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Abstract

We present the definition of the logical framework TF, the Type Framework.
TF is a lambda-free logical framework; it does not include lambda-abstraction
or product kinds. We give formal proofs of several results in the metatheory of
TF, and show how it can be conservatively embedded in the logical framework
LF: its judgements can be seen as the judgements of LF that are in beta-normal,
eta-long normal form. We show how several properties, such as the injectivity
of constants and the strong normalisation of an object theory, can be proven
more easily in TF, and then ‘lifted’ to LF.
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1. Introduction

A logical framework is a typing system intended as a meta-language for the
specification of other formal systems, which may themselves be type theories
or other systems of logic, such as predicate logic. Traditionally, logical frame-
works are based on a typed lambda calculus; variable binding is represented
by lambda-abstraction in the framework, and substitution by application in the
framework. The correspondence between the object theory and its representa-
tion in the framework is not exact: each entity of the object theory is represented
by more than one object in the framework — typically, 8n-convertible objects
represent the same entity of the object theory — and there are objects in the
framework (such as partially applied meta-functions) that do not correspond
to any entity of the object theory. It is therefore necessary to prove adequacy
theorems establishing the relationship between an object theory and its rep-
resentation in a logical framework; and these theorems are notoriously often
difficult to prove.
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It is possible to construct a logical framework that does not employ all the ap-
paratus of the lambda calculus. We can construct logical frameworks that do not
make use of abstraction and substitution, but instead involve only parametrisa-
tion and the instantiation of parameters. We shall call these lambda-free logical
frameworks. They can be seen as frameworks that only use (3-normal, 7n-long
normal forms. Lambda-free frameworks provide a more faithful representation
of an object theory — there is a one-to-one correspondence between the objects
of the framework and the terms and types of the object theory. Because of this,
many results including adequacy theorems are easier to prove in a lambda-free
framework.

It is often possible to embed a lambda-free framework L within a traditional
framework F'; that is, to provide a translation from L into F' such that the
derivable judgements of L map onto exactly the derivable judgements of F' that
are in normal form. F' can then be seen as a conservative extension of L. Once
this embedding has been established, we can ‘lift’ results from L to F'; that is,
we can prove a result for L, and then deduce that the corresponding result holds
for F' as a corollary.

There is a price to be paid for using a lambda-free framework: the early
metatheoretic results are much more difficult to establish, as is the soundness
of the embeddings discussed above. But this is a ‘one-time’ cost; once this price
has been paid, it is comparatively easy to prove many results in the lambda-free
framework, and then lift them to the traditional frameworks.

1.1. Background and Outline

The term ‘lambda-free logical framework’ was first use to describe the frame-
work PAL™ [1], which uses parametrisation and definitions as its basic notions
rather than lambda-abstraction. In PALY, however, it is possible to form ab-
stractions (using parametric definition) that can then be applied to objects.

We are using the phrase ‘lambda-free logical framework’ in a stricter sense,
to describe a framework which does not permit abstractions to be applied to
objects, and which therefore contain no framework-level notion of reduction. We
shall use the phrase ‘traditional framework’ throughout this paper to denote a
logical framework that is not lambda-free, such as the Edinburgh LF [2] or
Martin-Lof’s Logical Framework [3]. When we represent a formal system S
within a logical framework F', the system S is referred to as the object theory.

The framework TF first appeared in an unpublished note by Aczel [4]. It was
developed by myself in my thesis [5]. In particular, I introduced the set of arities
to organise the grammar, and made explicit the definition of instantiation.

In Section 2, we give the formal definition of TF, and describe how a type
theory may be specified in TF. In Section 3, we begin to prove the metatheoretic
properties of TF. We would like to prove that these properties hold under an
arbitrary type theory specification in TF. However, for most of the properties
considered in Section 3, we are at present only able to prove them for two large
classes of specifications — those with no equation declarations, and those which



do not involve variables of order 2 or higher!. The proofs are given in Section
3, with the more technical proofs given in the Appendix.

In Section 4, we describe a second lambda-free logical framework TF), which
is a Church-typed version of TF; that is, the bound variables are labelled with
their kinds. We define translations between TF and TFy in Section 4. It is
often very convenient to have these two versions of TF available, and to be able
to move between them at will.

In Section 5, we show how TF may be embedded in LF, a Church-typed
version of Martin-Lof’s Logical Framework [6]. We do so by defining a trans-
lation from TFy to LF and from LF to TF, taking advantage of the results of
Section 4. We show how this embedding allows results to be lifted; that is, a
result may be proven to hold for TF, and the fact that it holds for LF follows as
an easy corollary. We demonstrate this for two results: the injectivity of type
constructors, and strong normalisation of an object theory.

In Section 6, we describe two other frameworks that have appeared in the
literature which are lambda-free logical frameworks in the stricter sense: the
Concurrent Logical Framework (Concurrent LF) [7, 8] and DMBEL [9, 10].
In both of these frameworks, abstractions may be formed, and a constant or
variable may be applied to an abstraction, but abstractions may not themselves
be applied to objects.

Each of these may be conservatively embedded in TF. That is, we can find a
subsystem S of TF such that there exist bijective translations between Concur-
rent LF and S, and such that TF is a conservative extension of S. Likewise, we
can find a subsystem S’ such that there exist bijective translations between DM-
BEL and S’, and such that TF is a conservative extension of S’. It is possible to
find many such subsystems of TF, which all extend one another conservatively;
this idea, called a ‘modular hierarchy of logical frameworks’, was described in
Adams [11] and the formal details given in Adams [5]. We give the details in
the case of Concurrent LF and DMBEL in Section 6.

Abbreviation. Throughout this paper, the phrase ‘induction hypothesis’ shall
be abbreviated to ‘i.h.’.

2. The Type Framework TF

We present our first example of a lambda-free framework, the Type Frame-
work TF. The framework TF includes nothing but what is essential for repre-
senting an object theory. In particular, it contains neither lambda-abstraction
nor local definition; its basic concepts are parametrisation, the instantiation of
parameters, and the declaration of equations.

In Adams [5], the properties in Section 3 were claimed to hold under an arbitrary speci-
fication, but a mistake has since been found in the proof.



2.1. Grammar

2.1.1. Arities

We begin by introducing the set of arities, with which we shall organise the
syntax of TF.

The arities are defined inductively thus:

If o, ..., o, are arities, then (a1, ..., a,) is an arity.

The base case of this definition is the case n = 0, yielding the arity (), which
we shall write as 0. The next arities that can be formed are

for positive n; we shall write this arity as n. The next arities that can be formed
are (ny,...,ny), and so forth.

The intuition behind the arities is that an (a1, ..., a,)-ary function is a
function that takes m arguments — namely an «j-ary function, ..., and an
ap-ary function — and returns an entity (term or type) of the object theory.
In particular, a 0-ary (or base) function is just an entity of the object theory;
a 2-ary function is a binary operation on the entities of the object theory; and
so forth.

We denote by o3 the concatenation of the two arities o and :

(ala"'aQWL)A(/Blv"'7ﬂn) = (ala"'vamaﬂlv"'7ﬂn) .

We also ascribe an order to each arity as follows:
e The only Oth-order, or base, arity is O.

e If the highest order among the arities a1, ..., a, is k, then (aq,...,ap)
is a k + 1st-order arity.

For example, the first-order arities are those of the form n for positive n, and
the second-order arities are those of the form (nj,...,ny) where at least one n;
is positive.

We say the arity « is a subarity of the arity (8 if a occurs inside 5. We say
« is a proper subarity of 3 if « is a subarity of 8 and a # (.

2.2. Objects

The objects of TF are expressions intended to represent the terms and types
of the object theory. They are built up from variables and constants, to each of
which is assigned an arity. The constants shall be used for the type constructors
and term constructors of the object theory. The variables shall be used as the
variables of the object theory.



The set of objects is defined by the following inductive definition:

If z is an a-ary constant or variable, where

o= ((alla~~~aalrl)a'~-;(an1a~~'7anrn)) s

then
Z[[IEll, ey xlrl]Mla ey [IL’nl, N 7337“0”}Mn] (1)

is an object, where each x;; is an «ay;-ary variable, and each M; an
object. Each x;; is bound within the corresponding object M;, and
we identify objects up to a-conversion.

The base case of this definition is that, if z is a base variable or constant
(that is, a 0-ary variable or constant), then z[] is an object; we shall henceforth
write this object as just z. Likewise, if 2z is an n-ary variable or constant, then

z[[[My, ..., [|M,] is an object for any objects My, ..., M,; we shall write this
object simply as z[Mj, ..., M,].
The subexpressions of the object (1) such as [z1,...,2,]M are not first-

class entities of TF; they cannot occur except as arguments to some variable
or constant z. Nevertheless, it shall be convenient to have some way of refer-
ring to these pieces of raw syntax. We shall therefore introduce the following
terminology:

e An (ay,...,a,)-ary variable sequence is a sequence of n distinct variables
(x1,...,2n), where x; has arity a;.

e An a-ary abstraction is an expression of the form [Z]M, where ¥ is an
a-ary variable sequence, and M an object. We take each member of &
to be bound within this abstraction, and identify abstractions up to a-
conversion.

e An (aq,...,a,)-ary abstraction sequence is a sequence (F1, ..., F,), where
F; is an o -ary abstraction.

Thus, an object has the form z[ﬁ], where z is an a-ary variable or constant,
and F an a-ary abstraction sequence. We shall often write this object as just
zF.

We note that the only expressions that can occur as arguments to a symbol
are abstractions. In the situations where we would naturally wish to write a
variable or constant in an argument position, we instead write its n-long form.

Definition 2.1 (n-long Form). Given any a-ary variable or constant z, the
n-long form z" of z is the a-ary abstraction defined by recursion on « as follows:
If « = (ay,...,a,), then

2" =[x, . @22l 2]

where each z; is an q;-ary variable. (By a-conversion, it does not matter which
variables we choose.)



2.8. Hereditary Substitution and Employment

We cannot use the familiar operation of substitution in TF. The result of
substituting an abstraction [§]M for the variable z in the object zF is not an
object of TF; rather, it would be a g-redex.

Instead, we introduce an operation that we name instantiation. The op-
eration of instantiating an abstraction F' for a variable x can be thought of
as substituting F' for z, then reducing to normal form (that is, G-normal,
n-long form). However, we note that the definition does not use any notion
of reduction.

Definition 2.2 (Instantiation). Given an a-ary abstraction F, an a-ary vari-
able z, and an object N, the object {F/x}N, the result of instantiating F for
x in N, is defined by recursion firstly on the arity «, secondly on the object N,
as follows:

[F/a}(Gry ., Gal = s{F[2}Gr,.. AF/2}Ga] (2 #2)
If F =[t1,...,t,) P, then

{F/z}z]|G1,...,Gy) = {{F/z}G1/t1}-- - {{F/x}Gp [t} P .
We assume here, through a-conversion, that no ¢; occurs free in any G;.

We shall also introduce a notational convention that shall play the role of
abstraction: if z is an a-ary variable and F a (-ary abstraction, then [x]F is an
(a)'B-ary abstraction, defined by

[Z][y1, -y yn)M = [z,y1, - yn) M .

Finally, we define an operation, which we shall call employment, to play the
role usually taken by application. The result of employing F' on G, denoted
F o (G, can be thought of as the normal form of the application F'G. The
definition is:

Definition 2.3 (Employment). Given an (a)-ary abstraction [z]F and an
a-ary abstraction G, the -ary abstraction F e G, the result of employing [z|F
on G, is defined by

([z]F) e G ={G/z}F .

We have used our newly introduced notation [z]M in this definition; written
out in full, the above equation is

([zoy1, - ynlM) 0 G = [y, ... yn]{G/a}M .

We shall abbreviate the repeated use of employment as follows: if G is the
abstraction sequence (G, ...,Gy,), then Fe G abbreviates FeGeGoe---e G,
that is,

((...(F.Gl).G2)....).Gn .



Remark. We note that there is a strong correspondence between our syntax and
the simply-typed lambda calculus. Our arities correspond to the types of the
simply-typed lambda calculus, and our abstractions to the terms. Instantiation
corresponds to the strategy of innermost reduction. Thus, the fact that our
definition of instantiation is total corresponds to the fact that the simply-typed
lambda calculus is weakly normalisable.

2.4. Kinds

A base kind in TF is either the symbol Type, or has the form El (A4) for some
object A. The intention is that each type T of the object theory is represented
by an object [T] of kind Type; the terms of type T are then represented by
the objects of kind EL ([T7]).

In addition to these, we introduce a set of a-ary product kinds for every arity
a. These shall be used to give kinds to the variables and constants of higher
arity. The definition is by recursion on «:

An (a1, ...,a,)-ary product kind is an expression of the form
(1: Ky,... 2 K,)T (2)

where the z;s are distinct variables, z; being of arity «;; each K; is
an ay-ary product kind; and 7T is a base kind.

We take each variable x; to be bound within K, 1, K42, ..., K, and T in this
product kind, and identify product kinds up to a-conversion.

The intuition is that the kind (2) represents the collection of functions
that take n arguments — namely F; of kind Ky, F» of kind {F;/x1} K>, ...,
and F, of kind {Fy/z1,...,F,_1/xpn—1}K,, — and returns an object of kind
{Fl/.’bl, ey Fn/l'n}T

If K = (21 : Ky,...,zp : K,)T, then we shall write (y : J)K for
(y: oy Ky, 20 s Kp)T.

Just as with abstractions, so the product kinds of non-zero arity are not
considered first-class entities of TF; only the base kinds are. We shall however
make use of the higher product kinds to give kinds to the variables and constants
of higher arity. We shall even talk of an abstraction being a member of a product
kind; however, this shall not be represented by a primitive judgement form of
TF.

Contexts. A context T" in TF is a sequence of the form:
T IKl,...,IL'nIKn

where the z;s are distinct variables, and each x; has the same arity as the
corresponding product kind K;. If each z; has arity «;, we say the context I"
has arity (aq,...,ay), and its order o(T") is then the order of (a1, ..., a,). The
variable sequence (z1,...,x,) is called the domain of the context I', domT.

Thus, an a-ary kind has the form (I')T, where T is an a-ary context and T
a base kind.



2.5. Judgement Forms

There are three primitive judgement forms in TF:

T valid
' v M:T
' v M=N:T

where IT" is a context, M and N are objects, and T is a base kind. These are
intended to express that I' is a valid context; that the object M has kind T
under the context I'; and that the objects M and N are equal objects of kind
T under T', respectively.

We now introduce defined judgement forms to deal with the abstractions
and product kinds of higher arity:

I' IF K kind; kK=K’ 'rkF:K; 'FF=G: K .

Each of these judgements is defined to be a set of primitive judgements. We
shall always use the double turnstile IF to indicate a defined judgement form.
For any base kind 7', the defined judgement I' IF T kind is defined as follows:

(T IF Type kind) = {T valid}
(T'IFEL(A) kind) = {T'F A:Type}

For any a-ary product kind K, the judgement I' I K kind is defined by:
(T IF (A)T kind) = (T, A IF T kind) .
Equality of base kinds is defined by:

(T'IF Type = Type) = {T valid}
(TIFEL(A)=EL(B)) = {TFA=B:Type}

We leave ‘T' IF Type = El(B)’ and ‘T' IF El (A) = Type’ undefined.
Equality of product kinds and contexts is defined recursively by

(T IF (AT = (A")T) = ThFA=A)U{TIFT=T"}
T IF () = () = (T valid}
CFAz:K=A,2:K) = TIFA=A)UT,AIFK =K'

For example, the defined judgement T'IF (2 : A)B = (z : C)D is defined to
be the set

{Tvalid, TFA=C:Type, I'z: A+ B=D : Type} .

The judgement T' IF (x : A)B = (z : C)Type is undefined.



We introduce defined judgement forms ' lF F : K and ' F F = G : K for
the inhabitation of a product kind K by an abstraction F, and the equality of
two abstractions F' and G of product kind K; here, F', G and K must all have
the same arity.

(T Ik [Z]M : (A)T) = {IJA+-M:T}
TCIH[EM=[ZN:(A)T) = {,ArM=N:T}
We assume here that we have applied a-conversion to ensure that the same
variable sequence Z is used in both [Z]P and [Z]Q, and is also the domain of the

context A.
Finally, we introduce judgement forms

e T IFF A, denoting that F satisfies the context A; that is, Fis a
sequence of abstractions whose kinds are those given by the context A;

eT IF F =G = A, denoting that F and G are two equal abstraction
sequences that satisfy A.

The judgement forms are defined as follows:

(T =) = {T valid}
THFF Fy:Az:K) = (DIFF:zA)U(CIFFy: {F/A}K)
T =(:( = {T valid}

LI (F,Fy) = (G,Go) :: (A : K)
= MHFF=G:A)U[ I Fy=Gy: {F/A}K)

2.6. Rules of Deduction

We are finally able to give the rules of deduction of TF. They are listed in
Figure 1. They counsist of the rules (emp) and (ctxt) determining when a context
is valid; (var) and (var_eq), the typing and congruence rules for the application of
a variable; (ref), (sym) and (trans), which ensure that the judgemental equality
is an equivalence relation; and (conv) and (conv_eq), which ensure that equal
kinds have the same objects.

We note in passing how few rules there are compared to logical frameworks
of similar expressiveness such as LF [6] and ELF [2]. In particular, the two rules
(var) and (var_eq) do all the work normally done by the rules governing typing
and congruence of applications and abstractions, and 8- and n-contractions. We
have shifted this burden from the rules of deduction to the syntax.

2.6.1. Type Theory Specifications

An object theory is represented in TF by extending the logical framework
with several new rules of deduction, representing the formation of the terms and
types of the object theory and the computation rules of the object theory.



(emp-_ctxt) () valid

I' Ik K kind
(ctxt) e —
I'z: K valid
TIFF:A
(var) ——
T'kaF : {F/A}YT
FFF=G:A
(var_eq) = —
F'kaF =2G: {F/A}T
'eEM:T
(ref) _
'-M=M:T
'EFM=N:T
(sym) —_—
'EN=M:T
'FM=N:T TEN=P:T
(trans)
'-M=P:T
I'FM:El(A) THA=B:Type
(conv)
' M :El(B)
'-M=N:El(A) THA=B:Type
(conv_eq)

I'HM=N:El(B)

Figure 1: Rules of Deduction of TF

10

(x ¢ domT)

(z:(A)T )

(z:(A)T eT)



Formally, a type theory specification in TF is a set of declarations, of two
possible forms:

o constant declarations of the form
c: K
where c is a constant and K a kind of the same arity; and

e cquation declarations of the form
(AYM=N:T)
where A is a context, M and N objects and T a base kind.

The intention is that the constant declarations represent the term- and type-
constructors of the object theory, and the equation declarations represent the
computation rules of the object theory.

Making the constant declaration ¢ : (A)T has the effect of adding the follow-
ing two rules of deduction to the framework (c.f. the rules (var) and (var_eq)):

LlFF:A FFF=G:A
(const) S (const_eq) - S
[FcF: {F/A}T [+ cF = cG: {F/A}T

Making the equation declaration (A)(M = N : T) has the effect of adding
the following rule to the framework:

eq) TFF:A
YT {F/AYM = {F/A}N : {F/A}T

We define the order o(d) of a declaration as follows: the order of ¢ : K is
the order of K, and the order of (A)(M = N : T) is the order of A. The order
o(7T) of a type theory specification 7 is the largest n such that 7 contains a
declaration of order n, or w if there is no such maximum.

2.7. Representing Object Theories in TF

TF is intended for representing type theories that have judgements of the
following forms:

x1:A,...,2n: A, F M:B (3)
1 :A,...,2pn: A, F M=N:B (4)
Given such a type theory T that we wish to represent in TF, we begin by
forming the appropriate specification. There will be one constant declaration

for each constructor in the grammar of 7', and one equation declaration for each
computation rule in 7.

11



We make these declarations in such a way that:
e the objects of kind Type correspond to the types of T

e if the object M : Type corresponds to the type A, then the objects of
kind El (M) correspond to the terms of type A;

e the judgements of T of the form (2.7) correspond to the TF judgements
of the form

x1:El(41),...,2, : El(4,) F M : El(B) ; (5)

e the judgements of T" of the form (2.7) correspond to the TF judgements
of the form

21 :El(A1),... 2 :El(A4,) F M = N :El(B) . (6)

To specify type theories such as the Calculus of Constructions [12], ECC
[6] or Martin-Lo6f’s Type Theory without W-types [3] requires a second-order
specification. To specify Martin-Lof’s Type Theory with W-types requires a
third-order specification. To specify UTT [6] requires a specification of order w.
These examples are described in more detail in Adams [5].

Note that the judgements of TF that represent the judgements of the ob-
ject theory, those of form (5) or (6), have first-order contexts. This will be
important in the following section. For many of the metatheoretic properties
we investigate, we shall be able to prove that they hold for judgements with
first-order contexts, but they have not yet been proved to hold for judgements
with contexts of order > 2.

3. Metatheory

We can now begin to investigate the metatheoretical properties of this sys-
tem. Many of these properties are more difficult to prove than the correspond-
ing properties of a traditional logical framework; in particular, it is often the
case that several properties need to be established simultaneously by a single
induction. This should be seen as the ‘one-time’ cost of using a lambda-free
framework.

3.1. Grammar

We begin by demonstrating some properties of the operations of instantiation
and employment. Many of them are analogous to properties of substitution in
more familiar languages; we shall point out these analogies as we proceed.

12



Lemma 3.1 Let FV (X) denote the set of free variables in the object or ab-
straction X.

1. FV ({F/x}N) C (FV (N)\ {z}) UFV (F)
2. FV (FeG) C FV (F)UFV (G).

PROOF. Part 1 is proved by induction on the object N. Part 2 follows directly.

The following is the analogue of the result that, if = is not free in N, then
[M/z]N = N.

Lemma 3.2 If x does not occur free in M, then
{F/z}M =M .
Proor. This is easily proven by induction on the object M.

Part 1 of the next lemma is the analogue of the famous Substitution Lemma.

Lemma 3.3 Let o, 8 and v be arities. Let F be an a-ary abstraction, G a
B-ary abstraction, and H a (B)vy-ary abstraction. Let x be an «-ary variable
and y a B-ary variable, with x % y. Let M be an object.

1. If x and y are distinct variables, and y does not occur free in M, then

{F/a{G/ytM = {{F/2}G/y{F/a}M .
2. {F/z}(H o G) = ({F/x}H) o {F/z)}C.

PROOF. Both parts are proved simultaneously by induction on the sum of the
orders of « and S.

Part 1 of the next lemma is the analogue of the fact that [M/z]x = M. Part
3 is the analogue of the fact that [z/z]M = M.

Lemma 3.4 Let o be an arity.

1. For any a-ary variable x and a-ary abstraction F, {F/z}x" = F.

2. For any a-ary variable © and a-ary abstraction sequence F, x" o[ =zF.
3. For any a-ary variable x and object M, {x" /x} M = M.

PROOF. The three parts are proven simultaneously by induction on a. Part 3
requires a secondary induction on the object M.

13



3.2. Metatheoretic Properties

The following results are true in TF.

Theorem 3.5
1. (Context Validity) Every derivation of a judgement of the form T, A+ J
has a subderivation of T valid.
2. Bvery deriwation of I',x : K, A+ J has a subderivation of I' IF K kind.
3. If T+ J is derivable, then every free variable in the judgement body J is
in the domain of T.
4. If T,z : K, A valid, then every free variable in K is in the domain of T'.
5. (Weakening) If T+ J, T’ C A and A valid, then A+ J.
6. (Generation) If T + oF : T, then there is a declaration x : (A)S in T,
where . .
LlFF::A, DIF{F/A}S=T .
7. (Generation) If T F ¢F . T, then a constant declaration c : (A)S has
been made, where
TIFF:A, TIF{F/A}S=T.
8. IfTHFM:T andTHM :T', thenTIFT =T".

PROOF. The first 7 parts are each proved by a simple induction on derivations.
Part 8 follows easily from parts 6 and 7.

The other metatheoretic properties of TF are very difficult to establish. We
have not been able to prove the following properties in full generality, but only
under a set of restrictions on the type theory specification and context.

Definition 3.6 (Good Specification). Let 7 be a type theory specification
in TF.

1.

We say that 7 is orderable iff there exists a well-ordering < on the decla-
rations of 7 such that:

(a) For every constant declaration § = (¢ : (A)T), it is possible to derive
A IF T kind using only the declarations §’ such that §" < 4.

(b) For every equation declaration § = (A)(M = N : T), it is possible
to derive A+ M : T, A+ N : T and A IF T kind using only the
declarations ¢’ such that ¢’ < 6.

We say that 7 is m-good iff, whenever I' is a context of order < n and
'-M=N:T,thenT'"FM:TandT'FN:T.

We say that 7 is good iff T is n-good for every natural number n.
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It is difficult to find general conditions under which we can prove that a
specification is good. So far, we are able to do so for two large classes of
specifications:

Theorem 3.7

1. If T contains no equation declarations, then T is good.

2. If T is orderable and o(T) < 2, then T is 2-good.
PRrOOF.

1. A simple proof by induction on derivations shows that, whenever I' - M =
N:T,then M=Nand '+ M :T.
2. See Appendix B.

Theorem 3.8 Let T be a type theory specification. Suppose T is n-good, and
I'z: K,A is a context of order <n.

1. (Cut) If T,z : K,AFJ and T I+ F: K then T, {F/z}A+ {F/x}J.

2. (Functionality) If o : KA F M : T and T IF F = G : K then
T {F/z}A+{F/z}M = {G/x}M : {F/x}T.

3. (Context Conversion) IfT,x : K, A+ J and T IF K = K’ then T,z :
K',AFJ.

PRrROOF. See Appendix A.
Once we have got past this hurdle, other properties of TF follow rapidly.

Theorem 3.9 (Type Validity) Suppose that T is an n-good specification,
and

e for every constant declaration ¢ : K in T, we have IF K kind;
e for every equation declaration (A)(M = N : T) in T, we have A I+ T kind.

Then, whenever o(I') < n, if '+ M : E1(A) or ' M = N : El(A), we have
'+ A: Type.

PROOF. The proof is by induction on derivations. The cases (const) and
(const_eq) use the first hypothesis with Cut and Functionality respectively. The
case (eq) uses the second hypothesis with Cut. The other cases are all trivial.

Theorem 3.10 (Kind Validity) Suppose T is n-good and o(T') < n. Then
the following rules are admissible.

NrFr:K N'NrF=G: K
I' - K kind I'lF K kind

Proor. Both rules are proved admissible simultaneously by induction on the
derivation of the premise. The case of the rule (var_eq) requires Equation Va-
lidity.
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4. The Church-Typed TF

The version of TF we have described is Curry-typed; that is, the bound vari-
ables in abstractions are not annotated with their kinds. We can also construct
a Church-typed version of TF, in which objects have the form

z[[xll : Ku,...,xlrl :Kl’l“l]M17"'7[xn1 : Knl,...,ann Knrn]Mn] .

We shall call the Church-typed version of TF by the name TF}?. In this section,
we shall give the definition of TFy, prove its metatheoretic properties, and
define mutually inverse translations between TF and TF) that show that the
two systems are in some sense equivalent.

It is very convenient to have available two versions of a lambda-free logical
framework, and to be able to switch between them at will. For example, when
embedding a lambda-free framework in a traditional framework, it is easier to
define translations into the Curry-typed version, and from the Church-typed
version. We shall be in just this situation when we come to embed TF in LF.

4.1. Grammar

In TFy, the sets of objects, abstractions, abstraction sequences, contexts and
kinds are all defined simultaneously as follows.

Objects An object has the form 2F, where z is an a-ary variable or constant
and F' an a-ary abstraction sequence, for some arity a.

Abstractions An a-ary abstraction has the form [A]M, where A is an a-ary
context and M an object.

Abstraction Sequences An (aq,...,«a,)-ary abstraction sequence has the
form (Fy,...,F,), where each F; is an a;-ary abstraction.
Contexts An (aq,...,a,)-ary context has the form z; : Ki,...,2, : Ky,

where each z; is an «;-ary variable and K; an a -ary kind, with the x;s
all distinct.

Kinds An a-ary kind has the form (A)Type or (A)El(M), where A is an
a-ary context and M an object.

In an abstraction [x; : Ki,...,2, @ Kp]M or a kind (21 : Kq,...,2, : K,)T,
each variable x; is bound wherever it occurs in K;;1, K12, ..., K,, and M.
We identify all these expressions up to a-conversion.

The n-long form of a symbol in TFy must be defined with reference to some
kind. For z an a-ary variable or constant and K an a-ary kind, we define the

2The ‘k’ here stands for ‘kind’, as we include the kind labels in abstractions. This system
was named TF. in Adams [5], the ‘¢’ standing for ‘Church’. I have decided to abandon this
name, as ‘¢’ could just as well stand for ‘Curry’!
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a-ary abstraction 2, the n-long form of z considered as being of kind K, by
recursion on « as follows.

@KLz Kn)T = [x1: Kyy.ooy2p e Kn]z[wfl, . ,xff”] .

The definitions of instantiation and employment in TFy are very similar to
those in TF.

{F/x}z]|G1,...,Gyn) = z[{F/x}Gn, ..., {F/z}G,] (z £ x)
If F= [tl : K17...,tn : Kn]M,

{F/xe]Gy, ..., Gl {F/z}Gi/ta} - {F 2} G [t } M
([x: K|F)e G = {G/z}F

As in TF, there are three primitive judgement forms in TFy:
I valid '-mM:T 'FM=N:T

where I' is a context, M and N objects and 7" a base kind.

We define the judgement forms I' IF K kind, T'lF K = K/ and T' IF A = A’
just as we did for TF.

The judgement form I' IF F': K, where F' is an a-ary abstraction and K an
a-ary kind, is defined as follows.

(TIF[AJM : (ANT) = (TIF A" = A)U{T,A' - M : T} .

The judgement form I' IF F' = G : K, where F' and G are a-ary abstractions
and K an a-ary kind, is defined as follows.
(Tl [Aq]M = [A3]N : (A3)T)

The judgement form I I+ F A, where Fis an a-ary abstraction sequence and
A an a-ary context, is defined by recursion on « as follows.

(T = 0) = {T valid}

TIFF Fy=Axz:K) = (DIFF:=A)

UT I+ Fy : {F/AYK)

The judgement form I' - F =G = A, where F and G are a-ary abstraction
sequences and A an a-ary context, is defined by recursion on « as follows.

(TIFO=:() = {T valid}
TIFF,Fy=GG=Az:K) = (TIFEF=G:A)
U IF Fy = Gy : {F/A}K)

17



Rules of Deduction. The rules of deduction of TFy look exactly the same as
those of TF, as given in Fig. 1. The rules (ctxt), (var) and (var_eq) of course
use the new definitions of the defined judgement forms I' IF K kind, I' I F:A
and T'IF F =G = A.

Object theories are declared in TFy in the same way as in TF: we make a
number of constant declarations ¢ : (A)T, which has the effect of introducing the
rules (const) and (const_eq), and equation declarations (A)(M = N : T), which
has the effect of introducing the rule (eq), as given in Section 2.6.1. Again, in
TFy these rules use the new definitions of the defined judgement forms.

Metatheory. All the properties of TF we proved in Section 3 hold in TFy too.
The proofs follow the same pattern; we have indicated in Appendix A the places
where the details differ.

4.2. Translations between TF and TFy

The systems TF and TF) are equivalent, in the following sense. Given any
derivable judgement in TF}, erasing the kind labels on variables gives a derivable
judgement in TF. Conversely, given any derivable judgement in TF, there is a
way of filling in the kind labels on the variables to yield a derivable judgement
in TF; further, the choice of kind labels is unique up to equality in TF.

This fact is very convenient when working with lambda-free logical frame-
works, as it allows us to switch between TF and TFy more or less at will,
effectively treating them as if they were the same system.

In this section, we shall formally establish the equivalence of TF and TFy
by defining translations between the two.

The translation from TFy to TF consists simply of erasing the kind labels:

Definition 4.1. For every entity (object, abstraction, abstraction sequence,
kind, context, or judgement) X in TFy, let | X| denote the entity obtained by
erasing the kind labels on the bound variables in abstractions.

Given a type theory specification 7 in TFy, let |7| denote the type theory
specification in TF formed by erasing the kind labels on the bound variables in
abstractions within the declarations of 7.

It is straightforward to show that this translation is sound:

Theorem 4.2 Let T be a type theory specification in TFy, and let J be a
Judgement that is derivable under T. Then |J| is a derivable judgement in TF
under the type theory specification |T|.

ProOF. The proof consists of observing that the image of a primitive rule of
deduction in TFy under || is a primitive rule of deduction in TF, and the image
of any of the rules introduced by 7 under || is a rule introduced by |7.
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Defining the translation in the other direction is harder. We shall define the
translation ‘£’ from TF to TFy, which fills in the kind labels on the bound vari-
ables. Whenever we encounter an object of the form x[ -, [y1,...,yn]M, -],
we discover the kinds of y1, ..., y, by looking up the kind of x in the current
context. Similarly, we handle objects of the form ¢[- - -] by looking up the kind
of ¢ in the specification.

Let us say that an object, abstraction or abstraction sequence X in TF is
defined relative to the specification 7 and context I' if and only if every constant
that occurs in X is declared in 7, and every free variable in X is declared in
I'. Let us also say that a context A = z1 : Ky,...,x, : K, is defined relative
to I and 7 if and only if, for each i, K; is defined relative to the context
Iz : Ky,...,x;—1: K;_1 and 7. Let us say that a judgement I' - J is defined
relative to 7 if and only if I is defined relative to 7', every constant that occurs
in J is declared in 7, and every free variable in J is declared in T'.

Let us say that the specification 7 is consistent if and only if:

e for each constant declaration ¢ : K, the kind K is defined relative to the
empty context and 7;

e for each equation declaration (A)(M = N : T), the context A is defined
relative to 7, and M, N and T are defined relative to A and 7.

Now, given a consistent specification 7 in TF, we shall define the following.

e For every context I' defined relative to 7, and every object M defined
relative to 7 and T, an object Lr(M) in TF}.

e For every abstraction F' and kind K of the same arity defined relative to
I and 7, an abstraction LX(F) in TFk. We think of K as the intended
kind of F.

e For every abstraction sequence F and context A of the same arity defined
relative to I' and 7', an abstraction sequence £&(F) in TFy. We think of

—

A as giving the intended kinds of the abstractions F'.
e For every kind K defined relative to I and 7, a kind Lp(K) in TF.
e For every context I' defined relative to 7, a context £(I") in TF.

e For every judgement J defined relative to 7, a judgement £(J) in TFy.
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The definition is as follows.

Lr(cF) = C[LR(F) (¢: (A)T declared in T)
Lr(zF) = 2[CA(F)] (z : (A)T declared in T')
LT (M) = Lr(M)

LEOK (2] F)

[+ Lo (F)ILE G (F)

£ () = 0 )

LETN(F,G) = LR(F), L@

Lr(Type) = Type

Lo (B (M) = EI(Lr(M)

LF((.T : K)K/) = (.17 : EF(K))EFJ;K(K’)

L(()) = ()

LT,z K) = L), Lr(K)

L(T valid) = L(I) valid

LOFM:T) = LMD+ Lp(M): Lr(T)
LOEFM=N:T) = LO)FLr(M)=Lr(N):Lp(T)

Given a consistent specification § in TF, let £(S) be the following type
theory specification in TF.

e For every constant declaration c¢: K in S, declare c: Ly (K).

e For every equation declaration (A)(M = N : T) in S, declare
(LAN(LA(M) = LA(N) : La(T)).

We can show that this translation is sound after proving a number of lemmas.
Lemma 4.3 If M is defined relative to both T' and A, and T’ and A agree on
every free variable in M, then Lr(M) = LA(M). In particular, if M is defined
relative to T and T' C A, then Lr(M) = LA(M).

PROOF. An easy induction on M.
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Lemma 4.4 For each of the following equations, if the left-hand side is defined
then so is the right-hand side, in which case the two are equal.

{LE(F)/x}eraxa(X) = Lrp/oya({F/z}X)
(CE(F) /o a(@) = LGS ((F/0)G)
(CE(F) /23R, 1 0(G) = LIS J{F/2}E)

where X is an object, kind or context.

PRrROOF. The five equations are proved simultaneously by a double induction
on the arity of K, then the size of X, G or G. We give the calculation for
one case, the case where X is an object of the form zG. Let K = (©)T and
F = [dom ©|N

{L(F)/a}L(zC) = L(F)e{L(F)/x}L(C)
= L(F)eL({F/z}G) (i.h. on X)
= {L{F/x}G)/O}L(N)
= L{{F/z}G/O}N) (i.h. on arity)
= L{F/z}2G)

The following lemma shows how we can change the subscript and superscript
on an abstraction £X(F). Roughly, it can be read as: if £(I') = £(I") and
L(K) = L(K'), then LE(F) = LK (F).

Lemma 4.5 The following rule of deduction is admissible in TF).
Lo(D) I LE(F) : £r(K)
FLyM) =£Ly") Ly I Lr(K) = Lr(K)
Lo@) Ik LE(F) =L (F): Lr(K)
PROOF. We prove that this rule and the following two are admissible.
Ly(T) I Lr(M): Lr(T)

Ik Ly(T) = Ly(1) (7)

()ﬁ() Lr(©)
IFE(G)) Ly(,0)

Lot F L8P — L8 (F) 2 £ (0)
The three rules are proved admissible simultaneously by induction on the

size of LE(F), Lp(M) and L& (F). We give here the details for the case for (7)
where M has the form zF.
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Let 2 have kind (©)S in T' and (©’)S’ in I. We are given that
LT Lr(M) : L(T). Therefore, by Generation,

L) I L(F) = £(©) L) IF{LL(F)/0}L(S) = L(T) .
The induction hypothesis gives
LO)IF LY(F) = £ (F) :: £(O) .
and the desired result follows by (var_eq) and (conv_eq).

Lemma 4.6 Let T be an n-good declaration in TFy. The following rules of
deduction are admissible in TF.

(£ 500) LTI EF::0)
~ Ly(D)IF LR(F) :: Lr(O)
LIOIFEF=G:0)
(L_seqeq)

Ly(D) I LR (F) = LR(G) : Lr(©)
where T, F, G and © are of order < n.
PRrROOF. We first prove the following two rules are admissible.
LTI F:K)
Ly(D) IF LE(F) : Lr(K)
LTIFF=G:K)
Ly(T) I LE(F) = LT (G) : Lr(K)

(L_abs)

(L_abseq)

For the first of these rules, if K = (0)T and F = [dom ©]M, then the premise
is L(T'),L(©) F L(M) : L(T), and the conclusion is

(LD)IFL(O)=LO)U{LI),LO)F LM): L(T)}

which follows using Context Validity and (ref). The proof for the second rule is
similar.

The rules (E seq) and (L£_seqeq) are each proved admissible by induction on
the length of F. We give the details for the rule (£ seqeq) where the length
of Fis greater than 0. Suppose now that F= FO,Fl, G = GO,Gl, and © =
Og, 7 : K. The premises are

LDIFFy =Gy 00)ULT IF Fy =Gy : {Fy/O0} K1)
and the conclusion is
(L) IF L(Fy) = L(Gy) == L(O))
U (L) IF c{P/O K gy = plGo/O K () L £l ({F) /00 E)
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This follows, using the induction hypothesis, the rule (£_abseq) and Lemma 4.5,
once we have shown

L) I L({Fo/O0} K1) = L{Go/O0} K1) -
By Lemma 4.4, this is
L(T) I {L(F)/O0}L(K1) = {L(Go)/O0}L(K1)
which is obtainable using Functionality.

Theorem 4.7 Let S be an orderable n-good type theory specification in TF in
which every declaration has order < n. Assume we have declared S in TF and
L(S) in TFy. Then, for every judgement J derivable in TF with context of
order < n, the judgement L(J) is derivable in TF.

PrROOF. Let < be the given order on S. For each declaration § in S, let Ss be the
set of declarations ¢’ such that ¢’ < §. We prove the following simultaneously
by <-induction on §:

1. L£(S;s) is an orderable n-good specification in TFy.
2. If J is derivable in TF under S5, and J has context of order < n, then
L(J) is derivable under £(Ss) in TF}.

The proof of 2 is by a straightforward induction on the derivation of J. The
cases (var), (const), (eq) all make use of the first rule in Lemma 4.6; the cases
(var_eq) and (const_eq) make use of the second rule in that lemma.

Thus, our translations between TF and TFy are sound. It is also easy to
show that the mapping | | is an exact left inverse to L:

Theorem 4.8

Lr(X)|=X  [LE(F)=F  |[LR(F)|=F
where X is an object, kind or context.
PROOF. An easy induction on X, F' and F.

The mapping £ is not a left inverse to | | up to syntactic identity. For

example,

z:E1(A))El(C

£E4:Ty(pe),)B:'§:‘y)pe,C:Type(|[m : El (B)]‘TD = [l‘ : El (A)]x .

However, on the well-typed objects, abstractions and kinds, £ is a left inverse
to | | up to equality in TF, in the following sense.
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Theorem 4.9 Let T be an n-good declaration in TFy, and T, F', K, A have
order < n.

1.

CLi LN

IfT'EM:T then ' M = Lip(|M]) : T.
IfTIFF:K thenTIF F = LIK/([F]): K.
IFT I F o A then T I F = L5 (|F)) = A
IfTIF K kind then T - K = Lyp((|K]).
IfT', A valid then T' I A = Lip|(|A]).

PROOF. Let I[(X) denote the length of an expression X. The five parts are

—

proven simultaneously by induction on I(T") + (M), I(T') + I(F), I(T") + I(F),
I(T) 4+ I(K), and I(T") + I(A). We give here the details of the first two parts.

1.

Suppose M = zF, where x : (©)S € T'. By Generation,
FFF:0, TI{F/es=T.

Therefore,
Ik F=L(F) =6 (ih.)
T F 2F=2z [c}?ﬂqﬁn} {F/0}s (var_eq)
T+ zF=x [41(?||(|ﬁ|)] :T (conv_eq)

The case M = cF is similar.
Let K = (0)T and F = [©'|M. We are given that

rre=e, T,0FM:T.

We must show that ' I- [©']M = [Lp(|O])]Lir),je/(|M]) : (©)T. The
induction hypothesis gives us that I', © = M = Lp| je|(|M|) : T'; it remains
to show

r-re=0".
The induction hypothesis gives us that I'I- ©" = L1|(|©']); and T' I © =
Lr|(1©]); it is thus sufficient to show

'l Lipy(10]) = L (19']) -

Well,
7| ke |O] = |©| (Theorem 4.2)
ke T = Ly(IT)) (ih.)

and the result follows by Context Conversion.

Parts 3-5 are proven similarly.

We have thus established sound translations || and £ between TF and TF)
which are inverses of one another up to the appropriate notion of equality.
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LF

TF - ¥ > TFy

Figure 2: Translations between Logical Frameworks

5. Embedding TF in LF

Lambda-free frameworks can often be embedded within existing traditional
logical frameworks; that is, given a traditional logical framework F', we can often
construct a lambda-free framework (its core) that is, in some sense, isomorphic
to a subsystem of F'. More precisely, we can construct a lambda-free framework
L and define translations

NF:F — L, lift : L — F .

These translations are sound, and NF is a left inverse to ‘lift’ up to identity
(a-conversion). That is, we have the following properties:

1. For every derivable judgement J in L, lift(J) is derivable in F.
2. For every derivable judgement J in F', NF(J) is derivable in L.
3. For every typable expression X in L, NF(lift(X)) = X.

In many cases (particularly when F allows n-conversion) we have in addition
that NF is a right inverse to lift up to the equality judgements of F":

4. For every typable expression X in F, the equality lift(NF(X)) = X is
derivable in F'.

We can think of F as picking out, from each equivalence class of the expressions
of F modulo Bn-convertibility, a unique representative: the [S-normal, n-long
form.

Establishing the above properties of the translations is not easy; it usually
involves proving fairly strong properties of L and F. However, once this one-
time cost has been paid, we can then use the translations to prove various
properties of F' more easily. It is often the case that it is easier to establish a
given metatheoretic property for L than for F. Once it has been proven to hold
in L, the result can then be ‘lifted’ to F'; that is, we can derive the corresponding
result for F' using the properties of the translations.

In this section, we shall show how TF can be embedded in this fashion
within the framework LF introduced in [6], a Church-typed version of Martin-
Lof’s logical framework. It will prove to be very advantageous that we have two
different versions of TF; we shall define translations from TFy to LF, and from
LF to TF, as shown in Figure 2.
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5.1. The Framework LF
The framework LF [6] is a Church-typed version of Martin-Lo6f’s logical
framework®. LF deals with objects and kinds, given by the following grammar:

Kind K Type | El(k) | (z: K)K
Object k == z|c|[z: K|k |kk

where x is a variable and ¢ a constant. There are five judgement forms in LF:

e [ valid, which denotes that I' is a valid context;
e ' - K kind, which denotes that K is a kind under I’
e '+ k: K, which denotes that k is an object of kind K under T

e 'k =F : K, which denotes that k and k' are equal objects of kind K
under T';

e ' K = K’, which denotes that K and K’ are equal kinds under I'.

A type theory is specified in LF by giving a set of constant declarations ¢ : K,
and a set of computation rules

k=Fk:Kfork : Kq,....k,: K, .

We shall make use of the following abbreviations when working with LF. Let
A be the context x1 : K1, ...,z : K, and A’ the context z1 : Ki,...,z, : K],
We shall write T' IF A = A’ for the n judgements
r K, = Kj,
F,,Il :Kl " K2:Ké,

F,.’EliKl,...,(Enfllanl F Kn:K;,L
and we shall write I" I+ (k1,...,k,) :: A for the n judgements
FkkllKl, Fkkgl[k'l/fﬂl]KQ, ey Fkkni[]Cl/l‘h...,kn_l/l‘n_ﬂ[(n .

For the rules of deduction of LF, and how LF may be used to specify various
object theories, we refer to Luo [6].

We note that, as with TF, the judgements of the object theory are repre-
sented by the LF-judgements of the form

x1:El(A1),...,2, : El(4,) + k:El(B)
1 :El(A1),...,2, :El(4,) + k=K :El(B)
and these are judgements with first-order contexts.
We shall make use of the fact that LF satisfies Subject Reduction:
IT+HE:Kandk —g, k', then T HFk =k : K.

3The framework here called LF should not be confused with the Edinburgh Logical Frame-
work [2], which is also often referred to as LF.
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5.2. Translation from TFy to LF

We shall now define our translations between LF and the two versions of TF.
The mapping from TFy to LF, which we shall call ‘lift’, is almost trivial. We
map objects and abstractions to objects, kinds to kinds, contexts to contexts
and judgements to judgements as follows.

lift(z[FY, ..., Fy]) = zlift(Fy) - - - lift(Fy)
lift([A] M) = [lift(A)]lift (M)
lift(Type) = Type

lift(E1 (M)) = El(lift(M))

lift((z : K)K') = (z: lift(K))ift(K')

lift(z1 : K1, .oy xn : Ky) xy ift(Ky), ..., @y, Lift(K,)
lift(T" valid) 1ift(T") valid

Lift(T - M : T) = Lift(T) k- Lift(M) : Life(T)
liftt(C-FM=N:T) = lift(T) F lift(M) = Lift(N) : lift(T)

It is relatively straightforward to establish that this translation is sound.

Lemma 5.1
[Lift(F') /z]lift(N) — g lift({F/z}N)

PROOF. The proof is by a double induction on the arity of F" and z, then on
the object N. We give here the details for the case N = zG. Let F = [A]P.

lift(F)/z)alift(G) = lift(F)[lift(F)/z]lift(G)
(Qift(A)Lift(P)) [lift(F) /z]lift(G)
[ift(F) /z)lift(G) / Allift(P)

- [lift({F/x}G)/Allift(P) (i.h.)
- lift({{F/2}G/A}P) (i.h.)
= lift({F/z}N)
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Theorem 5.2 Suppose we have declared a type theory T in TFy, and the cor-
responding theory lift(T) in LF. If J is a derivable judgement in TFy, then
lift(J) is derivable in LF.

PRrROOF. We first prove that the following rules of deduction are admissible in

LF:
lift(T' IF F: K)

lift(I) - Lift(F) : lift(K)
lift(T IF F = G : K)
lift(T) - lift(F) = lift(G) : lift(K)
lift(C I F = A) Lift(T, A valid)
lift(T) I Lift(F) 2 lift(A)
lift(D Ik F =G = A) lift(T, A valid)
lift(T) I Lift(F) = 1ift(G) :: lift(A)

(lift_abs)

(lift_abseq)

(lift _seq)

(lift_seqeq)

The proof for (lift_seq) is by induction on the length of F.

If the length is 0, both hypothesis and conclusion are that lift(I") is valid.

Suppose F is of length n + 1, and the result holds for abstraction sequences
of length n. Let F = Z%,Fl; and A = Ag,z : K1. We are given that lift(T I+
Fy :: Ag) is derivable, hence so is lift(I) IF lift(F) :: lift(Ag) by the induction
hypothesis. We also have

lift(T) b Lift(FY) : lift({Fo/ Ao} K1)

by part 1 and
lift(T'), lift (Ao) F lift (K1) kind

by Kind Validity in LF. This yields
lift(T")
- ifs(T)

[lift(Fy) / Ao]lift (K1) kind (substitution)
Mift(Fp) /Aollift(K1) = lift({Fo/ Ao} K1)

(Subject Reduction, Lemma 5.1)
LR F o Lift(EY) < [lift(F)/ Ao]lift (K ) (conv)

l_
|_

as required.
The proof for (lift_seqeq) is similar, and the proofs for (lift_abs) and (lift_seq)
are simple. The theorem now follows by induction on the derivation of 7.
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5.8. Translation from LF to TF

The translation from LF to TF is more difficult to construct. It consists of
reducing every entity of LF to its S-normal, n-long form.

We must first assign arities to the entities of LF, to guide us during 7-
expansion. We assign an arity to every kind of LF as follows:

Ar(Type) =0
Ar(El(k)) = 0
Ar((z: K1)Ks) = (Ar(K7))Ar(Ks)

We now define an arity Arp(k) to some LF-contexts I' and LF-objects k as
follows:

e If z: K is an entry in T', then Arp(z) = Ar(K).

e If ¢ has been declared with arity K, then Arp(c) = Ar(K).

o If Arp ..k (k) is defined, then Arp([z : K|k) = (Ar(K))Arr 4.k (k).

o If Arp(k) and Arp(k') is defined, and Arp(k) has the form

Arp(k) = (Arp(K))3
then Arp(kk') = 5.

We shall say that an object k is well-aritied if Arp(k) is defined. We shall only
be able to map well-aritied objects into TF. We can prove immediately that
every object typable in LF is well-aritied.

Proposition 5.3 In LF,

1. if THk: K then Arp(k) = Ar(K);
2. ifTHk=Fk: K then Arp(k) = Arp(k') = Ar(K);
3. if TH K = K’ then Ar(K) = Ar(K').

PRrROOF. The three statements are proven simultaneously by induction on the
derivation of the premise. We need to make use of the following two auxiliary
facts, which are easy to prove:
1. Ar([k/z]K) = Ar(K)
2. If Arp(k) = Ar(K) and Arp,.x(k) is defined, then we have
AIF([I{/’/(E]]{/‘/) = AI‘F@:K(]{/’/).

Given an object k such that Arp(k) = «, we define the a-ary abstraction
NFr(k) in TF as follows.

NFr(z) =

NFr(c) =

NFF([x : K]k) = [LC}NFFJ;:K(]C)
NF[‘(]{I,Z{}/) = NFF(,Z{J) o NFF(]C/)

where, in the first two clauses, x has arity Arp(z) and ¢ has arity Arp(c). In
the third clause,  has arity Arp(K).
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We extend the mapping NF to kinds, contexts and judgements as follows.

NFr(Type) = Type

NFr(ElL (k)) = EI(NFr(k))

NFr((z: K)K') = (2 :NFp(K))NFr .k (K')

NFr(() =

NFr(A, 2 : K) = NFp(A),z: NFpa(K)

NF(T valid) = {NF(T') valid}

NF(TF K kind) = (NF(T) I NFp(K) kind)
NF('FK=K') = (NFy(T)IFNFp(K)=NFp(K'))
NFTFE: K) = (NFy(I') IF NFp(k) : NFp(K))
NFTHk=Fk:K) (NF () IF NFp(k) = NFp(k') : NFp(K))

Given a type theory specification 7 in LF, we define the type theory specification
NF(7) in TF as follows.

e For each declaration ¢ : K in 7, the declaration ¢ : NFy(K) is in NF(7).

e For each declaration (A)(k = k' : K) in 7, the declaration
(NFy(A))(NFa(k) = NFaA(K') : NFA(K)) is in NF(T).

The following results ensure that this translation is well-behaved and sound.

Theorem 5.4

1. Let Ar(K) = a. If NFp(K) is defined, then it is an a-ary kind.
2. LetT' C A. If NFr(X) is defined, then NFa(X) is defined, and

NFA(X) =NFp(X) .

3. Suppose Arp(k) = Ar(K). Let X be an LF-object, kind or context. If
NFr(k) and NFr .. (X) are defined, then NFp ;/.a([k/2]X) is de-
fined, and

NFr /o) ([k/2]X) = {NFr(k)/2}NFr 2. a(X)

4. Let T be a type-theory specification in LF, and suppose NF(T') is an n-
good specification in TF. If the judgement J is derivable in LF and has
context of order < n, then NF(7J) is defined and derivable in TF.
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PRrROOF. The first three parts are easily proven by an induction on K and X
respectively.

The fourth part is proven by induction on the derivation of 7. Most cases
are straightforward, making use of the results proven in Section 3. We give here
the details for the rule (beta).

Mz:KFKE K 'rFk:K
Ik ([z: K|K)k = [k/x]k" : [k/z]K’

(beta)

By the induction hypothesis,

NF() (F),x . NFF(K) H‘ NFF,:C;K(]C/) . NFF@;K(K/);

Now,

NFr(([z : K]K')k) ([z]NFr o:x (k') @ NFr (k)
{NFr(k)/z}NFr .k (k)

NFr([k/x]k") (part 3)

The Cut rule and (ref) give us

NF<>(F) |F {NFp(k)/l’}NanK(k/):{NFI‘(]C)/I}NFF@K(]C/)
{NFr(k)/z}NFr ..k (K')

and, by part 3, this is the same judgement as
NFy(I) IF NFr(([z : K]k')k) = NFr([k/z]k') : NFr([k/2]K') .

The translations we have established between our three systems are shown
in Figure 2. The triangles in this diagram commute in the sense given by the
following theorem.

Theorem 5.5 Let T be a type theory specification in LF, and suppose NF(T)
is an orderable n-good type theory specification in TF.

1. IfTF k: K in LF, then
Ik = life (L35 () (NFr(k)) K

Similar results hold for kinds and contexts.
2. IfT-M :T in TF, then

M= NF]ift(L;()(p))(lift(,cp(M))) .

Stmilar results hold for kinds and contexts.
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3. IfT'E M :T in TFy, then
I'E M = Lyr,, gisr)) (NFig o) (Lt (M))) = T
Similar results hold for kinds and contexts.

PRrROOF.

1. We prove the statement:
IfT’Hk:Kand IFT = A in LF, then

THk= 11ft(£§§jf{§§(NFA(k))) K.

We prove the statements simultaneously with similar statements for kinds
and contexts by induction on size. We give here the details for the case
where k is an abstraction.

Let k = [z : Kolk', and K = (x : K7)K>. By Generation, we have

F"KOZKl, F,JT:Kll_k‘/IKQ.
Now,

. N K
lift (ﬁNEff(r)) (NFA(k))>

= tift (L (NP, (F))

. NFr,z: K
= lift ([x : ‘CNFQ(F)(NFF(Kl))]‘CNF?;(FIE;;(Kf))(NFA,JJ:KO(k/))>
. . NFr . Ko
= [:L’ : hft(LNFO(F) (NFF(Kl)))]hft (‘CNF;Y(FI’(;:(K”)(NFAvm:KO(k/)))

Now, the induction hypothesis gives the two judgements

T = lift(ﬁNF<>(p)(NFp(K1))) =K
LKy bl (L0 000 (NFaw () = K : Ko
from which the result follows.

2. The proof is by induction on the object M. Let M = z[ﬁL and let z have
kind (A)T relative to I'. Then

NFyse(c, oy (it (Lo (M) = NFygc,, o)) (L5 (F)]))
= NFus(c,, ) (it (L (F))])
= 2" e NFus(c, () (ﬁft(/:@(F)))
= 2[NFug(c, ) (lift(ﬁé(ﬁ)))]
= z[F] (i.h.)
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3. The proof is by induction on the object M. Let M = x[f}, and let
Fr=Ty,2:(A)S, Ty .
Then

L, ait(ry) (NFuige(r) (Lift (M)
= Lnr,, ir(r)) (NFuige(r) (2lift (F 7))
= Lnr,qif(r)) (27 o NFl1ft(F)(llft(ﬁ)))
= Lnr,, if(r)) (2 [NFigr) (L (F 7))
B NFyiger ) (Tift(A)) .
=z [ENFE:((IEEF)) (NFlift(F)(hft(F)))]

NF iy (lift (A)) o
z [cNFZ:((liFfl(r)) (NFlift(F)(hft(F)))}

Now, by Generation, I' I+ F:AandT Ik {F_"/A}S = T. Hence, the
induction hypothesis gives

NFy;e0(m) (1ift (A)) =
TIFF = Lyry ity NFugry (F)) = A

from which the result follows.

5.4. Lifting Results

Suppose we wish to establish a property of a framework, or of an object
theory in a traditional framework F'. It is often the case that the property
is more easily proven for a lambda-free framework L. The result can then be
‘lifted’ to F'; that is, we can derive the result for F easily from L, together with
the properties of the translations between L and F'.

In Luo and Adams [13], we were working with a type theory declared in
LF: an extension of the type theory UTT [6] with some new reduction rules. It
was found to be necessary to prove that type constructors are injective; that is,
whenever T : (K)Type and TA = TB, then A = B. We were not able to find
a way to prove this result in LF directly; the obvious method requires using the
Church-Rosser property for the new reduction relation, which is not known to
hold. However, the corresponding result in TF is almost trivial, and so we made
use of this fact and lifted the result from TF to LF. As an illustration of the
process of lifting results, we repeat the details here.
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We seek to prove:

Theorem 5.6 (Injectivity of Type Constructors) LetS be a type theory
specification in LF that has the property: for every equation declaration
(AYM =N :T)in S, T has the form E1(A) (that is, there are no equation
declarations of the form (A)(M = N : Type)). Further, suppose NF(S) is an
orderable n-good specification in TF. Let ¢ : (©)Type be a constant declaration
in S. Then the following rule of deduction is admissible:

FFCEZCE:Type
r+rA=B:0

where I' has order < n.
The corresponding result for TF is fairly easy to prove:

Theorem 5.7 Let S be a type theory specification in TF that has the property:
for every equation declaration (AY(M = N :T) in S, T has the form El(A).
Let ¢ : (©)Type be a constant declaration in S. Then the following rule of
deduction is admissible: . .

' cF =cG : Type

rFF=G:0

PRrROOF. We shall prove the following statement.

IDFcF =X :TypeorI' - X = cF Type is derivable, then X
has the form ¢G, and I' IF F' = G :: ©.

The proof is by induction on the derivation of the premise. Note that the last
step in this derivation cannot be the use of an equation from S. All cases are
straightforward.

The result can now be ‘lifted’ to LF. We omit the sub- and superscripts on
NF and £ in the following proof.

Proof_’of Th_gorem 5.60. Let S satisfy the hypotheses of the theorem. Suppose
' cA = ¢B : Type is derivable in LF under §. By Theorem 5.4,

—. —

NF(T') F ¢NF(A) = ¢NF(B) : Type

is derivable in TF under NF(S). We note also that NF(S) satisfies the hypothe-
ses of Theorem 5.7. Therefore,

-,

NF(I) lFrp  NF(A) = NF(B) :: NF(©) (Theorem 5.7)
- L(NF(T)) Frp  L(NF(A)) = L(NF(B)) :: L(NF(O)) (Theorem 4.7)
Af(L(NF(D)))  Ikpp Lift(L(NF(A))) = lift(L(NF(B))) : lift(L(NF(O)))

(Theorem 5.2)
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We also have, by Theorem 5.5,

e T = lift(C(NF(I)))
T IFp A=Ilift(L(NF(A))) = ©
T IFp B =Iift(L(NF(B))) :: ©
T IFr O =lift(L(NF(O)))

It follows that

as required.

In contrast, the author has been unable to find a direct proof of this result
in LF.

Here is a second example of how a result may be lifted from TF to LF. Let
7T be a type theory specification in LF. Roughly, we shall show that, if NF(7)
is strongly normalising in TF, then 7 is strongly normalising in LF.

More strictly, assume we have declared 7 in LF and NF(7') in TF. Suppose
NF(7) is orderable and 1-good. Let — g be a reduction relation on the objects of
LF, and let — gg, be the union of — g and framework-level 3- and n-reduction:

([z: Klk)K'  —p [k /x]k
[z : Klkx -y k.
Define the relation > on the objects of TF as follows:

Mr>N if and only if there exist LF-objects a, b such that NF(a) = M,
NF(b) = N, and M —g N.

Then we have

Theorem 5.8 Suppose that every object typable in TF is strongly
>-normalising. Then every object typable in LF is strongly — rgn-normalising.

PrOOF. Suppose I'F a : A and
4 —Rpn @1 Ry A2 —Rpn " (8)

is an infinite — p-reduction sequence starting with a. Then NF(T') Frp NF(a) :
NF(A), so NF(a) is strongly >-normalisable.

Now, if a, —r @n41, then NF(a,) > NF(an41); and if a, — g, ani1, then
NF(a,) = NF(an+1). So we have

NF(a) > NF(ay) > NF(az) > --- .

This sequence cannot contain an infinite number of >-reductions; therefore,
there must be some n such that

NF(a,) = NF(ap+1) = NF(apt2) = -+
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and hence
An —pBn An+1 78y An42 —6n "

This contradicts the fact that LF is strongly — g,-normalising.

It is often easier to prove that NF(7) is strongly >-normalising than that
T is strongly — gg,-normalising, because we do not have to consider how —g
and framework-level 8- and 7n-reduction interact.

We have made use in this proof of the fact that LF is strongly fn-normalising
under an arbitrary type theory specification. This is not difficult to prove, but,
to the best of the author’s knowledge, a proof has not yet been published, and
so we present one in Appendix C.

6. Related Work

Several lambda-free logical frameworks have appeared, independently, since
the publication of Adams [5].

6.1. The Canonical Logical Framework

The Canonical Logical Framework (Canonical LF) [7, 8] is a subsystem of
the Edinburgh Logical Framework (ELF) that deals only with objects in /-
normal, n-long forms. This framework uses an operation of hereditary substitu-
tion [M/x]7* N which behaves similarly to TF’s instantiation. Their operation
must be given a simple type «, which plays a similar role to the arity in TF.

The Canonical LF is essentially the same system as the following subsystem
of TFy. Let us say that a product kind (z1 : Ki,...,z, : K,)T is small iff
the symbol Type does not occur in it, and large otherwise. We impose the
following restrictions on TF:

e every variable that appears in a judgement or constant declaration must
have a small kind;

e 1o equation declarations may be made.

This subsystem was the system named SPar(w)~ in [5]. We can prove that
TFy is conservative over this subsystem in a very strong sense:

Theorem 6.1 Let 7T be a type theory specification containing no equation dec-
larations, such that every variable in a constant declaration has a small kind.
Let J be a judgement in which every variable has a small kind. If J is deriv-
able in TFy under T, then J is derivable under T in SPar(w)~. In fact, every
derivation of J in TFy is a derivation of J in SPar(w)™.
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Canonical LF SPar(w)~

Kinds Product kinds of the form (A)Type
Canonical Type Families Product kinds of the form (A)El(A)
Atomic Type Families Objects of kind Type
Canonical Terms Abstractions of small kind
Atomic Terms Objects of small kind

Table 1: Correspondence between the syntactic categories of Canonical LF and SPar(w) ™.

PROOF. By inspection of the rules of TFy, we see the following two facts.

1. If a variable of large kind occurs in a derivable judgement, then a variable
of large kind occurs in the context of that judgement.

2. If a variable of large kind occurs in the context of a judgement at some
point in a derivation, then a variable of large kind occurs in the context
of every judgement below that point.

Therefore, if the conclusion contains no variable with large kind, then no variable
with large kind occurs anywhere in the derivation, and the derivation is valid
in SPar(w)~.

There is a close correspondence between Canonical LF and SPar(w)~. It is
possible to define a bijective translation between Canonical LF and SPar(w)~
that maps each class of entity in the left-hand column of Table 1 to the corre-
sponding class of entity in the right-hand column.

The embedding of TF in LF given in this paper can be adapted in a straight-
forward way to provide an embedding of Canonical LF in ELF. This embedding
proves that the two systems are equivalent; that is, the derivable judgements of
Canonical LF are exactly the derivable judgements of ELF that are in §-normal,
n-long form. To the best of the author’s knowledge, a proof of this fact has not
yet been published. For further details, we refer to Adams [5], where an explicit
embedding of SPar(w)~ in ELF is defined.

6.2. DMBEL

Plotkin has produced several ‘algebraic frameworks’ for logics and type theo-
ries, including DMBEL (Dependent Multi-Sorted Binding Equational
Logic) [9, 10]. This is a framework that allows the declaration of theories in-
volving second-order constants, and equations between objects. It is intended
to be used for studying the theory of the syntax and semantics of logic and
programming languages. The framework DMBEL uses operations of first-order
substitution and second-order substitution, which are similar to TF’s operation
of instantiation {M/x}N restricted to the cases where x is of order 0 or 1
respectively.

The framework DMBEL is essentially the same as the subsystem of TFy
obtained by imposing the following restriction:

e In every constant declaration, equation declaration and judgement, every
variable that appears must have a small kind of order 0 or 1.
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DMBEL SPar(2)

Type constant constant of kind (A)Type,
where A is small and of order < 2
Term constant constant of kind (A)El(A),
where A is small and of order < 2
Term variable variable of small kind and order 0
Abstraction variable variable of small kind and order <1
Type object of kind Type
Abstraction type small product kind of order < 1
Term object of kind El (A)
Abstraction term abstraction of small kind and order < 1
Context context of order <1
Abstraction context context of order < 2
Signature constant declarations in a specification

Table 2: Correspondence between the syntactic categories of DMBEL and SPar(2).

It follows that every constant that is declared must have order at most 2. This
subsystem was named SPar(2) in Adams [5]. It can be proven that TFy is
conservative over this subsystem:

Theorem 6.2 Let T be a specification in SPar(2), and let J be a judgement
in which every variable has a small kind of order 0 or 1. Then any derivation
of J under T in TFy is a derivation of J under T in SPar(2).

PROOF. By inspection of the rules of TFy, we see the following four facts.

1. If a variable of large kind occurs in a derivable judgement, then a variable
of large kind occurs in the context of that judgement.

2. If a variable of order > 1 occurs in a derivable judgement, then a variable
of order > 1 occurs in the context of that judgement.

3. If a variable of large kind occurs in the context of a judgement at some
point in a derivation, then a variable of large kind occurs in the context
of every judgement below that point.

4. If a variable of order > 1 occurs in the context of a judgement at some
point in a derivation, then a variable of order > 1 occurs in the context of
every judgement below that point.

Therefore, if the conclusion contains no variable with large kind, and no variable
of order > 1, then no variable with large kind or of order > 1 occurs anywhere
in the derivation, and the derivation is valid in SPar(2).

There is a close correspondence between DMBEL and SPar(2). It is possible
to define a bijective translation between DMBEL and SPar(2) that maps each
class of entity in the left-hand column of Table 2 to the corresponding class of
entity in the right-hand column.

The results in this paper thus show that the properties Cut, Functionality,
Equation Validity and Context Conversion hold for DMBEL, and that DMBEL
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can be conservatively embedded in LF. Further, if we remove equation declara-
tions from DMBEL, then the resulting system can be conservatively embedded
in both Canonical LF and ELF.

6.53. PALT

The phrase ‘lambda-free logical framework’ was originally coined to describe
the framework PAL™ [1]. This framework does not use lambda-abstraction,
instead taking parametrisation and local definition as primitive. PAL™ does not
allow partial application; an n-ary function must be applied to all n arguments
at once. It does still have a mechanism for forming abstractions, however; the
object

letvlzy : K7] =k : Kinv

in PALT behaves very similarly to the lambda-abstraction [z; : Ki]k. The
system TF thus involves even fewer primitive concepts than PAL™T.

It can be proved that TF can be embedded in PALT, in a similar manner to
the embedding in LF. We refer to Adams [5] for the details.

7. Conclusion

We have presented the formal definition of two lambda-free logical frame-
works, TF and TFy, and proven several of their metatheoretic properties. We
have defined translations between these two frameworks and the framework LF,
and shown how these can be used to lift results proven in TF to LF.

The idea of a lambda-free framework has now been invented independently
by several researchers, including Aczel (who invented TF), Harper and Pfen-
ing (Canonical LF) and Plotkin (DMBEL). These frameworks are powerful in
many ways. They represent object theories more faithfully than do traditional
frameworks; each expression in the object theory corresponds to a unique object
in the framework, rather than a (n-convertibility class. Many results, such as
the injectivity of type constructors or strong normalisation, are often easier to
prove using a lambda-free framework than a traditional framework.

The cost is that the metatheoretic properties of a lambda-free framework
are much more difficult to establish. This should be seen as a one-time cost,
however; these properties need only be established for a framework once, and
the framework can then be used for many object theories and the lifting of many
results. We have been able to establish these properties for two large classes
of object theories: those with no equation declarations, and those with only
declarations of order < 2. It follows that these results hold for Canonical LF
and DMBEL, as these systems are isomorphic to conservative subsystems of
TF, one of which does not allow equation declarations, and one of which does
not allow specifications of order > 2.

For the future, the most immediate need is to remove this restriction on the
specifications. We would dearly love to be able to prove that every orderable
specification is good, as we would then be able to remove the hypotheses about
the n-goodness of specifications and the order of contexts in each of the results
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in this paper. Further work should also include constructing new lambda-free
logical frameworks with features such as subtyping, coercive subtyping, or meta-
logical reasoning, so that results can be lifted to traditional frameworks that
have these features.
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A. Metatheory of TF

We present here the proof of the basic metatheoretic properties of TF and
TFy. The proofs for each system are very similar; we shall work in TF for most
of this section, and mark with the symbol § the changes that need to be made to
obtain a proof for TFy. These changes are all very minor. The most substantial
is in Lemma A.7.

Fix a natural number n, and let 7 be a type theory specification in TF
(§ or TFy) that is n-good. Throughout this section, we assume that every
kind, context, variable, constant and abstraction that appears is of order < n.

We shall begin by proving the following two properties:

Cut. We say that the property Cut holds for a kind K if and only if, whenever
Mz: K,AFJ,and I+ F: K, then I', {F/2}A + {F/x}J.

Functionality. We say that the property Functionality holds for a kind K if and
only if, whenever 'z : KA+ M :Tand 'l F =G : K, then T, {F/z}A I
{F/z2}M = {G/x}M : {F/z}T.

We first note:

Lemma A.1 Let K be a kind. Suppose the properties Cut and Functionality
hold for K. Then so does the following: if 'z : K, A+ M = N : T and
FFF=G: K, thenT,{F/x}A+ {F/x}M = {G/x}N : {F/z}T.

ProoOF. Suppose 'z : KAF M =N :Tand T'IF F = G : K. Since the
specification is good, we have I' IF F': K, and so Functionality gives

D {F/x}AF{F/x}M = {F/z}N : {F/z}T .
The goodness of the specification also gives us I' H N : T, and so
D {F/x}AF{F/z}N = {G/z}N : {F/x}T .
The result follows by (trans).
Theorem A.2 The properties Cut and Functionality hold for every kind K.

PROOF. The proof is by double induction, first on the kind K, second on the
derivation of the judgement I'yz : K. A Jor o : K,AFM:T.
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Cut. Let K = (0)T and F = [dom O]P. (§In TF, F will have the form [©']P.)
We deal here with the case where the last step in the derivation is

T,z:(0)T,AlF H = Hy:: ©

(vareq) = = =
Iz:(©)T,A+axH, =xHy:{H/O}T

By the induction hypothesis, we have
D {F/2}A W {F/a}H, = {F/2}H, :: © .
We are also given that I', © - P : T. By Weakening and (ref),
D AF/z}A,0FP=P:T .

By repeatedly applying Lemma A.1 with each of the kinds in ©, we have the
desired conclusion

T {F/a}A ¢ {{F/a}Hi/O}P = {{F/a}H/O}P : {{F/x}H,/O}T .

Functionality. Let K = (0)T, F = [dom ©]P and G = [dom ©]Q. (§In TFy, F
will have the form [@']P and G the form [0”]Q.) We deal here with the case
where the last step in the derivation is

I,z:(O)T,AlFH:0
T,z: (©)T,AFzH : {H/O\T

(var)

By the induction hypothesis, we have
U {F/a}A - {F/2}H = {G/z}H : © .
We are also given that
rer-prP=Q:T.

By repeatedly applying Lemma A.1 with each of the kinds in ©, we have the
desired conclusion

D {F/x}AF {{F/a}H/O}P = {{G/x}H/O}Q : {{F/x}H/O}T .
We also deal with the case where the last step in the derivation is
Da: K, AFM:El(A) T,z:K,A+FA=B:Type

(conv)
Iz: K,AFM:El(B)

We are given I' I F' = G : K; by the goodness of the specification, we also have
I' - F : K. By the induction hypothesis, we may apply Functionality to the
first premise and Cut to the second to give

T AF/z}AF{F/x}M = {G/z}M : El ({F/z}A)
I {F/z}A+{F/z}A={F/z}B : Type .

The result follows by (conveq).
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Our next objective is to prove the following property:

Context Conversion. We say that the property Context Conversion holds for
a kind K if and only if, whenever ',z : K,A+ J and ' I K = K’, then
Nzx:K',A+J.

Once again, we need some auxiliary lemmas:

Lemma A.3 Let K be a kind, and suppose Context Conversion holds for every
kind of smaller arity than K. If o(T) <n andTIF K =K' thenTIF K' = K.

PROOF. The proof is by induction on K.
If K = Type, there is nothing to prove. If K has the form El (A), we simply

apply (sym).
Suppose K = (z: K1)K, and K’ = (z : K{)K}. We are given
'k Ky =Ky, Do: Ky IF Ky =K} .

Applying Context Conversion gives ',z : K| I+ K = K). The desired judge-
ments
'l K] =Ky, Iz: K- K=K

follow by the induction hypothesis.

Lemma A.4 Let A be a context, and suppose Context Conversion holds for
every kind of smaller arity than A. IfT'IF A=A’ then T IF A’ = A.

PROOF. The proof is by induction on the length of A. The case of length 0 is
trivial.
For the inductive step, let A = Ag,z : K and A’ = Af,z : K'. We are given

TlAg=A), T,AkK=K.

By the induction hypothesis, I" IF A{; = Ag. Applying Context Conversion with
each of the kinds in Ay gives I', A{ IF K = K’, and so I', Aj, IF K/ = K by the
previous lemma.

Lemma A.5 Suppose Context Conversion holds for every kind of lower arity
than Ky. If TIF K1 = Ky and T'IF Ko = K3 then T'IF Ky = K3.

PROOF. The proof is by induction on K;. The case K; = Type is trivial. If
K has the form El(A), we simply apply (trans).
Suppose K1 = (z : J1)L1, Ko = (z : J2) Lo, and K3 = (v : J3)Ls. We are
given
LikJy=Jy TIFJy=J;
F,JZZJ1H_L1:L2 F,$1J2||_L2:L3
By Lemma A.3, we have I IF J; = Jp; applying Context Conversion gives I, z :

Ji Ik Ls = Lz. The desired judgements I' IF J; = J3 and ',z : J; IF Ly = L3
follow by the induction hypothesis.
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Lemma A.6 Suppose Context Conversion holds for every kind of lower arity
than A]_. IfF I Al = AQ and T I AQ = Ag, then T" I+ Al = Ag.

ProOOF. The proof is by induction on the length of A;. The case of length 0 is
trivial.

For the inductive step, let Ay = O, : Ky; Ay = Os, 2 : Ko; and Az =
O3, x : K3. We are given

TIFO, =0, TIF 0, = 0,
r,0, K, = K, T,0, Ik Ky = K

By Lemma A.4, we have ' IF O3 = ©1. Repeatedly applying Context Conver-
sion gives us I', ©; IF Ky = K3. The desired judgements

'k, =03, re,FK,=Ks
follow by the induction hypothesis.

Lemma A.7 Suppose Context Conversion holds for every kind of lower arity
than K. If TIFF: K andTIF K =K', then T IF F: K'.

PrOOF. Let K = (0)T, K' = (0')T" and F = [dom ©]M. We are given
rLerM:7, TFOe=0, T,0rT=T.

By (conv), we have I',© - M : T'. Applying Context Conversion with each of
the kinds in © yields
r,0FM:T

as required.
8In TFy, let F' = [©1]M. In addition to the above, we are given I' IF © = O
and must prove I' IF ©' = ©4. This follows from Lemmas A.4 and A.6.

Lemgna A.8 Suppose Context C’onver;sion holds for each of the kinds in A. If
TFF:AandTIFA=A thenT Ik F :: A,

PROOF. The proof is by induction on the length of A and A’. The case of
length 0 is trivial.
For the induction step, let A = Ag,z : K, let A’ = Aj,z : K, and let

F= ﬁo, Fy. Then we are given

T IF Fy:: Ag T IF Fy: {Fo/Ao} K
TIFAy=A) A K =K'

By the induction hypothesis,

TIFFy: A .
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Applying Cut repeatedly gives
Tl {Fo/ Ao} = {Fo/ Ao} K’
and the desired judgement
TIFFy: {Fy/Ag LK’
follows by the previous lemma.
Theorem A.9 The property Context Conversion holds for every kind K.

PRrROOF. Let K = (0)T and K’ = (0')T, so we are given I' I © = ©’ and
I© IF K = K'. The proof is by double induction, first on the kind K, second
on the derivation of I',z : K, A+ J.

We deal here with the case where the last step in the derivation is

Diz: (0)T,Al- F:0
L,z: (O)T, Al zF : {F/0}T

(var)

By the induction hypothesis, we have
T,z: (O, AlFF:0 .
Applying Lemma A.8, we have

rz:(0)T', A - F:e
STz (ONT,A - zF: {F/e}T (var)

Applying Cut yields
L,z: (0T, A+ {F/O\T = {F/0}T"

and the result follows by (sym) and (conv).
The case where the last step is (vareq) is similar, and the other cases are all
straightforward.

This completes the proof of Theorem 3.8.

Note. The assumption of n-goodness is essential for this proof. To remove the
need for it, one suggestion would be to add the following as primitive rules of

TF:
'EM=N:T I'FM=N:T
(Leq) ——————  (Req) ———
r-mM:T 'EN:T
This would not work, however. The proof of Theorem A.2 would then fail, as we
would not be able to complete the inductive step for the proof of Functionality

in the case that the last step in the derivation is the rule (Req).
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B. 2-good Specifications

Our aim in this section is to show that, if 7 is an orderable type theory
specification in which every declaration is of order < 2, then 7 is 2-good. In
order to prove this, we must prove four properties hold simultaneously. The
following proof holds whether we are working in TF or TFy.

Theorem B.1 Suppose T is an orderable specification, and every declaration
i T has order < 2. Then:

1. Whenever ' W M = N : T and I' has order < 2 then I' - M : T and
r=N:T.

2. Whenever 'z : K,AF J, TIFF: K and T,z : K,A is of order < 2,
then T, {F/x}A +{F/x}J.

3. Whenever U,z : K,AEM T, TIFF=G: K and T,z : K, A is of order
<2, then T, {F/z}A+{F/x}M = {G/z}M : {F/z}T.

4. Whenever Nz : K,AF J, TIF K =K' and T,z : K, A is of order < 2,
then',z: K', A+ J.

PROOF. By the orderability of 7', we may replace the rules (const), (const_eq)
and (eq) with the following rules without changing the set of derivable judge-
ments. For each constant declaration c: (A)T,

TIFEF:A AT kind TFE=G:A AFTkind
i !
(const’) (const_eq’)

Tt cF: {F/A}T [k cF =G : {F/AMT

For each equation declaration (A)(M = N :T),

L TIFF:A AFM:T AFN:T
e — = =
I+ {F/AYM = {F/A}N : {F/A}T

Given a finite sequence of declarations s, let us write I' - 7 to mean that
there exists a derivation of the judgement I' F J such that, for every branch in
the derivation, the declarations used at the (const), (const_eq) and (eq) nodes,
taken in order from leaf to root, form a subsequence of s. For defined judgement
forms, we write (e.g.) T' Ik (z : E1(A))El(B) = (x : E1(4"))El(B’) to mean
s A=A : Typeand I',z : A+, B = B’ both hold.

We write s C t to denote that s is a proper initial segment of t. We write
I' F-s J to denote that there exists ¢t C s such that I' -, J.

Define the order of a sequence s by

o(s) = max{o(d) | § € s} .
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We define the following properties for natural numbers m, n with n < m
and sequences s.

e CUT (m,n,s) is the statement: whenever I',x : K, A has order m, K
has order n, and I'yz : K,A by J and T' Ik F : K, then ', {F/z}A
{F/z}J.

e FUNC (m,n,s) is the statement: whenever I,z : K, A has order m, K
has order n, and Iz : KA+ M : T and T' Ik, FF = G : K, then
T AF/x2}A R {F/2}M = {G/z}M : {F/z}T.

e CC(m,n,s) is the statement: whenever I',z : K, A has order m, K has
ordern,and 'z : K,Aby Jand I'lFg K = K/, then ',z : K/, A+, J.

e EQVAL (m, s) is the statement: whenever I" has order m and ' 3 M =
N:T,thenT'ks M :Tand T'+; N : T. (EQVAL stands for ‘equation
validity’.)

e FUNCEQ (m,n, s) is the statement: whenever T,z : K, A has order m,
K hasorder n, and 'z : KA M =N :Tand I'lkg FF =G : K, then
T, {F/z}A s {F/x}M = {G/z}N : {F/z}T.

e GFUNC (m,n,s) is the statement: whenever I'; z : K, A has order m, K
has order n, and 'z : KA+ M : T, T, F=G: K, Tl F: K
and T' ks G : K, then T, {F/2}A b, {F/2}M = {G/x}M : {F/x}T.
(GFUNC stands for ‘guarded functionality’.)

We shall employ the following abbreviations: CUT (< a,< b, s), for example,
shall mean that CUT (m,n,s) holds for all m < a and all n < b. Another
example: CC (m,n, <s) shall mean CUT (m,n,t) holds for all ¢ < s.
Our aim is to show EQVAL (2, s) for all sequences s of declarations from 7.
By proofs similar to the ones in the Appendix A, we can prove the following
results for all m and s:

(1) FUNCEQ (m, < n,s) A CUT (m, < n,s) = GFUNC (m,n, s)

(2) CUT (m, < n,s) ANFUNCEQ (m, < n,s) = CUT (m,n, s)

(3) CUT (m,< n,s) ACC(m,<n—1,s) NEQVAL (m, s) = CC (m,n, s)
(4) GFUNC (m,n,s) A CUT (m,n, s) = GFUNCEQ (m,n, s)

The following results are trivial:

(5) GFUNC (m,n, s) AEQVAL (m, s) = FUNC (m,n, s)

(6) GFUNCEQ (m,n,s) AEQVAL (m, s) = FUNCEQ (m,n, s)
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Claim.
(7) The properties
GFUNCEQ (m,<m —1,s)
CC(m,<m—2,s)
GFUNCEQ (< max(m, o(s)), < o(s),C s)
CC (< max(m,o(s) —1),< o(s) = 1,C s)
CUT (< max(m, o(s)), < o(s),C s)

entail EQVAL (m, s).

Proof. We prove that, whenever I" has order < m and I' /¢ M = N : T, then
'y M :T and I' Fg N : T, by induction on the derivation of ' s M = N : T.
Suppose the last step in the derivation is
Pk, F=G:A AT kind
Tk cF =cG: {F_"/A}T

(const_eq’)

where we have (c: (A)T) € s. Let s = s1,¢: (A)T, 82, where ¢ : (A)T does not
occur in Ss.

The induction hypothesis gives T'IF,, F :: A, and so I F, ¢F : {F/A}T by
(const).

The induction hypothesis also gives I' -5, G; : {F/A}K;, where K is the
tth kind in A. By Context Validity, we also have

I - Kl,...,$i71 IKZ',1 ”_51 Kl kind .

Using GFUNCEQ (m, < o(s), C s), we have I Iy, {F/A}K; = {G/A}K;, and
so, using CC (m, < o(s) — 1,C s),

Tk, Gi: {G/A}K; |

that is, ' lIs, G :: A. Therefore, ' -, ¢G : {G/A}T by (const).

The case (vareq) is similar, using GFUNCEQ (m,<m —1,s) and
CC(m,<m—2,s).

Suppose s = s1, (A)(M = N : T), s2, and the last step in the derivation is

Tl FA Aby, M:T Abgy N:T
Lk, {F/AYM = {F/A}N : {F/A}T

By CUT (< max(m, o(s)), < o(s), C s), we have I F,, {F/AYM : {F/A}T and
[k, {F/AIN : {F/A\T.
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We can now use these seven results to prove Theorem B.1. Firstly, note that
(1) and (2) imply
GFUNC (m,0,s) ACUT (m,0,s)

for every m and s. Therefore, by (4), GFUNCEQ (m,0, s) holds for every m
and s.
Our goal is to prove the following:

EQVAL (2,s) AFUNC (2,1,8) ACUT (2,1,5) ACC(2,1,s) .
The proof is by induction on the length of s. Suppose, as induction hypothesis,
EQVAL(2,C s) AFUNC (2,1,C s) ACUT (2,1,C s) ACC(2,1,C s) .
Then the following hold:

CC(2,<1,C 9)
EQVAL (2, s)
FUNC (2,0, s)

FUNCEQ (2,0, 5)

GFUNC (2,1, 5)
FUNC (2,1, s)
CUT (2,1, )

GFUNCEQ (2,1, s)
FUNCEQ (2,1, 5)

e T e T s e e T
o oo ogogogoo
LSRN <<
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This completes the induction.

It does not seem possible to use the same method to prove that, if every
declaration in 7 is of order < 3, then 7 is 3-good. As noted in the proof, we have
GFUNC (m,0, s), CUT (m,0, s) and GFUNCEQ (m, 0, s). It is also possible to
prove directly, by an induction on derivations, that CC (m, 0, s) holds for all m
and s. We are then stuck: for o(s) = 2, we have the circle of implications

EQVAL (3, s) = FUNCEQ (3,0, s) = GFUNC (3,1, s) A CUT (3,1, s)
= GFUNCEQ (3,1, s) = EQVAL (3, 5)

without any immediate way to prove any of these directly.
We are thus unable to prove the following statement yet, and present it here
as a conjecture:

Conjecture B.2 Every orderable type theory specification is good.

C. The Strong Normalisability of LF

Consider the simply typed lambda-calculus (STLC), with the following gram-
mar:

Type A == x|A— A
Term M == x| X:AM|MM
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We shall use the fact that every term typable in STLC is strongly Sn-normalising
to prove that every object typable in LF is strongly gn-normalising.

Define a translation [[] that maps every kind of LF to a type of STLC, every
object of LF to a term of STLC, and every context of LF to a context of STLC,
as follows:

[Type] = *

[El (k)] = x

[(x: K)K'] = [K] - [K']

[[x: K]k] = z:[K].[¥]

[k = [KI¥1]

[1: K1y yzn: K] = a1 [Ka], .. 20 [Ki]

The key step in this proof is to realise the following fact about this translation:

Lemma C.1 Under an arbitrary type theory specification in LF, if T F K =
K', then [K] = [K'].

PRrROOF. The proof is a simple induction on derivations.

Using this lemma, we can establish the following:

Lemma C.2 Suppose ' -k : K. Let ¢y, ..., ¢y be the constants that occur
in k, and let them be declared with kinds

c:Ky,...,cm i Ky

Then
cr: [Ka]y ooy em s [Kn], [T F [5] - [K]
i STLC.

PROOF. The proof is by induction on the derivation of ' F & : K.
Lemma C.3 Ifk and k' are LF-objects and k —g, k', then [k] —g, [K'].
PRrOOF. We first establish the fact that
[[k/)k'] = [[%] /2] [¥]
by induction on k’. Now, if k = ([z : K]k1)ks and k' = [ko/z]k1, then
[k] = (A2 : [K] - [ka]) [Ra] = [[R2] /2] [R] = [K] -

The other cases are similar.

a0



These allow us to prove the theorem we want:

Theorem C.4 Under an arbitrary type theory specification in LF, if I' - k :
K, then k is strongly Bn-normalising.

PRrROOF. Suppose k — g, k1 —gn k2 —py -+ is an infinite reduction sequence.
By Lemma C.2, we have that [k] is typable in STLC under some context; and
by Lemma C.3, we have that

k] —pn (k1] —pn [k2] —py -

is an infinite reduction sequence. This contradicts the fact that STLC is strongly
normalising.
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