) We have X >" sup AY Y, —* (d, f)” where A =5 7 = W(7', F), Y1 =5%d
and Y5 >—§‘(Xd)_w f. Then X =sup A/ XXy, A > A, X; >" Y] and Xy, >" V5.
By part (1) of the IH we obtain A" =5 7, Xy >~ d and Xy >p@g)—~ f. Thus
X = (d, f)".

(D) We have X >" D(d, f)7Y) —* fY; with 7 = W(7', F'). Then X = D{(d, /)" X,
with X7 >"Y]. So X — fX; > Y.

]

We have thus established coherence and invariance of the system R. Like in Section [6.2]
it remains to show some lemmas corresponding to the conditions 1-29 in Definition [7.1.8]
The proofs of these lemmas are mostly straightforward, using coherence and invariance of the
system R.
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Definition 7.2.10. We define the size of a type 7, denoted |7|, to be the ordinal number
given by the following inductive definition:

lel = lo = 1,

T(7, 5) = I7] + 1,

|G(7, F)| = max(|7], supgep, |F(d)]) + 1,

|X(7, F)| = max(|7], supsep, [F(d)]) + 1,

\W(r, F)| = max(|7], supsep, [F(d)]) + 1.

Lemma 7.2.11. Ifd € D, forT C 7€ 7, thend™ =, d.

Proof. Induction on the size of . n

The above lemma implies that if X = d for d € D,, then X ~», d. We will sometimes
use this property implicitly.

Lemma 7.2.12. If X =4 7 then for any Z with XZ ~», T there is d € D, with Z ~, d.

Proof. By induction on pairs (|7|, ) ordered lexicographically we show that if X >4 7 and
XZ ~% T then there exists d € D, such that Z ~», d. Suppose X >z 7 and XZ ~& T.

If 7 =0 then X =H, and HZ ~», T. By coherence we have Z V =7 ~», T. This implies
Z ~», T or Z ~, L, and we are done because T, L € D,. If X =4 ¢ then X = O and
0Z 5 1,50 XZ ~», T is impossible by coherence.

Assume X >4 G(7, F) follows by (G7), and XZ ~», T. Then X = GX; X, with X; =4 7
and for every d € D, we have Xod ~5 F(d). Since XZ ~», T, we have GX1 XoZ ~», T.
Let d € D,. By coherence and (=1) we have Xod(Zd) ~, T. Since Xod ~ 5 F(d) and
|F(d)] < |G(r,F)|, by the IH and coherence there is ag € Dp@) with Zd ~p@) aq. So
by (Fe(r,r)) we have Z (g [ for f € Dg(rr) such that f7(d) = a4 for d € D..

Assume X >% (7, F) and XZ ~», T. Then X = ¥ AB where A >4 7 and for each
d € D, we have Bd ~ 5 F(d). Since XZ ~», T, we have A(m Z) ~», T and B(m Z)(m3Z) ~,
T. Since |7] < |X(7, F')|, by the IH there is d € D, with mZ ~», d. Since Bd ~ 4 F(d)
and mZ ~», d, we have B(mZ) ~z F(d) by invariance. Because B(mZ) ~ 4 F(d),
B(mZ)(mZ) ~, T and |F(d)| < |3(7, F)|, by the IH there is d’ € Dp(q) with mZ ~>p(g) d'.
Then Z ~5rpy (d, d') by (71'%(7_7}7)).

Assume X =5 7 =W(7', F) and XZ ~2 T. Then X = WAB. Also XZ = WABZ =
WA'B'Z" =% T, which implies Z’ = (dy, f)™ and WA'B’ =5% 7. Because A - A’ and
B 5 B, we have X = WAB 5 WA'B’, and by coherence we conclude that WA'B’ = 5 7.
Therefore Z ~». (do, f) € D.

So assume X -5 7 = Y(7,S,), XZ ~, T and X = TAY with A =5 7, Y =, p
and S, = {d € D,» | p”(d) = T}. Hence by coherence, by XZ ~», T and by (At) we have
AZ ~, T and YZ ~, T. Since |7'| < |7|, by the IH there is d € D, with Z ~, d. If
p”(d) = T then d € D, and Z ~», d by (S,). Otherwise we have pd —., p”(d) = L because
d >, d by Lemma [7.2.11] So Yd ~», L by coherence and invariance, because Y >, _,, p.
Since Z ~». d we obtain Y Z ~», L by coherence and invariance. Thus X7 = AZAY Z ~», L.
But since XZ ~», T this contradicts coherence. O
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Lemma 7.2.13. If X >4 7 then Xd~», T for any d € D,.

Proof. Induction on the size of 7. Suppose X >4 7 and d € D,.

If r=o0then X =H,de{T, L}, and Hd >, T follows from definitions. The case 7 = ¢
is trivial because D. = 0.

Assume X >z G(7,F) follows by (Gz), and d € Dg(r,r). Then X = GX;X, where
X1 =7 7 and for every a € D, we have Xya ~5 F(a). Let a € D,. Then Xya(d” (a)) ~, T
by the IH. Since a >, a by Lemma , we have da —., d (a), and thus Xsa(da) ~, T.
Hence Xd ~», T by (E1) and coherence.

Assume X >% 7= X(7", F) and d € D,. Then X = ¥AB and d = (dy, ds) with d; € D,/
and dy € Dp(q,). We have Xd = A(md) N\ B(md)(med) = Ady A Bdydy. By X =4 7 and
di € D, we have: A =5 7" and Bdy ~5* F(d;). Hence by the IH and coherence, Ady ~», T
and Bdidy ~, T. Thus Xd~», T.

Assume X =5 7 =W(7', F). Then X = WAB and d = (dy, f) € D,. By (W) we obtain
Xd =, T.

So assume X =5 7= T(7,5,),d € D, and X = TAY with A > 7, Y >._,, p and
S,={d €D, |p"(d)=T}. We have d € D, = S,, so d € D,» and p”(d) = T. By the
inductive hypothesis Ad ~», T. Since d =, d by Lemma we have pd —., p*(d) = T,
ie., pd ~, T. Thus Yd ~», T by coherence and invariance. Hence Ad A Yd ~», T, so
Xd~», T by coherence. O]

Lemma 7.2.14. The following conditions hold.
1. ZXY ~, T iff LX ~, T and for every Z with XZ ~», T we have Y Z ~», T.
2. ZXY ~, L iff LX ~, T and there exists Z with XZ ~, T and Y Z ~», L.

Proof. Follows from Lemma [7.2.5] Lemma [7.2.9] Lemma and Lemma [7.2.13] O

Lemma 7.2.15. If p € D, ., and pX ~., b for some b € D,,, then there is a € D, with
X~ a and p” (a) = b.

Proof. The proof is completely analogous to the proof of Lemma [6.2.16] In the inductive
proof of (x) one needs to consider additional cases according to Definition [7.2.3] O

Lemma 7.2.16. If QL AXY ~», T and A~ 7 then there is d € D, such that X ~, d and
Y ~_ d.

Proof. The proof is completely analogous to the proof of Lemma [6.2.17] but instead of
Lemma [6.2.16] we use Lemma [Z.2.T5] O

Lemma 7.2.17. If QQAXY ~», | and A ~ 5 7 then there are di,ds € D, such that dy # ds,
X o dl and Y o d2.

Proof. Recall that QLAXY = Z(FAH)(Ap.=(pX) V pY). Assume Q AXY ~», L and
A~z 7. Then FAH ~»5 7 — 0. Because Q,AXY ~», L, there is p € D,_,, such that
~(pX)VpY ~, L, ie., pX ~, T and pY ~», L. Hence by Lemmal7.2.15]there are di, ds € D,
such that p”(dy) = T, p*(d2) = L, X ~, d; and Y ~», dy. Then also d; # ds. O
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Lemma 7.2.18. I[f WAB(sup(WAB)XY) ~, T then WAB ~» 5 W(7, F'), X ~. d for some
d€D;, andY 2 F(d)—W(T,F) [ for some f € DF(d)HW(T,F)-

Proof. Note that in order to obtain WAB(sup(WAB)XY') ~, T one must use the rules (W)
and (sup). O

Lemma 7.2.19.
1. If WAB(sup(WAB)XY) ~, T and QLAX X' ~, T then T(sup(WAB)XY )X’ ~, T.
2. If WAB(sup(WAB)XY) ~, T and QLAX X' ~, L then T(sup(WAB)XY )X’ ~, L.
3. If WAB(sup(WAB)XY') ~, T and BXZ ~», T then D(sup(WAB)XY)Z =p Y Z.

Proof. 1. Assume WAB(sup(WAB)XY) ~, T and Q,AX X' ~, T. By Lemma [7.2.18
we have WAB ~ 5 W(7, F'), X ~». d for some d € D; and Y ~pg)_w(rr) [ for some

[ € Dp@y—w(r,r). Thus sup(WAB)XY % (d, f). By Lemma there is d' € D-
such that X ~», d'. By coherence d = d’'. Hence T(sup(WAB)XY )X’ ~s, T by (T+).
2. Analogous to the previous point, using Lemma, and (T).
3. Assume WAB(sup(WAB)XY) ~, T and BXZ ~», T. By Lemma we have
WAB ~5 W(r,F), X ~. d for some d € D, and Y ~p@a-w(r [ for some
f € Dr@-wirr). Thus sup(WAB)XY = (d, f). Then D(sup(WAB)XY)Z = fZ.
We have Bd ~» 7 F(d). Thus BX ~» 5 F(d) by invariance. By Lemma there is
b € Dpgy with Z ~pg) b. Then fZ —, f7(b). Since Y ~ p(d)—w(r,F) f, by invariance
YZ ~owery [7(D), e, YZ Y =wirr) [T (D). But Y =y f7(D) is only possible
when Y’ = f7(b). Thus YZ 5 f7(b). Also D(sup(WAB)XY)Z 5 fZ — f7(b).
Therefore D(sup(WAB)XY)Z =Y Z.
[

Lemma 7.2.20.

L. IFXAY ~, T and FAHY ~y T then Y (€AY )~ T.
2. If XAA~, T and FAHY ~», T then A(eAY) ~, T.

Proof. Recall that XAY = =(EA(Az.—(Y'2))).

1. Assume XAY ~», T and FAHY ~», T. Then ZA(Az.~(Yx)) ~, L, so A ~ 4 7T for
some 7 € 7, and there is d € D, such that =(Yd) ~, L, i.e., Yd ~, T. We have
FAH ~»2 7 — 0. So by Lemma there is p € D,_,, with Y ~__,, p. Because
p”(d) = T, we have D,,, # (). Thus eAY — n,(D,,). By the definition of D, , we
have p” (n,(D,,)) = T. So p(n-(D,,)) —, T, using Lemma [7.2.11] By Lemmal7.2.11]
coherence and invariance we obtain Y (1,(D;,)) ~, T. Therefore Y (eAY) ~, T.

2. Assume XAA ~», T and FAHY ~s, T. Then A ~» 7 7 for some 7 € .7, and D, # ). As

in the previous paragraph, there is p € D,_,, with Y ~__,, p. We thus have eAY —, d
for some d € D,. By Lemma [7.2.13| we obtain Ad ~», T. Hence A(eAY) ~>, T.

]
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Lemma 7.2.21. If the following conditions hold
1. AX ~, T,
2. F(BX)(WAB)Y ~, T,
3. LIWAB) ~, T,
then WAB(sup(WAB)XY) ~, T.
Proof. Follows from (sup), (W), Lemma [7.2.12] invariance and definitions. O

Lemma 7.2.22. [fLX ~, T and for every Z such that XZ ~, T we have L(YZ) ~, T,
then L(GXY) ~», T.

Proof. Follows from definitions and Lemma [7.2.13] m
Lemma 7.2.23. If LX ~, T and FXLY ~, T then L(EXY) ~, T.

Proof. Assume LX ~», T and FXLY ~», T. Then X ~»4 7 for some 7 € 7. Hence
L(Yd) ~, T for d € D,, by (Z7), coherence and the definition of F. By (Lt), (¥#) and
coherence this implies that X XY ~» 5 (7, F') for appropriate F. Therefore L(XXY) ~», T

Lemma 7.2.24. IfLX ~, T and FXLY ~», T then LIWXY ) ~, T.
Proof. Analogous to Lemma [7.2.23| ]

Lemma 7.2.25. If LA~>, T and FAHX ~», T then L(TAX)~>, T.

Proof. Assume LA ~», T and FAHX ~», T. Then A ~ 4 7 for some 7 € 7. Because
FAHX ~», T, for every d € D, we have H(Xd) ~, T, i.e., Xd ~, ag € D,. By (Fr_0)
there is p € D,_,, such that X ~_ ., p. Using (T5) and coherence we conclude that
TAX ~ 5 Y(7,S5,). Hence L(TYAX) ~, T by (Lv). O

Lemma 7.2.26. If L(WAB) ~, T and for all X,Y such that
e AX ~, T and
o F(BX)(WAB)Y ~, T and
o Z(BX)(A\z.Z(Yx))~p T

we have Z(sup(WAB)XY) ~, T, then Z(WAB)Z ~», T.

Proof. Assume the antecedent of the above implication. Since L(WAB) ~», T, there is
T=W(7", F) € Z such that WAB ~» 5 7. By induction on « we show that if e € DY then
Ze ~», T. By (Z7) this will imply that Z(WAB)Z ~», T. So let e = (d, f) € D?. Because
WAB ~ 5 7 =W(7', F) and d € D,, we have A ~ 7 7" and Bd ~ 7 F(d). By Lemma [7.2.13]
we also have Ad ~», T. Let a € Dpggy. Then f7(a) € D=, so Z(f7(a)) ~, T by the
inductive hypothesis. Since a € Dp() was arbitrary, this implies Z(Bd)(A\z.Z(fx)) ~, T.
Since for every a € Dp(g) we have WAB(fa) ~, T by Lemma [7.2.13] and Bd ~» 7 F(d), we
also have F(Bd)(WAB) f ~», T. Hence Z(sup(WAB)df) ~, T. Since sup(WAB)df — (d, f)

by (sup), we conclude Ze = Z(d, f) ~, T by coherence. O
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Lemma 7.2.27. IfLA~, T and for all Z with AZ ~, T we have Q(BZ)(XZ)(YZ) ~, T,
then QpL(GAB)XY ~», T.

Proof. The proof is similar to the proof of Lemma [6.2.18] Recall that
QLAXY =5 Z(FAH)(Ap.—(pX) V pY).

Suppose
(1) LA~», T and
(2) for every Z with AZ ~», T we have Q(BZ)(XZ)(YZ)~, T.

Since LA ~, T, we have A ~» 7 7 for some 7, € J by (L) in Definition We need to
show
(x) Z(F(GAB)H)(Ap.—(pX) VpY).

First assume D, = (). Then GAB ~ 4 7 = G(7, F) by (Gz), where F is the empty
function. Then F(GAB)H ~ 5 7 — 0. Let f € D, be the only element of D, — the empty
function. Note that because D,, = (), by (F,) we have Z -, f for an arbitrary term Z. Let
p € D,,,. It suffices to show that pX ~», L or pY ~», T, and then (%) follows by definitions.
We have pf ~», T or pf ~», L. Since X >, f and Y >, f we obtain pX ~», L or pY ~, T
by invariance.

Now assume D,, # (). Then there is d € D,,, and by Lemma we have Ad ~, T.
Thus Qr(Bd)(Xd)(Yd) ~, T by (2), so there is 7, € J with Bd ~4 74 by (Lt), (=),
(F7) and coherence. Since A ~»5 7 and for every d € D,, we have Bd ~ 5 74, by (Gz) we
conclude GAB ~» 5 7 where 7 = G(1, Fp) € 7 and Fg(d) = 74 for d € D,,.

We show that there is f € D, with X ~, fand Y ~, f. Let d € D,,. Then Ad~, T by
Lemma [7.2.13] because A ~ 5 1. So Q. (Bd)(Xd)(Yd) ~, T and by Lemma [7.2.16] there is
bq € D,, with Xd ~»,, bg and Yd ~+,, bg. Thus by (F,) we may take f € D, with f7(d) = by
for d € D,,.

Since GAB ~» 5 7, we have F(GAB)H ~4 7 — 0. Let p € D,,,. We have pf ~», T or
pf ~, L. Therefore =(pf) V pf ~», T. By invariance —=(pX) V pY ~», T. Since p € D, was
arbitrary, we obtain (x) by (Z1) and coherence. H

Lemma 7.2.28. If X, Y ~, T or X, Y ~, L then Q. HXY ~», T.
Proof. The proof is analogous to the proof of Lemma [6.2.19] O

Lemma 7.2.29. [f the following conditions hold
(1) QLA(mX)(mY)~o T,
(2) Qu(B(mX))(mX)(mY) ~o T,
(3) L(BAB) ~, T,

then QL(ZAB)XY ~», T.
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Proof. Assume (1)—(3). Since QL A(m X )(mY) ~, T, thereis 7 € 7 with A~ 7, by (Z7),
(Lt), (F#) and coherence. By Lemma there is d € D, with m X ~, d and mY ~, d.
Since L(XAB) ~, T, there is 7 = X(1y, F) €  with ¥AB ~ 4 7. Then Bd ~4 1 = F(d),
so also B(mX) ~»5 7 by invariance. By (2) and Lemma there is b € D,, with
X ~op, b and mY ~s, b. Now by (1) we conclude X ~+, (d,b) and Y ~, (d,b). Since,
as is easily checked, Qr(XAB)(d,b)(d,b) ~, T, by invariance Qp(XAB)XY ~», T. O

Lemma 7.2.30. If QQAX X' ~, T and Qp(F(BX)(WAB))YY' ~, T and L(IWAB) ~, T,
then sup(WAB)XY = sup(WAB)X'Y".

Proof. Assume the antecedent of the implication. Since L(WAB) ~, T, we have WAB ~» 5
W(7, F). Then A~ 5 7. Because Q AX X' ~, T, by Lemma there is d € D, such
that X ~», d and X' ~», d. Then also Bd ~» 5 F(d), so BX ~»5 F(d) by invariance. Thus
F(BX)(WAB) ~4 F(d) — W(r, F'). Hence, because Q(F(BX)(WAB))YY' ~, T, by
Lemma [7.2.16] there is f € Dp(g)—w(r,r) such that Y ~ paswirr) [ and Y’ ~ payswir e f-
Hence by (sup) we conclude sup(WAB)XY — (d, f) and sup(WAB)X'Y" — (d, f). O

Definition 7.2.31. Define M = (C, I, T, F) where:

e C is the combinatory algebra constructed from the R-equality equivalence classes of
terms, with k = [K], s = [S], = = [E], etc., where by [X]| we denote the equivalence class
of X,

e [ is defined by I(c) = [¢] for ¢ € X,
o T ={[X]|X~, T}
o F={[X]]|X~, L}

Theorem 7.2.32. The structure M from Definition |7.2.31| is an ZT-model.

Proof. We need to check that M satisfies the conditions [IH29] from Definition [7.1.8] The
conditions follow from definitions, coherence and Lemma [7.2.14] Conditions follow
from Lemma [7.2.19] conditions from Lemma [7.2.20], condition 20| from Lemma [7.2.21}

condition from Lemma [7.2.22] condition from Lemma [7.2.23] condition from
Lemmal(7.2.24] condition [24] from Lemmal7.2.25] condition [25|from Lemma[7.2.26, condition

from Lemmal7.2.27] condition [27] from Lemmal7.2.28] condition [2§|follows from Lemma [7.2.29]
and condition 29 from Lemma [7.2.301 O

Corollary 7.2.33. The system I is consistent, i.e., b/z+ L.
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Conclusion

We introduced four classical systems of illative combinatory logic: the propositional sys-
tem ZKp, the first-order system ZK, the higher-order system eZKw, and the extended
higher-order system Z*. We also investigated the intuitionistic variant ZJp (resp. ZJ) of ZKp
(resp. ZK), and an intensional variant ZKw of eZKw. For each system a semantics was
presented and the systems were shown sound w.r.t. the corresponding semantics. The sys-
tems ZJp, ZKp and ZJ were also shown to be complete. The system ZK was shown complete
w.r.t. a sligthly less natural class of models. We proved all systems consistent by model
constructions.

We also investigated some translations of traditional systems of logic into corresponding
illative systems. We proved all those translations to be sound, i.e., if a judgement of
a traditional system is provable, then so is its translation. For ZJp, ZKp, ZJ and ZK we
also showed the translations complete, i.e., if the translation of a judgement is provable,
then so is the original judgement. For ZKw and eZKw we derived a limited completeness
result: if a translated judgement of higher-order logic is provable in eZKw then it is valid
in all standard models for higher-order logic. The proofs of most of these results were done
semantically, by showing a truth-preserving transformation of models of illative systems into
models of corresponding traditional systems, and vice versa.

Some of the systems shown consistent in the present work are much stronger than
the systems of [BBD93, DBB98a, [DBBI8b]. In particular, the system eZKw essentially
incorporates full extensional classical higher-order logic. The strongest of our systems Z+
extends eZKw with dependent function types, dependent sums, subtypes and W-types.

The system Z™ is rich enough to interpret a great deal of mathematics. Many common
type-theoretic constructions are possible. Using dependent sums one may define finite
products and (non-dependent) disjoint sums. Using W-types one may define inductive types,
including the type of natural numbers. The derived induction principles associated with
inductive types are unrestricted, i.e., it is possible to apply inductive reasoning to terms
whose types have not yet been established, thus for instance enabling reasoning about types
of terms by induction.

From a foundational viewpoint, what distinguishes illative combinatory logic is that it is
extremely simple and it assumes as primitive the notion of self-applicable function-in-intension
(operation). The simplicity of illative combinatory logic is a consequence of the fact that
it was invented with the intention of analysing prelogic. According to Curry, the aim of
illative combinatory logic is not merely to provide an alternative foundational system for
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mathematics, which would compete with the theory of types, set theory, etc. In Curry’s
view, combinatory logic concerns itself with the ultimate foundations. Its purpose is the
analysis of certain notions of such a basic character that they are taken for granted in most
other systems of logic. These are, above all, the analysis of the process of substitution, and
also the classification of objects into types or categories. Such notions constitute a prelogic.
Although very basic and generally presupposed, these notions are not simple and thus they
merit further investigation. Moreover, an analysis of prelogic may shed some light on the
sources of paradoxes.

From the point of view of computer science, an interesting feature of illative systems is
that by basing on the untyped lambda-calculus (combinatory logic) they incorporate general
recursion into the logic. Using illative-like systems may thus be a viable approach to the
problem of handling unrestricted recursion in interactive theorem provers. An advantage
of illative systems is that no justifications are needed for formulating unrestricted recursive
definitions. One may just introduce a possibly non-well-founded recursive function definition
and start reasoning about it within the logic.

To avoid inconsistency some inference rules need to be restricted by adding premises
which essentially state that some terms are “propositions”. To be able to derive that some
terms are propositions, illative systems include certain “typing rules”, i.e., rules for reasoning
about which types (categories) a term belongs to. In contrast to traditional systems, however,
these rules are internal to the system. The functions do not need to be “typed” a priori, but
reasoning about “types” may be interleaved with other reasoning. For instance, one may
show typability by induction.

The “typing rules” in illative systems are of such a character that in most cases deriving
the additional premises is straightforward. In particular, the soundness of translations of
traditional systems of logic into illative combinatory logic shows that additional premises in
introduction rules hold as long as we deal only with terms which are translations of terms or
formulas of a traditional system. Explicitly deriving the additional premises may be needed
only when dealing with terms which do not have direct counterparts in traditional systems.

Furthermore, the “typing rules” are similar to rules in traditional type systems. In fact,
these rules are usually generalisations of traditional typing rules. Therefore, in a machine
implementation of illative logic, it may be possible to adapt standard type checking or type
inference algorithms to obtain algorithms which, in common cases, automatically produce
a derivation establishing which type a given term belongs to, and thus dispose of the additional
premises in introduction rules.
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