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Summary

In this thesis we carry out a detailed study of the (propositional) intuitionistic fragment of Girard’s
linear logic (ILL). Firstly we give sequent calculus, natural deduction and axiomatic formulations of
ILL. In particular our natural deduction is different from others and has important properties, such
as closure under substitution, which others lack. We also study the process of reduction in all three
logical formulations, including a detailed proof of cut elimination. Finally, we consider translations
between Intuitionistic Logic (IL) and ILL.

‘We then consider the linear term calculus, which arises from applying the Curry-Howard corre-
spondence to the natural deduction formulation. We show how the various proof theoretic formula-
tions suggest reductions at the level of terms. The properties of strong normalization and confluence
are proved for these reduction rules. We also consider mappings between the extended A-calculus
and the linear term calculus. ' )

Next we consider a categorical model for ILL. We show how by considering the linear term cal-
culus as an equational logic, we can derive a model: a Linear category. We consider two alternative
models: firstly, one due to Seely and then one due to Lafont. Surprisingly, we find that Seely’s
model is not sound, in that equal terms are not modelled with equal morphisms. We show how after
adapting Seely’s model (by viewing it in a more abstract setting) it becomes a particular instance
of a linear category. We show how Lafont’s model can also be seen as another particular instance
of a linear category. Finally we consider various categories of coalgebras, whose construction can be
seen as a categorical equivalent of the translation of IL into ILL.
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Chapter 1

Introduction

-1 Background

An important problem in theoretical computer science is discovering logical foundations of pro-
gramming languages. Such foundations provide programmers with techniques for reasoning logically
rather than informally about their programs and not only tells implementors precisely what they are
trying to implement but also enables them to reason formally about p0351ble optimizations. One of
the most fruitful methods used to explore such logical foundations has been to utilize a fascinating
relationship between various typed A-calculi, constructive logics and structures, or models, from
category theory. Despite their apparent independence, various work has shown how these areas are
related.

Logic with typed A-calculi. Curry [23, Section 9E] and Howard [41] noticed that an axiomatic
formulation of Intuitionistic Logic (IL) corresponds to the type scheme for (S,K) combinatory
logic. It was also noted that the natural deduction formulation for the (D, A)-fragment of
minimal logic corresponds to the typing rules for the simply typed A-calculus with pairs.
More importantly, the notion of normalization for minimal logic corresponds to the notion of
reduction of the A-terms. This relationship is known as the ‘propositions-as-types analogy’ or
the Curry-Howard correspondence.

Category theory with logic. Lambek [48, 49, 50] first showed how formal deductions for propo-
sitional logics could be given in a categorical framework. In particular he considered the
relationship between intuitionistic (propositional) logic and cartesian closed categories. Law-
vere [54] showed how these techniques could be extended to handle predicate logics by consid-

“ering more powerful categorical structures.

Category theory with typed A-calculi. Given the relationship between logic and typed A-
calculi, Lambek was able to show how category theory could give a semantics for typed -
calculi; this is demonstrated for various calculi in his book with Scott [52]. Curien, along with
co-workers, has shown how this semantics can be seen to suggest an abstract machine: the
categorical abstract machine [21]. This idea has been used to provide a complete compiler for
a dialect of ML [72].

These relationships can be pictured as

Typed A-calculus Constructive Logic

Categorical Model.

The exciting aspect of these relationships is not just that the three areas are related but that certain
concepts within them are related also, as shown below.

Logic ] Typed A-calculus | Categorical Model
Proposition Type Object
Proof Term Morphism
Normalization Reduction Equality of morphisms
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These relationships have been used to study various systems. Some examples are listed below.

Logic Typed Calculus | Categorical Model
Intuitionistic Logic | Simply Typed Cartesian Closed
A-calculus Categories
Second Order System F [32] | Hyperdoctrines [68]

Intuitionistic Logic

Higher Order Higher Order Toposes [52]
Intuitionistic Logic | Typed A-calculus

This thesis explores these three relationships and related concepts with respect to Intuitionistic
Linear Logic (ILL) (in fact, just the propositional part). We take ILL as described by Girard and
after producing natural deduction, sequent calculus and axiomatic presentations we consider the
corresponding term calculus (the linear term calculus) and categorical model (a linear category).

2 Overview of Logical Systems and The Curry-Howard Correspondence

In this thesis we shall consider three logical systems in which to formulate ILL: natural deduction,
sequent calculus and axiomatic system. Let us briefly consider these systems in turn.

Natural deduction was originally proposed by Gentzen [73]. Deductions proceed in a tree-like
manner where a conclusion is derived from a finite number of assumption packets, using a predefined
set of inference rules. More specifically these packets contain a multiset of propositions and may be
~empty. Within a deduction we may ‘discharge’ any number of assumption packets. This discharging
of packets can be recorded in one of two ways. Gentzen proposed annotating assumption packets
with labels (natural numbers). Occurrences of inference rules which discharge packets are then
annotated with the labels of the packets they discharge. For example the inference rule for the
introduction of an implication is as follows: ‘

[47)
B
ADB

(DI)?:

The square brackets identify that the packet (with label z) has been discharged. Typically we provide
rules for the introduction and elimination of the logical connectives. For example, we provide the
following elimination rule for the implication connective.

ASB
B

(De)

The second alternative for annotations is to place at every stage of the deduction tree a complete list
of the undischarged assumption packets. This we shall refer to as natural deduction in a ‘sequent-
style’. Deductions are trees whose nodes are decorated with sequents of the form I' — A, where
T represents the undischarged assumption packets and A the deduction so far. The first method
is probably the more intuitive whereas the second has a more mathematical feel. Of course, both
approaches are equivalent and we shall present both when considering natural deduction formulations
of ILL.

The Curry-Howard correspondence simply annotates the deduction with a ‘term’, which rep-
resents an encoding of the deduction so far. Thus for each inference rule, we introduce a unique
piece of syntax to represent an application of it. For example, the rule for implication introduction
becomes encoded as
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[4°]

M:B
A:AM:ADB

It is common to annotate assumption packets with alphabetic identifiers rather than natural num-
bers. Thus we have a system for term formation, where the terms have the property that they
uniquely encode the deduction.

Although natural deduction has many compelling qualities, it has several disadvantages of which
we shall mention just two (Girard [34, Page 74] gives a fuller criticism). Firstly it is distinctly
asymmetric; there is always a single deduction from a number of assumptions.! Secondly, some
connectives can only be formulated in an unsatisfactory way. Consider the rule for eliminating a
disjunction

(Dz)m.

4% (B

AV B C
c

The deduction C really has nothing to do with the connective being eliminated at all: it is often
dubbed parasitic. .

The second system we consider is the sequent calculus, again introduced by Gentzen [73]. De-
ductions consist of trees of sequents of the form I' - A, where both I and A represent collections
of propositions. Inference rules introduce connectives on the right and on the left of the ‘turnstile’
and rules have a more symmetric feel to them. For example the rules for introducing an implication
are

(Ve)z,y-

F'-4A B, TV - A’ 1 TLA-A,B (5r)
Dr), — (D).
T ASBD CaAn Ok TeASBA

In this thesis we will be concerned only with intuitionistic logics. These can be obtained by re-
stricting the sequents to at most a single proposition on the right of the turnstile, I' + A. There
are other, less restrictive ways of formulating intuitionistic logics but we shall not consider them
here. (For example, Hyland and de Paiva [43] have proposed a less restrictive (but more powerful)
formulation of ILL.)

Let us consider the form of I" in a sequent I' — A. We have a choice as to whether it represents
a set, multiset or sequence of propositions. Recall that in the natural deduction system, we had
multisets of assumptions, which could be empty. As the sequent calculus is an equivalent logical
system it must offer similar manipulations of its assumptions. These manipulations are provided by
so-called structural rules.> The structural rules needed depends on the chosen form of contexts and
on the way the inference rules are devised (as they can have the effect of structural rules ‘built-in’).
Generally we take the contexts to be multisets and then we have two structural rules®

I'-B T AJ/A+B
——— Weakening, and —— Contraction.
T A+B I'Aw-B

1A number of multiple conclusion formulations of natural deduction have been proposed, but they invariably
introduce more problems than they solve.

2These rules really exist in the natural deduction formulation as well but they are often either embedded in informal
conditions concerning the assumption packets or built into the inference rules.

3Were we interested in the order in which assumptions were used, then we would take contexts to be sequences of
assumptions and have an explicit Ezchange rule: .
T'AJBWC
——— Exchange
I'NB,AwC
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The Weakening rule allows for the fact that a multiset can be empty and the Contraction rule allows
for the fact that many packets can have the same label. We shall see later that these rules play a
crucial réle in formulating linear logic. ‘

The sequent calculus has one main defect which is that it distinguishes between many equivalent
proofs. For example consider the following two proofs which only differ in the order in which the
inference rules are applied.

ACwrD (5r) ACw+D (Ac)
_——.D -
A-CoD ¢ AAB,C+D  °
(Az) OR)
AAB-COD AABwCHOD

When we come to relate the sequent calculus and natural deduction formulations it is clear that
these two sequent derivations actually represent the same natural deduction derivation. Of course,
this means that a Curry-Howard correspondence is not as simple to devise for a sequent calculus
formulation. We shall return to this point in Chapter 2.

A third system is an axiomatic formulation (or Hilbert system). With this formulation there
are a collection of ‘axioms’ and rules for combining these axioms. Deductions proceed in a tree-
like fashion from a collection of assumptions or axioms to a conclusion. This style of formulation
was used to great effect by Russell and Whitehead in their Principia Mathematica [65]. The main
advantage of an axiomatic formulation is its simplicity. We shall discuss this sort of formulation in
more detail in Chapter 2.

3 Overview of Linear Logic

Linear Logic is often described as a ‘resource-conscious’ logic. In the context of mathematical logic,
we can consider a proposition to represent a resource of some kind. As we noted earlier, logical
formulations provide structural rules to manipulate assumptions: the Weakening and Contraction
rules. The Weakening rule says that if from a collection of assumptions I' we can conclude B, then
certainly from the assumptions I' and A we can conclude B. The Contraction rule says that if we
need an assumption A twice to conclude B, then we can simplify this to A, as A and A is morally
the same as A.

However, if we take a resource view of these rules they seem slightly strange. The Weakening rule
amounts to saying that we might not need a resource after all; and the Contraction rule tells us that
we might need a resource any number of times. Linear Logic is the logic obtained by removing these
two rules from the formulation of the logic. (There are both intuitionistic and classical formulations
of linear logic; this thesis is concerned with the intuitionistic fragment.) As we shall see later, an
immediate consequence is to divide the inference rules into two distinct kinds.

Of course, the logic which remains is terribly weak; Girard’s innovation was to reintroduce the
two rules in a controlled way by introducing a new unary connective (the so-called ezponential,
‘). Thus we can only weaken or contract a proposition, A, if it is of the form !A. It is this which
distinguishes linear logic from other ‘sub-structural’ logics. Although logicians had conceived many
years ago relevance logic (no Weakening) and affine logic (no Contraction), they appeared to have
little interest other than as weak forms of logic. The recapturing of logical power by use of the
exponential enables us to consider linear logic as a refinement of traditional logics.

4 Outline of Thesis

The structure of this thesis follows the triangle of relationships given in §1. Hence there are three
chapters corresponding to each vertex of the triangle.

e Chapter 2 considers the proof theory of ILL. After giving a sequent calculus formulation, a
proof of cut elimination is detailed. Then we show how a natural deduction formulation can
be derived and also how other proposals fail to have certain desirable properties. We consider
reduction in the natural deduction formulation, first by eliminating ‘detours’ in a proof and
then by consideration of the subformula property, from which we find the commuting conver-
sions necessary to ensure that this property holds. Next we consider an axiomatic formulation.
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We show how all three formulations are equivalent by giving translation procedures between
them. Finally we consider how IL can be embedded into ILL via a translation due to Girard.

Chapter 3 considers the theory of the linear term calculus. We give the term formation rules as
well as the reduction rules which are derived by applying the Curry-Howard correspondence
to the reduction rules from the proof theory. Having considered term assignment for the
sequent calculus formulation, we reconsider the cut elimination process in the light of the
reduction rules it generates on terms. By applying a Curry-Howard-like correspondence to
the axiomatic formulation we obtain a linear combinatory logic. We explore reduction within
this combinatory formulation. Proofs of strong normalization and confluence are given for a
fragment of the reduction rules (the S-reductions). We then consider how linear terms can be
translated into linear combinators, before considering and comparing their respective reduction
behaviour. Finally we show how terms from the extended A-calculus can be translated into
linear terms and vice versa. We briefly mention some properties of this translation.

Chapter 4 considers a categorical analysis of ILL. We start by viewing the linear term calculus
as a (linear) equational logic, which is then analysed to derive a categorical model. After
concluding with a notion of a linear category we study some of its properties. We then consider
two alternative models: firstly one due to Seely and then one due to Lafont. Surprisingly we
find that Seely’s model does not model all reductions with equal morphisms. In other words
it is not sound. We show how after adapting Seely’s model using a more abstract setting, it
becomes a particular instance of a linear category. We also show how a Lafont model is another
particular instance of a linear category. Finally we consider various categories of coalgebras,
including some proposed by Hyland. The construction of these categories can be seen as a
categorical equivalent to the embedding of IL into ILL.

Chapter 5 completes the dissertation by drawing some conclusions and suggesting further
work. We consider an alternative natural deduction formulation proposed by Troelstra and in
particular some of its categorical consequences.

5 Results

The main contribution of this dissertation is to examine the known relationship between constructive

logic,

typed A-calculus and categorical models in the context of ILL. Here are some specific original

results:

A proof of cut elimination is given for the sequent calculus formulation of ILL.4

A natural deduction formulation is given which is shown to be closed under substitution.
Other formulations do not have this fundamental property.

Reduction in all three systems are compared and contrasted.
A detailed proof of the subformula property for the natural deduction formulation is given.

The sequent calculus, natural deduction and axiomatic formulations are shown to be equivalent
by giving procedures for mapping proofs in one system to .another.

A proof of Girard’s translation function from IL to ILL is given for the natural deduction
formulation.

A term assignment system is given for ILL. Proofs of strong normalization and confluence are
given.

A procedure for ‘compiling’ linear terms into linear combinators is given. The question of
respective reduction behaviour is addressed.

4Girard gave a proof based on proof nets for classical linear logic (CLL).
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A method for considering the linear term calculus as an equational logic is developed. This
results in a general categorical model for ILL.

e Seely’s model is shown to be unsound. An alternative definition of a Seely-style model is
shown to be sound.

e Lafont’s model is proved to be sound.

e Proofs are given for Hyland’s constructions concerning the category of coalgebras of a linear
category.

e A proof is given that an alternative natural deduction formulation of Troelstra, analysed at a
categorical level, suggests a model with an idempotent comonad.

6 Prerequisites and Notation

This thesis is intended to be reasonably self-contained. However, the reader is assumed to be familiar
with notions of propositional logic and the A-calculus to the level of a good undergraduate course.
Troelstra’s recent book on linear logic [75] covers both intuitionistic and classical fragments. The
approach to logic taken in this thesis is probably best covered by the book by Girard, Lafont and
Taylor [34]. Barendregt’s book [8] is essential reading for those interested in the A-calculus; Hindley
and Seldin’s book [39] provides a useful alternative view.

The chapter on a categorical model for ILL assumes some knowledge of basic category theory.
However categorical notions which are particular to the linear set-up of this thesis are defined in the
chapter. In accordance with the fact that this is a computer science thesis, we shall write function
composition in a sequential, left-to-right manner, i.e. f;g, rather than the mathematical tradition
of go f.

On the whole this thesis follows the notation originally used by Girard [31]. However, there are
some minor differences with the symbols for the units.

This thesis | Girard

I 1
f 0
t T

We have followed Gallier [29] in a systematic use of various symbols to represent differing notions
of deduction, rather than a notational abuse of a single turnstile symbol. Thus we use the symbol
“+’ for a turnstile in a logical deduction® (i.e. the sequent calculus, natural deduction or axiomatic
formulations), ‘>’ for a turnstile in a term assignment system and ‘=’ for a turnstile in a combinatory
derivation. The ‘+’ symbol is used to denote provability (thus we shall write - I' + A rather than
the uninformative - T' - A). We shall often annotate the ‘+’ to qualify the logical system in question
when it is not obvious by context.

5This symbol is often dubbed a Girardian turnstile.



Chapter 2
Proof Theory

1 Sequent Calculus

As explained in Chapter 1, ILL arises from removing the structural rules of Weakening and
Contraction. This has the effect of distinguishing between different formulations of the familiar
connectives of IL. For example, in IL, we might formulate the Ar rule in one of two ways.

I'-A r'v+B ' A AwB

/\ /\”
T'-AAB r T,A'-AAB ¢

However, we can see that with rules of Weakening and Contraction with can simulate one with the
other.

' A ' -B ' 4 Ar+B o,
" —— Weakening” —————— Weakening
T+ AAB TVAr A ‘ I''Aw+B
—————— Contraction® N
I'-AAB IN'A+-AAB

In ILL since we do not have the structural rules these two possible formulations become distinct
connectives. We shall use the terminology of Girard to describe these connectives: those where the
upper sequent contexts are disjoint (as in (A%)) are known as the multiplicatives and those where
the upper sequent contexts must be the same (as in (A% )) are known as the additives. Thus for
ILL we shall consider the following connectives:

Connective | Symbol
Multiplicative Implication | —o  “Linear Implication”
Conjunction | ®  “Tensor”

Additive Conjunction | &  “With”
Disjunction [ & “Sum”

It can be seen that there are some obvious omissions from this table, namely multiplicative disjunc-
tion and additive implication. Multiplicative disjunction (% or “Par”) requires multiple conclusions
which is beyond the scope of this thesis. (It was thought that it only made Sense as a classical
connective, but recent work by Hyland and de Paiva [43] shows how it can be considered as a
intuitionistic connective.) The additive implication, o—, can be formulated as follows.

T'-A BT+ C I'AwB

(—2) — (e
ILA—B + C '+ A—B

R)

However, this connective is generally ignored as its computational content seems minimal.! We shall
do likewise and not consider this connective further.

We have units for the two conjunctions and the (additive) disjunction. I is the unit for the
tensor, t is the unit for the With, and f is the unit for the Sum.

Of course the logic so far is extremely weak. Girard’s innovation was to introduce a new unary
connective, !, (the so-called ‘exponential’) to regain the logical power. The exponential allows a

1Troelstra [75, Chapter 4] considers briefly additive implication in the context of a logic with just two implications.
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formula to be weakened or multiple occurrences to be contracted. Thus we have the structural rules
reinstated, but in a controlled way.

'+~B I'VJAJJA B
———— Weakening ———— Contraction
INVAwB T,V AvB

However, we need to be able to introduce this new connective, and so we have a rule for introducing
it on the left (Dereliction) and on the right (Promotion).? (These are reminiscent of those for the
O connective for modal logics and so are sometimes called the ‘modality rules’.)

I''AwB T'rA
Dereliction

— Promotion
LAwB T 14

In the Promotion rule, T is taken to mean that every formula in the context is of the form !A;.
We shall see later, in §5, how introducing this new connective regains the logical power of IL. We
assume a countably infinite set of propositional symbols (atomic formulae), elements of which we
denote with the letters a,b,.... A linear formula, A, is then given by the grammar

A == alt|f|I]
AQA|A—oA|A&B| A A|!A.
We give the sequent calculus formulation in Figure 2.1, which is originally due to Girard [33].
. Although we have given the Ezchange rule explicitly, for the rest of this thesis we shall consider this

rule to be implicit, whence the convention that I'; A, © denote multisets rather than sequences.
Let us state some provable sequents for ILL.

Proposition 1. The following are all provable in ILL.

A®B + BRA

A®I + A and A + ARQI

A&B v+ B&A

A&t + A and A + A&t
A®DBv+BaoA
Adfr-Aand Ar+-Aof
AR(B&C) v+ (A®B)&(A®C)
AR(B & C) + (A®B) @ (ARQQC)
(A®B) ® (A®C) + A®(B & C)
'A®!B v (A®B) and I v !
A - IE&AL(IARIA)

. lA®!B + (A& B) and !(A&B) + !A®!B
13. I -tandt 1

© ® N oW

e
Mi—l.o

Before considering the sequent calculus formulation in more detail let us fix some standard termi-
nology.

Definition 1.

1. In an instance of a Cut rule
TrA AA+B

I''Aw+B
the formula A is called the Cut Formula.

Cut

2Girard, Scedrov and Scott [35] call this rule Sterage in their work on Bounded Linear Logic.
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Identit
A Y

T,A,B,A - C

——— FEzchange
I'B,AJAwC

I'-B B,AwC
I'AwC

Cut

_ (t —(f
Fl—t(R) I‘,f|—A(L)

T'rA

- I — (Ir)
r,Iu—A(‘) -1
I'NA,BwC I'-4 AwrB

_—(® ®
T,A®B o (&) T,A - A®B (@)

'A4A ABwC I''Aw+B

(—oz) S — -

R)

TVAwrC (&e) I''B+C (&co2)
TA&B+C T,A&B+C = °

A I'+B
T awp &)
AwC I'B+C
I''AeB+C

(®c)

A ''+-B

T (er — (@
1‘|—A€BB( ®-1) I‘l—AeBB( R-2)

I'-B INA,J A+ B
——— Weakening ———— Conitraction
IJAwB I'''A+B

I Aw+B TrA
Dereliction

_— Promotion
I'/Aw-B '14

Figure 2.1: Sequent Calculus Formulation of ILL
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2. In a rule the formula being formed is called the principal formula, for example in the rule

T4 BArC

—0 ?
T,AoB,A - C 2
A—oB is the principal formula, as is !4 in the rule
TrA
Promotion.
' 14
3. In a proof « of the form
Ry ——R
'r4 AAw+B
Clut,
I''AwB

we shall refer to the application of the Cut rule as a (Rj, Rg)-cut.
4. In a proof 7 of the form

R17
r-A

we shall write Ist(7) to denote the last rule used in the proof (= Ry).
5. If a proof 7 is of the form
T T2
TrA4

we shall say that the rule, R, is a binary rule. (We shall often refer to the upper proofs as m;
and my.) If a proof w is the form

bl

m
4
we shall say that R is a unary rule. (Again, we shall often refer to the upper proof as m;.)

el

1.1 Cut Elimination

The Cut rule enables us to join two proofs together. Gentzen discovered that applications of the Cut
rule could be eliminated from a proof. Thus given a proof containing applications of the Cut rule,
a cut-free version could be found, which can be thought of as its normal form. Gentzen’s analysis
not only showed that the occurrences of the Cut rule could be eliminated, but also gave a simple
procedure for doing so.

We shall carry out a similar programme for ILL. The proof given here is adapted from that for
IL given by Gallier [29]. First we shall define some measures which we shall use in the proof.

Definition 2.

1. The rank of a formula A, is defined as

|A] L A is an atomic formula
11, 16, 1£] = 0
|A—~B| = |4]+|B|+1
|A®B] ¥ |4]|+|B|+1
|A&B| ¥ |4+ |B]+1
lAeB| ¥ |4]+|B|+1

4] € j4p+1
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2. The cut rank of a proof , is defined as

0 If Ist(m)=Identity
et efmy) If Ist(w)=Unary rule
c(m) E { max{c(m),c(ms)} If Ist(x)=Binary rule

max{|A] + 1,¢(m1),c(m2)} If Ist(n)=Cut
with Cut formula A.

3. The depth of a proof =, is defined as

] 0 If Ist(w)=1Identity
d(r) def d(m) +1 If Ist(w)=Unary rule
max{d(m),d(m2)} +1 If Ist(w)=Binary rule.

To facilitate the proof of cut-elimination® we find it convenient to replace the Cut rule with an
indezed cut rule

—_—
' A A...,AJA+B
I...;Aw+B
——

n

Cut,.

It is clear that this is a derived rule? as it represents the sequence of Cut rules

n

——
'vA A4, AArB
Cut
IA,...,A/A+B
A T,0,..., A, A +B
Cut.

T,T,....,[\A ~ B
———

n

Of course when n = 1 this rule is just the familiar Cut rule as before. It is clear that if we can
prove a cut elimination theorem for this more powerful cut rule, then we have as a corollary the cut
elimination theorem for the standard unary rule. (In what follows we shall use the abbreviation A™
to represent the sequence 4,...,A4.)

——

n

Lemma 1. Let II; be a proof of I' + A and Il be a probf of A,A"™ + B and assume that
c(Ily), c(Ilz) < |Al. A proof, II, of I, A + B can be constructed such that ¢(II) < |A].

Proof. We proceed by induction on the sum of the depths of the two proofs, i.e. on d(II;) + d(II5),
where II; and II; are the immediate subtrees of the proof

I, I,
re4A A" A+ B
' Avr B

Cut,.

There are numerous cases depending on the structure of II; and II,.

1. When the principal formula in the proofs II; and II; is the cut formula, A.

3In particular, without this trick of taking a multi-cut rule it seems difficult to find an inductive count that
decreases if we keep a ‘single’ cut rule. It should be possible but, as far as my research has found, it seems to have
eluded proof theorists so far.

4As it is a derived rule, it is simple to extend the notion of cut rank to handle an occurrence of the Cut, rule.
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(a) (IR,IL;)-Cut.
m
() LreB oy
-1 I T+ B
I'-B Ot

Let II by the proof obtained by applying the induction hypothesis to the proof

(Ir) "
I "T B

'-B

Cut,.

By assumption ¢(II ), ¢(m1) < ||, then ¢(II) < |I| and we are done.
(b) (—om,—or)-cut.

ind m2 3
I'AwB (A—oB)", A+ A B,(A—oB)™,0 - B
——— (~or) +m+1 —oz)
I' - A—-oB (A—B)*T™ T A0+ C

Fn+m+1,A’ Or-C CUtn+m+1

Let II' be the proof obtained by applying the induction hypothesis to the proof

1
F,A + B 2
' - A—oB : (A—-B)", A A .
Uy,
I'"'ArA
By assumption that ¢(II;),c(m2) < |A—oB| and hence ¢(II') < |A—oB|. Let II" be the
proof
HI ™
I"ArA INAwB
C’ll,tl.
r"t* Av+B

Since we have by assumption that ¢(m ) < |A—oB]| then by definition ¢(II") < max{(|A4|+
1),|A—oB|,|A—oB|}; hence ¢(II") < |A—oB].

Let IT"" be the proof obtained by applying the induction hypothesis to the proof

m
F,A + B 3 .
T~ A—B B,(AoB)™,0 +C
Cut,,.
B,I™ 0+ C

Since ¢(Il;), ¢(w3) < |A—oB| by assumption, we have that c(II'') < |A—oB|. Finally, we
can form the proof, II, .

H" HIII
I'"*' A B B, T™ 0  C
rmtmtl A 0 - C

‘Utl .

Thus by definition ¢(II) < max{(|B| + 1),|A—oB|,]A—oB|}; hence ¢(I) < |A—B| and
we are done.
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(c) (®r,®c)-cut.

m 9 3
I'A AwrB A,B,(A®B)",0 + C
(®=) et (®c)
A + AQB (A®B)"",0 - C

™, A™1,0 - C Ot

Let I be the proof obtained by applying the inductive hypothesis to the proof
M Uy}
'A AwB _ T3
(®=) n
T, A+ A®B A,B,(A®B)*,0 + C
A,B,T" A",0 v+ C

We have by assumption ¢(II;), ¢(r3) < |A®B| and hence ¢(II') < |[AQB|. Now let II" be
the proof

Cut,,.

m H'
| | A BT" A", 0 +C
B,T"tL A" O + C

Since we have by assumption that ¢(m) < |A®B|, then by definition ¢(II") < max{(|A|+
1),|A®B|,|A®B|}. Finally, we can form the following proof, II,

C’ut1 .

o HII
A+ B B,T™, A0 - C
1AM 0 - C
Thus by definition ¢(II) < max{(|B| + 1),|AQB|,|A®B|}; hence ¢(II) < |A®B| and we

’U,tl .

are done.
(d) (&®,&c-1)-cut.
sl () T3
T'-A I'-B A, (A&B)", A+ C
(&r) 0 £-1
'~ A&B A, (A&B)"t - C o
™A - C Ut

Let II' be the proof obtained by applying the inductive hypothesis to the proof
™ Ty
'rA '-B T3
(&r) n
I' - A&B A, (A&B)*, A+ C
I™AwC

We have by assumption that ¢(II;), ¢(m3) < |A&B| and hence ¢(I'|) < |A&B|. We can
form the following proof, II,

Cut,.

M HI
'r-A I'"*AwC
" A C Cun.

Thus by definition ¢(Il') < max{|A| + 1,|A&B|,|A&B|}; hence ¢(Il) < |A&B| and we
are done.
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(e) (&r,&—2)-cut. Similar to case above.
) (®r-1,®c)-cut.

m me

A, (A®B)" A C

'rA

Chapter 2. Proof Theory

3
A,(A®B)",B +C

—.®_
I'-Ao B Rt

A, (A B)" - C

(®c)

"t AwC -

Cutnta

Let I be the proof obtained by applying the induction hypothesis to the proof

1
''A4A

—6_
I'-A®B Rt

™2

A(A®B)" A C

Cut,,.

I"'AwvC
We have by assumption that c¢(Il ), c(m2) < |A @ B| and hence ¢(II') < |A & B|. We can

form the following proof, II,

7
' 4

HI

", AA - C

C’ut1 .

"t AwC
Thus by definition c¢(II) < max{|A|+ 1,|A @ B|,|A & B|}; hence ¢(II) < |A ® B| and we

are done.
(g) (®r—2,®r)-cut. Similar to case above.
(h) (Promotion, Dereliction)-cut.

m m
TrA AIA" A+ B
Promotion ——— Dereliction
T4 1AL A+ B
" A v B Gt

Let II' be the proof obtained by applying the inductive hypothesis to the proof

m
T A To
Promotion
T4 A'A" A+ B
Cut,,.
AT A+ B
We have by assumption that ¢(II )}, ¢(m2) < |!4| and hence ¢(II') < |!A|. Now let II be
the proof
m H'
T'r A AT, A+ B .
T™ A+ B “

Thus by definition ¢(II) < max{|A| + 1,|!4|, |!A|}; hence ¢(II) < |!A| and we are done.

(i) (Promotion, Weokening)-cut.
1
TrA
T+ 14

Promotion

m2
A", A + B

— Weakenin
A" A 1 B 9

T A B

Cutnt1
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Let II' be the proof obtained by applying the inductive hypothesis to the proof

L
TrA Uy
Promotion
14 A" A+ B
Cut,.
' AwrB
We have by assumption that ¢(II; ), e(m2) < |!4| and hence ¢(II') < |!A|. Finally take the
proof, II,
HI
I A+ B Weakenind
m earening .

Hence by definition ¢(II) < |!A| and we are done.

(i) (Promotion, Contraction)-cut.

m 2
TerA IAJIAJIA" A v B
Promotion Contraction
I 14 A" A+ B
T A + B Gty

Let II' be the proof obtained by applying the inductive hypothesis to the proof

m
TrA P
Promotion
I'—14 . 1A"2 A+ B
™2 A v B Ot

We have by assumption that ¢(Il;),c(ms) < |'A| and hence ¢(II') < |!A|. Finally, let II
be the proof
HI
T"*2 A+ B

——— Contraction®.
™t Aw+B

Hence by definition ¢(II) < |!4| and we are done.

2. When in the proof II; the cut formula, A, is a minor formula. We shall consider each case of
the last rule applied in II;. The case where the cut formula, A, is a minor formula in proof
II; is symmetric (and omitted).

(a) t'R.

t (i)
TrA AP At S
Cut,

I Art

We can form the (cut-free) proof

— (% ,
A I—t(R)

which has a cut-rank of 0 and so we are done.
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(b) fc.
. ()
T A A" Afr-B -
Cut,
" Af+B
We can form the (cut-free) proof
— Y
", Af + B (£2)
which has a cut-rank of 0 and so we are done.
(C) I[,.
2
I, A" A+ B
o Uc)
| | A" I, A+ B
Cut,
I'" I, A+ B
Let I be the proof obtained by applying the induction hypothesis to the proof
Hl T2
' A A" A+ B
Cut,.
I AwB
We have by assumption that ¢(II;), e(m2) < |4| and hence ¢(I1I') < |A|. We can then form
the proof, II,
HI
I'"' Aw+B

— 2T ).
I".I,A + B 2)

Hence by definition ¢(II) < |A| and we are done.

(d) ®.
w2
II; A", B,C,Av+D
(®c)
Tr-Aa A", BRC,A v+ D
uty,

I, BRC,A v+ D
Let II' be the proof obtained by applying the induction hypothesis to the proof

Hl T2
'r4A A" B,C;A v D
Cut,,.
™,B,C,Av+D
We have by assumption that ¢(II;), c(ms) < |A| and hence ¢(II') < |A|. We can form the
proof, IT, :
HI
I'™,B,C,A v+ D

®c).
I™ BeC,A 5 )

We have by definition that ¢(II) < |A| and we are done.
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(e) ®=.
T T3
I, A A" B 0,4™ - C
- (®r)
T'4 A,Q,A"™ - BeC
Cutnym

I™t™ A,0 - BRC
Let II' be the proof obtained by applying the induction hypothesis to the proof
1I; o
'-4 AA" + B
I"Aw+B

Cut,,.

We have by assumption that ¢(Il;), c(w2) < |A| and hence ¢(II') < |A|. Let II" be the
proof obtained by applying the induction hypothesis to the proof

Hl 3
' 4 0,A™ - C
Cut,,.
™ercC

We have by assumption that ¢(II;), ¢(ms3) < |A| and hence ¢(II"") < |A|. We can form the
proof, II,

HI HII

I, A+ B I 0 - C
(®%)-

™™ A0 + BRC
We have by definition c(II) < max{|A], |A|}; thus ¢(II) < |A| and we are done.

(f) —Og.
Y 3
I, A, A" - B C,A™, 0 + D )
- —o
TA A" B_oC,A,© v D ‘
Cutpim

r“+m B—C,A,® + D
Let II' be the proof obtained by applying the induction hypothesis to the proof
| 1 L
I'4 AA" + B

Cut,.
I, A+ B

We have by assumption that ¢(Il;),c(m2) < |A| and hence ¢(Il') < |A|. Let II" be the
proof obtained by applying the inductive hypothesis to the proof

Hl w3
A C,A™,0+D
Cut,,.
cC,I'"0wD

We have by assumption that ¢(Il;), c(n3) < |A| and hence ¢(II"") < |A|. We can form the
proof, II,

HI H"

", A+ B C, ™0+ D
(—or).

™™ A, B—C,0 + D
We have by definition ¢(II) < max{|A|, |A|}; thus ¢(II) < |A| and we are done.
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(8) —or.
ma
Iy A" AB+rC
— . (-oR)
'r4 A" A +~ B—oC
Cut,
')A v+ B-oC
Let II' be the proof obtained by applying the induction hypothesis to the proof
II; e
P A A" AJBrC
Cuty,.
I'AJB+C
We have by assumption that ¢(Il1), ¢(m2) < |A| and hence ¢(II') < |A|. We can then form
the proof, II,
. iy
I'A,B+C

I A+ B-oC (o).

Hence by definition ¢(II) < |A| and we are done.

(0) &er.
m2
I A A" B+ D
T+ A A, A" B&C + D

Cut,
' A,B&C +~ D :

Let IT' be the proof obtained by applying the induction hypothesis to the proof

Hl T2
I'r-4 AA"Bw D
Cut,.
I'A,BwvD
We have by assumption that ¢(Il;), c(m2) < |A] and hence ¢(Il') < |A]|. We can form the
proof, II,
HI
I"ABwvD
&r1.
",A,B&C v+ D
Hence by definition ¢(II) < |A] and we are done.
(i) &;—2. Similar to case above.
() &x.
) 3
II; AA" B AJAT - C
(&)
TrHA A A" + B&C
Cut,
I'*,A + B&C
Let II' be the proof obtained by applying the induction hypothesis to the proof
Hl T2
THA AA" + B

Cut,.
I Aw+B n
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(k)

Q)

We have by assumption that ¢(Il;), ¢(m2) < |A| and hence c¢(II') < |A|. Let II" be the
proof obtained by applying the induction hypothesis to the proof
18] 3
' A ANA" - C
IM"'AwvC

Cut,,.

We have by assumption that ¢(II;), ¢(ms) < |A| and hence ¢(Il') < |A]. We can form the
proof, II,

HI HII
I'"'AwB IM"'AwvC
(&)
I'",A v+ B&C
Hence by definition ¢(Il) < |A| and we are done.
Br.
o 3
I, AA" B+ D A A" C I—D( )
S
T4 A, A" B®C + D ‘
Cut,

I'*'A,BeCw D
Let I be the proof obtained by applying the induction hypothesis to the proof
Hl T

I'A4 AA" B+ D

Cut,.
' A,BwvD

We have by assumption that ¢(II;), c(m2) < |A] and hence ¢(II') < |A|. Let II" be the
proof obtained by applying the induction hypothesis to the proof
Hl 3
r-4 AA*C v+ D
' A,CwD

Cut,,.

We have by assumption that ¢(II;), e(n3) < |A| and hence ¢(II") < |A|. We can form the
proof, II,
Hl H/I
I'"AJBwD I'"'A,CwD
I",A,B&C r D

(®c).

Hence by definition ¢(II) < |A| and we are done.
DOr-1-
T2
I, AA" + B
'r4A AA" - BaC
I A+BaC

Cut,

Let I be the proof obtained by applying the induction hypothesis to the proof
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Hl Yy
T4 AA" + B
Cut,.
I'"Aw+B
We have by assumption that ¢(Il1), ¢(m2) < |A| and hence ¢(II') < |A|. We can then form
the proof, II,
HI
' Aw+B
— @ 1.
™AvBaC =
Hence by definition ¢(IT) < |A| and we are done.
(m) ®r—z. Similar to case above.
(n) Dereliction.
2
I A" BAwC
———— Dereliction
'A A™IB,A +C
Cut,
™ IB,AvC
Let II' be the proof obtained by applying the induction hypothesis to the proof
Hl )
A A", B,A+C
Cut,.
I B,AwC
We have by assumption that ¢(II;), ¢(m2) < |A] and hence ¢(II') < |A]|. We can form the
proof
HI
I BLAvrC
———————— Dereliction.
' B,A v C
We have by definition that c¢(II) < |A| and we are done.
(0) Weakening.
T2
18] A" A - C
——  — Weakening
' A A" IBAWC
Cut,
'IBJAvC
Let II' be the proof obtained by applying the induction hypothesis to the proof
I, o
T'-A A" A+ C
Cut,.
I'"AwC
We have by assumption that c(Il; ), ¢(m2) < |A| and hence ¢(IT') < |A]. We can then form
the proof, II,
HI
I'"AwC
————— Weakening.
' IBJA+C

By definition ¢(II) < |A| and we are done.
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(p) Contraction.

2
II; A"'B,IB, A wC
Contraction
-4 A" IBJA-C
Cut,
I'"''B,Aw+C

Let II' be the proof obtained by applying the induction hypothesis to the proof
II; ’ 2
I'-A A™'B,IB,A v+ C
", !B,!B,A ~C

Cut,,.

We have by assumption that c(Il1),c(m2) < |A| and hence ¢(IT') < |A|. We can form the

proof, 11,
, ”
r'*,!B,!B,A v+ C
Contraction.
" 1B,A v+ C
By definition ¢(II) < |A| and we are done.
(q) Promotion. :
2
I 1A IA + B
———— Promotion
T'rlA 1A IA + B
Cut,

I IA 1B
Let II' be the proof obtained by applying the induction hypothesis to the proof

H1 P
T+ 14 1A™,IA + B
Cut,.
', !A + B
We have by assumption that ¢(Il;),c(m2) < |!A| and hence c(Il') < |!A]. We can form
the proof, II,
Hl

T",!A + B

———— Promotion.

I'"!A + B

By definition ¢(IT) < |!A| and we are done.

3. When either II; or Il is an instance of the Identity rule. Firstly

I,
T4 Ar A
'+4

Identity
Clut,

which is replaced by

115}
. I' - A
And similarly the proof
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1L,
Identity
Ar A I'NAwv B
Cutl,
T''A+ B
is replaced by
I,
A+ B.

In both cases the assumption that c(Il1),c(Il2) < |A| ensures that c¢(II) < |A|.

Lemma 2. Let 7 be a proof, I' - A, with cut rank ¢(x). If ¢(w) > 0 then we can construct a proof
7' of I' + A such that c(n') < ¢(r).

Proof. By inspection of the last rule of proof w. If it is not an instance of the Cut rule then we
simply apply induction on the subproofs of 7. If the last rule in 7 is a Cut then 7 is of the form
m 2
'-A4A AA" - B
| I'" A wB

Cut,,.

If ¢(w) > |A|+1 then we can apply induction on the subproofs w1, 2 and we are done. If ¢(r) = |A]+1
then we can apply Lemma 1 to get a proof ' where ¢(#') < |A|; hence ¢(7') < |A| + 1 = ¢(nr) and
we are done. |

Theorem 1. Let 7 be a proof of I' - A with cut rank ¢(«). A cut free proof #’ of I" + A can be
constructed.

Proof. By induction on ¢(n) and Lemma 2. [ |

1.2 Cut Elimination and The Additive Units

It seems appropriate to mention here a small problem with the process of cut elimination and the
additive units. Consider the following proof which contains one instance of the Cut rule.

@ S
I‘,fr—A(E) A,Al—t(R)
Cut

LA f ¢t

The problem is to decide which axiom it is replaced by: is it £z or tz? Of course, as far as proving the
cut elimination theorem it does not matter which is chosen, but there is little to guide us either way
(even the model theoretic viewpoint of the Chapter 4 says little). In the original treatise [31, Page
67], Girard rewrites the above to an instance of the fz rule. However, in personal communication,
Girard admits to this being a choice made for “... aesthetic reasons”. A more convincing explanation
of the proof theoretic réle of the additive units remains an open problem.
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1.3 Subformula Property

An immediate consequence of the cut elimination theorem is the subformula property, which follows
from the simple observation that every rule except the Cut rule has the property that the premises
are made up of subformulae of the conclusion.?

Definition 3. The subformulae of a formula A are defined by the following clauses.

o If A is atomic then its subformula is A.

¢ The subformulae of A®B are the subformulae of A and the subformulae of B and A®RB itself.
o The subformulae of A—oB are the subformulae of A and the subformulae of B and A—oB itself.
e The subformulae of A&B are the subformulae of A and the subformulae of B and A&B itself.
¢ The subformulae of A® B are the subformulae of A and the subformulae of B and A® B itself.
¢ The subformulae of !4 are the subformulae of A and !4 itself.

Theorem 2. In a cut-free proof of I' + A all the formulae which occur within it are contained in
the set of subformulae of I" and A.

Proof. By a simple induction on the structure of the proof I'  A. |

There are many other consequences to having a cut elimination theorem for a given logic and
these have been studied by Schwichtenberg [67]. An example is Craig’s Interpolation Lemma which
has been studied for some fragments of (classical) linear logic by Roorda [64]. We leave further
investigation of this and other properties for future work.

2 Natural Deduction

As explained in Chapter 1, in a natural deduction formulation a deduction is a derivation of a
proposition from a finite set of assumption packets using some predefined set of inference rules.
More specifically, these packets consist of a multiset of propositions, which may be empty. This
flexibility is the equivalent of the Weakening and Contraction rules in the sequent calculus. Within
a deduction, we may ‘discharge’ any number of assumption packets. Assumption packets can be
given natural number labels and applications of inference rules can be annotated with the labels of
those packets which it discharges. .

We might then ask what restrictions need we make to natural deduction to make it linear?
Clearly, we need to withdraw the concept of packets of assumptions. A packet must contain exactly
one proposition, i.e. a packet is now equivalent to a proposition. A rule which previously discharged
many packets of the same proposition, can now only discharge the one. Thus we can label every
proposition with a unique label.

Before considering the rules, we shall fix some (standard) notation.

Definition 4.

1. In a rule of the form

A ... A,
B H)
the A; are known as premises and B as the conclusion.

2. In an elimination rule, the premise being eliminated is known as the major premise. Any other
premises are known as minor premises.

3. An assumption which has not been discharged will often be referred to as an open assumption.

5We shall prove a similar theorem for the natural deduction formulation in the next section.
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The Multiplicatives

The introduction rule for linear implication, —o, is as usual for IL; the restriction on packets means
that we can only discharge a single assumption. The elimination rule for —o is also as for IL. The
rules are

[4°]

B A—oB A (cos)
—— (—0¢).
reviacii B ‘

We should note that in the elimination rule for — the multiplicative nature is implicit in our
restriction that all assumptions have unique labels. Hence to bring two derivations together implies
that their contexts are disjoint.

The introduction rule for tensor, ®, is as usual for IL; with again the implicit multiplicative
nature. The elimination rule is slightly more surprising. In IL we are used to having two elimination
rules for the conjunction which enable one of the conjuncts to be ‘projected’ out of a conjunction,
viz.

AANB AANB
A (/\5—1)1 and

(/\5_2).

However ILL does not permit projection over multiplicative conjunction (as it would provide un-
restricted Weakening), but rather both components of the tensor should be used in the deduction.
Thus the elimination rule is of the form®

[47] [BY]

A®B

(®e)z,y-

The Exponential

The elimination rule, Dereliction, is easy to formulate, viz.

B
" — Dereliction.
B

However it is surprising to note that other presentations [57, 55, 79] have adopted the following
slightly more verbose formulation
[B*]

B
Dereliction,,.

The Weakening rule allows a deduction whose conclusion is of the form !B to play no part in
another deduction, or in other words, it allows us to build dummy deductions. Again, the intuitive
formulation is .

Weakening.
C

6Schroeder-Heister [66] has considered natural deduction formulations of connectives of this form (although for
IL).
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The Contraction rule allows the result of a deduction to be used twice as an assumption. This rule is
realized in IL by the implicit ability to give two assumptions the same label. We can then substitute
a deduction for this duplicated assumption by duplicating the deduction. Duplicating a deduction
is illegal in our linear system because we cannot have duplicated labels. We must formulate the rule
so that the deduction appears once and its conclusion appears twice with different labels, viz.

15°] [1BY]

B

Contraction, .

C

Now we come to the problematic rule of Promotion. This rule insists that all the assumptions at
the time of application are of the form !4;. Thus as a first attempt at a formulation we shall take
the following (as have all other proposals 7, 57, 55, 79, 75])

14, -+ 14,

(2.1)
— Promotion.
'B

Let us consider a fundamental feature of any natural deduction formulation.

Definition 5. A natural deduction formulation is said to be closed under substitution if the following
is satisfied: if for any two valid deductions '

the following is a valid deduction

B.

It is quite clear that the formulation for the Promotion rule given above is not closed under substi-
tution. For example consider substituting the deduction

— Y (—%¢);
14
for the assumption !4; in 2.1. We would arrive at the deduction

C—ol4; c
———(~0¢)
141 1A,

— Promotion.
'B

This deduction is not valid, as the assumptions are not all of the form !A4;. To gain a correct
formulation we need to make the substitutions explicit. In this thesis we shall use the following
formulation.
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[lATr --- 1A42°]

14, ... 14, B
B

Promotiong ... zn

Some care needs to be taken with this rule. The semantic brackets [...] signify that to apply this
rule correctly, not only must all the assumptions be of the form !4;, but that they are all discharged
and re-introduced. It is obvious that this formulation will be closed under substitution. We shali
use the terminology that the !A; are called the minor premises of this rule.

The Additives

The additives seem to conflict with the notion of linearity which we have described so far. We have
seen that in the sequent calculus formulation they require the upper sequent contexts to be equal,
for example in the (&x) rule

T-A I'-B
I' — A&B

In what we have done so far, contexts are implicitly disjoint, so it is clear that we have to get round
this restriction. Taking as an example the introduction rule for the With connective we can isolate
two distinct proposals.

(&r).

1. Keep the implicit disjointness of contexts. Thus when the additive contexts are brought
together, we have to immediately discharge them both and reintroduce them once. Thus the
rule would be

(AP - AT] AR A
Ay ... A B c
B&C

(&I)ml,...,zn,yl,...,yn-

This rule has the restriction that the two (discharged) contexts are equal. It should be noted
that this equality of the contexts only applies to the assumptions, not their labels.”

2. Extend the proof theory, so as to introduce seriously the notion of an additive contezt. This
extension allows us to bring together equal contexts and treat them as a single context. Thus
the (&) rule would be

I‘/F\ r

A

B
&7).
5B (&z)

It should be noted that the labels in the contexts are required to be the same.
In some senses the second proposal can be seen as an implementation method for the first. Certainly

there does not appear to be any fundamental problem with either proposal (unlike the situation
with the Promotion rule). We then have a choice, and for this thesis we shall take the second

71t should also be noted that this formulation corresponds to the additive boxes used by Girard [31] for the proof
net formulation of Classical Linear Logic.
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proposal. This proposal has the advantage of better proof-theoretic properties as well as a more
succinct syntax.
The elimination rules for With are simply the familiar projection rules from IL,

A&B A&B
&5_1, and

&e_s.

Thus the additive conjunction is like an external choice (as either conjunct can be extracted). The
introduction rules for additive disjunction are as for IL,

A B
Dz-1, and
A® B A®B

Dz—2.

The elimination rule for the additive disjunction is also as for IL,

A
VAR
r [47] A A [BY]
Ao B ¢ ¢
c

Thus the additive disjunction is like an internal choice (as the disjunct itself determines whether it
is an A or a B and to deal with it we need to provide a case for both possibilities).

(Be)a,y-

The Additive Units

The additive units are simply the nullary formulations of the additive rules. Thus from the formu-
lation of the additives we can derive the formulation of the units. Firstly, the tz rule which is the
nullary version of the &z rule,

A - A,

—_— (t7).
" (tz)

Next the fg rule, which is the nullary version of the ®¢ rule

A, - A,
B

f
(fe).

It should be noted that another formulation of the (f¢) rule, namely

f
Z (fg)la

would be an acceptable alternative (in that it is of equal expressive power).
For completeness we shall repeat the entire natural deduction formulation in Figure 2.2. The
advantage of this formulation over others is that it has the following property.

Theorem 3. The natural deduction formulation is closed under substitution.
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[A7] .
B S
A—oB ‘ B
A, - A A - A
= (tz) ———— (£)
= (Iz) I
g — (@)
; 47 5]
A : '
A®B
A®B (@) C (®€)z,y
/ g \ / . \
r r r [A*] A A [BY]
A B AoB c c
& @
A&B . A&B . A . B o
1 £-1 B £—2 ey -1 ey 72
. [l1B*] ['BY]
B C _ B :
Weakening Contraction,
C C Y
L4y - 4z
1 B . . .
— Dereliction A4y ... 14, B P .
B B TOMOtI0NS1,... 20
Figure 2.2: Natural Deduction Formulation of ILL
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It is possible to present natural deduction rules in a ‘sequent-style’, where given a sequent
' + A, T represents all the undischarged assumptions so far in the deduction, and A represents
conclusion of the deduction. We can still label the undischarged assumptions with a unique natural
number, but we refrain from doing so. This formulation should not be confused with the sequent
calculus formulation given in §1, which differs by having operations which act on the left and right
of the turnstile, rather than rules for the introduction and elimination of logical connectives. The
‘sequent-style’ formulation of natural deduction is given in Figure 2.3.

2.1 (-Reductions

With a natural deduction formulation we can produce so-called ‘detours’ in a deduction, which arise
where we introduce a logical connective and then eliminate it immediately afterwards. We can define
the normalization procedure by considering each case of an introduction rule followed immediately
by a corresponding elimination rule in turn.

e (—o7) followed by (—of)

[A]
s (—oz)
A—oB z A
5 (—o¢)
normalizes to
[4]
B.
o (I7) followed by (Ig)
I
i1
1 (Ie)
normalizes to
A.
o (®1) followed by (®¢)
4] [B]
—(® .
108 0 G
C (®¢)
normalizes to
[4] [B]
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Identity
ArA

me4d --- T, -4, -4, --- T A4, Arf

£ £
Ty,....T, ¢ (tz) Ty, . To,AFA (fe)

IJAwvB I' - A—oB ArA

——(—oq)
I'-A—oB I'A+B

(—o¢)

() AwrT I‘I—A(‘I)
— - iz
-1 T,A A ¢

'r-4 A+ B '+ A®B AJABrC

® ®
T.A v ARB (®2) T,A+C (®e)

-4 I'-B '+~ A&B '+ A&B

& T ke, — T (s
T + A%B z T4 e T op %)

T4 (@71) T'-B (©7_2)
T-A4@B  ~ Te-AeB

I'-A®oB AAVC ABw+C
ILAwrC

(®¢)

A 14, - A, 14, A1,... A, ~ B
A, A, 1B

Promotion

r+14 A+B Frl4 AJIAIA B
Weakening Contraction
A+ B A +B

14
I'rA

Dereliction

Figure 2.3: Natural Deduction Formulation of ILL in Sequent-Style
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o (&) followed by (&g—1).

/ ' \
T T
A B
&
pre (&1)
e (&e-1)
normalizes to
r
A
L] (&1) followed by (&g_g).
/ ' \
r T
A B
&
A%B (&)
5 (&e—2)
normalizes to
L
B.
e (®7_1) followed by (de).
A
: 4% A A [BY]
(&1-1) :
Ao B o o
C (698 )m Y
normalizes to
T
A A
C.
o (®d1_3) followed by (®¢).
’ A
; [4°] A A [BY]
(®z-2) : :
Ae B c p
(®€)z,y

31
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normalizes to

T
B A
C.
e Promotion followed by Dereliction
[fA; ... 4]
A LA, B
Promotion
!B
Dereliction
B
normalizes to
[4: ... '4,]
B.
e Promotion with Weakening
[l4; .. .14,]
1A ... 14, B
Promotion
!B
Weakening
C
normalizes to
14, ... 14
! i Weakening®.
C
e Promotion with Contraction
[14y...14.]
: 'B] 'B
U ['B] ['B]
B Prom
- Cont
C
normalizes to
[tA; .. 1AL] [lA;g .. JAL]
[41]...[4,] B [Al]...[14,] B
Prom Prom
B 'B
c 1A ... 14
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(We have introduced a shorthand notation in the last two cases, where Weakening® and Contraction®
represent multiple applications of the Weakening and Contraction rule respectively.) The process
above gives rise to a relation which we shall denote by ~+g. We shall describe one of the steps as
a B-reduction rule and say that a deduction is S-reducible if we can apply one of the S-reduction
rules.

Definition 6. A deduction D is said to be in G-normal form if it is not S-reducible.

2.2 Subformula Property and Commuting Conversions

We have already considered the subformula property in §1.3, in the context of the sequent calculus
formulation. Whereas in that case the property held simply by inspection of the derivation rules,
things are more delicate in the natural deduction formulation. For example, consider a deduction
which ends with an application of the —og rule

Dy - Dy
A—oB A
B

(—o¢)-

Even if the deduction is in S-normal form, it is not simply the case by inspection that the subformula
property holds, i.e. that A—oB is a subformula of I" or A (it is certainly not a subformula of B!).
We also note that for most of the elimination rules the conclusion is not a subformula of its major
premise.® These rules are (®¢), (Ig), (®¢), (fe), Weakening and Contraction; which we shall refer
to collectively as bad eliminations, with those remaining being known as good eliminations.

‘We shall introduce the notion of a path through a deduction. The idea is that we trace downwards
through a deduction from an assumption, with the hope that each trace yields a path with the
property that the every formula is a subformula of either an open assumption or of the final formula
in the path. Our notion of a path is based on Prawitz’s treatment of IL [62], although he attributes
the idea to Martin-Lof.

Definition 7. A path in a S-normal deduction, D, is a sequence of formulae, Ag, ..., A,, such that

1. Ap is an open assumption or axiom; and
2. A;;q follows A; if
(a) Ajy1 is the conclusion of an introduction rule (excluding (tz)) and A; is a premise of the
rule (if the rule is Promotion, then A; must not be a minor premise); or

(b) A;y1 is the conclusion of an elimination rule and A; is either the major premise of a good
elimination rule, or the minor premise of a bad elimination rule (excluding (f¢)); or

(c) A; is the major premise of a bad elimination rule (excluding (f¢)) and A;41 is an assumption
discharged by that application; or

(d) A; is the minor premise of an application of the Promotion rule and A;;; is the corre-
sponding assumption discharged by that assumption; and

3. A, is either the conclusion of D, or the major premise of (Ig) or Weakening, or a premise of
().

We shall identify a particular path as mentioned earlier.

Definition 8. A subformula path is a path in a deduction, D, such that every formula in it is either
a subformula of an assumption or of the final formula in the path.

Consider a S-normal deduction, D, of the form

8Girard [34] calls such conclusions parasitic formulae.
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4] [B]

A®B

C (®e).

A path through D is of the form ..., A®B, 4,...C,C (recall that as D is in S-normal form then
A®B cannot be the result of an introduction rule). As we have mentioned before, the problematic
feature of this deduction is the appearance of C in the path. This formula need not have any relation
to the formula being eliminated (A®B). Importantly it may be that some of the formulae in the path
are subformulae of C' rather than of any open assumption. If the conclusion of D is subsequently
used as the major premise of another elimination rule, it is easy to see that the resulting path may
not be a subformula path. Consider the deduction

[4] [B]

A®B C—oD ) :
C—-oD ¢ C
D

“then a path through this deduction is ..., A®B, A4,...,C—oD, D. Clearly the formula C'—oD need
not be a subformula of an open assumption (as it could be the conclusion of an introduction rule)
and so the path would not be a subformula path.

We shall follow the standard solution and introduce additional reductions to remove these prob-
lematic occurrences. These occurrences are when the conclusion of a bad elimination rule is the
major premise of another elimination rule. We shall use the shorthand notation of Girard [34,
Chapter 10] and write .

(—Og),

C : re)
———\r¢)s
D

to denote an elimination rule (r) with the major premise C and conclusion D, where the ellipses
represent possible other formulae. This notation covers the ten elimination rules: (—o¢), (Ig), (®¢),
(&g—1), (&e—-2), (®¢), (f2), Dereliction, Contraction, and Weakening. We shall follow Girard and
commute the r rule upwards, although it should be noted that it would be perfectly admissible
(where applicable) to direct these commutations in the other direction.

¢ Commutation of (®¢).

4] [B]
AR 6 )
®B+ (® g)
5 (re)
which commutes to
4] [B]
. c :
A®B (re)
(®¢)-
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o Commutation of (I¢).

n (Ze) 5
5 (re)
which commutes to
A
o "
5 (Ig).
¢ Commutation of (®¢).
/ . \
T [4*] A A [BY]
A®B C C
5 (re)
which commutes to
A
1 /N
: [A%] A A [BY]
A®B : :
: c c
B— (re) 5 (re)
D (®€)z,y
o Commutation of (fg).
f A
5 (fe) :( |
r
C £
which commutes to
f
o (fe)-
o Commutation of Weakening.
'B
Weakening .
‘ - (re)

D

35
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which commutes to

C

. —(r
B 5 (re)
Weakening.
D
e Commutation of Contraction.
[1B] [!B]
'B
Contraction .
C :( )
r
D £
which commutes to
(1B] ['B]
: c
5 "
Contraction.
D

However there are still a number of cases to consider before being able to deduce the subformula
property. Consider the (f¢) rule

£ A ... A,
B

(fe)-

The problem is with the minor premises, Aj,...,A,. We do not necessarily have that these are
subformulae of an open assumption. For example, consider the simple (8-normal) deduction

C—of C
T 70 e ™
(fe),

c

where clearly A®B is not a subformula of an open assumption nor of C. Thus we impose the (rather
strong) reduction, that a deduction of the form

I T
£ A ... A, &)
) £
commutes to
£ I;...T, )
B &

Similar reasoning for the (tz) yields the rule that a deduction of the form
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Iy T,
A ... A
~ (tz)
commutes to
Ivy...T
—— " (t1).

t

In fact, we could have been more refined for these two cases. If the minor premises were the
conclusion of an elimination rule, then it would be the case that it was a subformula of an open
assumption. We shall keep these more global rules as we shall see later that they correspond more
closely with the steps in the cut elimination process.

Now consider the Promotion rule (the introduction rule for the exponential)

14 - 4]

14, ... 14, B
B

Promotion.

We have a problem here as we do not know immediately that the 14; are subformulae of an assump-
tion or of !B. Consider a deduction in 8-normal form ending with an application of the Promotion
rule. If | A; is the conclusion of a bad elimination then a similar argument to that used earlier gives
that the path need not be a subformula path.® For example, consider the -normal deduction

['C] D [[(C—A—oB)]

er —————  Der
C—A—oB
(—o¢)

[C] [(C-oA—oB)] A~B lA—B) 14
1C®!(C—oA—oB) l(A—oB) om AoB 4
(®) (—o¢)
{(A—oB) 14 B

'B

er

Prom.

Clearly the formula !(A—oB) is not a subformula of either an open assumption nor of of the con-
clusion. As before we shall introduce further commuting conversions to eliminate the problematic
occurrence when the conclusion of a bad elimination rule is a minor premise of an application of the
Promotion rule. Thus a deduction of the form

. . [l4; ---1A4,]
: o 14; (bads) : ‘ :
. — . a . .
A ... 14; 4, B
Promotion
'B
commutes to
[lA; --1A,]
. A ... 1A; ... 14, B
: Promotion
C !
B (badg).

9The behaviour of the Promotion rule with respect to the subformula property was omitted from an earlier
paper [16].
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We have yet one further possibility; that a minor premise ! 4; is the conclusion of another application
of the Promotion rule (obviously it can’t be the result of any other introduction rule). Thus we have
another commutation rule, where

[ICy --- 1Cw]
: . : [f4; --- 14,]
: ¢y, ... 1Cn A; : :
: Prom . :
14; ... 14; 14, B
Prom
'B
commutes to
[IC: - 1Cm]
[1C1 - 1Cm] A;
Prom
[t4; - 14i-1] 1A; [1Ais--144]
A1 ... IC1 ... 'Cm ... An B
Prom.

'B

The commutation process described in this section gives rise to a relation which we denote by ~»,.
We describe a step as a commuting conversion.t°

Definition 9. A deduction D is said to be c-normal form if no commuting conversions apply.
We can then combine our two notions of a normal form to define a third.

Definition 10. A deduction D is said to be in (8, ¢)-normal form if it is in both B-normal form
and in ¢-normal form.

Before proving the subformula property, we shall consider the form of a path. It is easy to see
that given Definition 7, the bad elimination rules give repeated formula occurrences in a path. A
sequence of repeated occurrences of a formula in this way, we shall call a segment. Clearly every
path can then be uniquely divided into consecutive segments (normally consisting of a single formula
occurrence). In other words a path, m, can be expressed as a sequence of segments og,...,0,. As
a segment represents a sequence of the same formula occurrence, we shall often speak of a segment
being a premise or a subformula of another without confusion. We can now show an important
property of a path in a (8, ¢)-normal deduction.

Theorem 4. Let D be a (f,c)-normal deduction and 7 be a path in D and let oq,...,0, be a
sequence of segments of m. Then there is a segment, o;, which separates the path into two (possibly
empty) parts, | and E, such that

1. each o; in the E part (ie. j < i) is a major premise of an elimination rule and ;41 is a
subformula of ¢;; and

2. o0; is a premise of an introduction rule or the major premise of Weakening or (I¢) or a premise
of (f¢); and

3. each o; in the | part, except the last one, (i.e. # < j < n) is a premise of an introduction rule
and is a subformula of ;4.

Proof. By inspection of the deduction D. [ |

Now, essentially as a corollary, we can show that every path is a subformula path, i.e. the subformula
property holds.

10 hey are called permutative conversions by Prawitz [61].
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Theorem 5. Let D be a deduction in (8, ¢)-normal form, then every formula in D is a subformula
of the conclusion or an assumption.

Proof. We shall define an order on a path in a deduction. A path which ends with the conclusion
of the deduction has the order 1. A path which ends as the major premise of (Ig), Weakening or
(fe), or the minor premise of (—og) has the order n + 1 if the minor, or major premise, have the
order n, respectively.
We can then show that every path is a subformula path by complete induction on the order of
the path, and by use of Theorem 4.
|

3 Axiomatic Formulation

As we have mentioned before an axiomatic formulation of a logic consists of a set of formulae which
are known as axioms and a number of derivation rules. Although constructing derivations in such
a formulation is somewhat tortuous and unnatural; we can give three important reasons for their
study (the first two are used by Hodges [40]).

1. They are very simple to describe. For example, the formulation of IL (given in §5) can be
described using just one derivation rule (Modus Ponens).

2. The logics can be weakened or strengthened by simply removing or adding to the set of axioms.
This is certainly the case in the study of Modal Logics (see, for example, Goré’s thesis [36])
where it is common to define a logic by first giving its axiomatic formulation.

3. They can be considered as an effective implementation technique for functional programming
languages. This technique is due to Turner {77]; Stoye [71] demonstrated how a purpose built
machine could be based upon this idea.

The derivation of an axiomatic formulation is reasonably straightforward; a simple guide is given
by Hodges [40]. The axioms can often be read off from the natural deduction formulation. For
example, consider the introduction and elimination rules for the Tensor, viz.

'-4 A+ B I'' - AQB AABwC
(®I)’ and (®£)
INA + ARB LAwRC

The introduction rule suggests an axiom of the form A—o(B—0A®B), and the elimination rule
suggests an axiom A®B—o((A—o(B—oC))—oC). However it should be noted that this technique
only works for so-called pure logical rules; namely those which contain no side-conditions. Thus for
the additives and the exponential this simple technique does not apply, and we have to call upon
experience with other logics and consider certain properties which enable us to derive an appropriate
set of axioms.

It should be noted that both Avron [7] and Troelstra [75, Chapter 7] have considered an axiomatic
formulation of ILL. The axiomatic formulation is given in Figure 2.4.!! In what follows we shall
sometimes write an instance of an axiom as - c.

The Promotion rule has the side condition that the context must be empty when it is applied.
This is tradition for modal logics and for ILL it seems to be unavoidable. It is worth noting the
difficulty with representing the additive disjunction, @. There seems to be no way of defining the
connective other than with reference to the With connective (in the axiom sdist). This seems to
be a weakness with this particular system rather than the logic itself. It is not clear if this problem
is eliminated when considering Hilbert-style presentations of Classical Linear Logic (such as that of
Hesselink [38]).

11 As mentioned in §1 some of the exponential rules are similar to those from Modal Logic. In the axiomatic
formulation we see the similarities as well. The axiom eps is similar to the modal axiom T:0OA D A, delta is
similar to 4:0A4 D OOA and edist is similar to K:O(A D B) D (0A D OB).
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I A—oA
B : (B—oC)—o((A—B)—o(A—())
¢ : (A—o(B—oC))—(B—o(A—())
tensor A—o(B—A®B)
split A®B—o((A—o(B—o())—C)
unit I
let A—o(I—A)
fst A&B—-0A
snd A&B—oB
wdist (A—oB)&(A—oC)—o(A—0B&C)
inl A—oA®B
inr B—oA®B
sdist (A—0C)&(B—oC)—o(A ® B—(C)
init f—A
term A—ot
dupl (lA—o(1A—B))—o(lA—oB)
disc B—(1A—oB)
eps 14— A
delta 14—oll4
edist [(A—oB)—o(1A—o!B)
Identity Aziom  (where c : A is taken from above)
ArA
I'-HA-oB ArA : T-A T'+-B
Modus Ponens —— With
I' A+ B '+ A&B
A
Promotion
!

Figure 2.4: Axiomatic Formulation of ILL
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An important theorem is the so-called Deduction Theorem, which in essence allows us to ‘remove’
an assumption from a derivation. In other words, given any derivation, we can remove its dependence
upon any assumptions. We find that such a theorem holds for our formulation.

Theorem 6. If ' A + B then I' + A—oB.
Proof. By induction on the structure of the derivation ', A + B.

e A derivation of the form

Identit
1 Y

is transformed to
Aziom.
- A—oA

o A derivation of the form
I'A v+ B—-C AwrB
AJAvC

Modus Ponens

is transformed to

F (A—(B—o(C))—o(B—o(A—C)) T - A-o(B-o()

M.P.

' - B—o(A—C) Avr B
M.P.
I''A + A—-oC
e A derivation of the form
I' - B-oC AArB
Modus Ponens
LAJAwC
is transformed to
 (B—oC)—o((A—oB)—o(A—(C)) T + B—-oC VP
T + (A—B)—(A—C) " ArA-oB wP
I,A — A—oB o
e A derivation of the form
T A+ B I'AwvC
With
T',A+ B&C
is transformed to
''-A—oB T+ A-oC With
0}
F (A—B)&(A—oC)—o(A—-oB&C) T+ (A—-oB)&(A—oC) 1P

T+ A—oB&C

|
In §4.3 we shall make use of the deduction theorem. For conciseness we shall often write it as if
it were a proof rule, viz.
I'NAv+B
' - A—oB
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4 Comparisons

We would expect there to be a close relationship between the three formulations of ILL which we
have presented. Indeed we can define procedures to map proofs from one formulation to another. We
shall consider each procedure in turn. (For conciseness we shall use the sequent-style presentation
of the natural deduction formulation.)

4.1 From Sequent Calculus to Natural Deduction

We shall define a procedure A" by induction on the sequent proof tree, which we shall denote by .

e The proof
Identity
ArA
is mapped to the deduction
Identity.
Ar A
e A proof 7 of the form
T T2
-4 AJAw B
Cut
IAw+B :
is mapped to the deduction
N(7r1) N(’n‘z)
T4 AJAwB
Subs.
I'NAw+B
e A proof 7 of the form
™ ™2
'—4 ABw+C
_OE)
IA—oB,A+C
is mapped to the deduction
N(ﬂ'l)
A—B + A—oB -4 ) N (m2)
—0
A—oB,T - B ¢ AB+C
Subs.
I''’A—oB,A + C
e A proof 7 of the form
m
' Aw+B )
— (-0
TrAoB
is mapped to the deduction
N(m)
I'NAw+B
7)-

—_  (—o
I' - A-oB
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e A proof 7 of the form

is mapped to the deduction

e A proof of the form

is mapped to the deduction

o A proof 7 of the form

is mapped to the deduction

L
AABrC
—— (®¢)
AAQB v+ C

N(m)
A®B + A®B AJABrC
A®B,A v C (®e
e A proof 7 of the form
m T
'rA A+ B
T,A ~ AQB (@)
is mapped to the deduction
N(m) N(ms)
'+ A A+ B
I''’A + A®B (®z)
e A proof 7 of the form
m
TAwC
TagB v o e
is mapped to the deduction
ALD v Akp lentity N(m)
awB A ey T,A-C

T'A&B + C

43
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e A proof 7 of the form

1
I'B+C &
T ALB v O )
is mapped to the deduction
——— Identity
A&B v+ A&B ) N(m)
AYB+B I,B+C
Subs.
IAZB + C
e A proof 7 of the form
1 iy
'A FFB&)
T + AYB ®
is mapped to the deduction
N(m1) N (m2)
TrA Fth)
T + AYB [
¢ A proof 7 of the form
T iy
INAwvC I,B+C
(®c)
I AeB +C
is mapped to the deduction
N(w N(x
—— Identity (m) (m2)
APBrA®B TArC I''BrC :
(®e).
IVAeB +C
e A proof 7 of the form
L
T'r4 ( )
Pr—
T-AeB ~°
is mapped to the deduction
N (m1)
I'-4A
(®1-1)-

I'-Ae B
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e A proof 7 of the form

1
I'-B ( )
—_— GB _
T~A®B
is mapped to the deduction
N (m1)
I'-B ( )
—_— @ —
'-AoB T2
e A proof 7 of the form
—(t
'kt (=)
is mapped to the deduction
—Id
T'-T (b2)
Tt
e A proof 7 of the form
TfrA (£z)
is mapped to the deduction
— I —Id
I'vT frf (£)
rfr4 ¢
e A proof 7 of the form
Ty
I'+1B
———— Weakening
IN'AwB
is mapped to the deduction
N (1)
1A 14 I''-B
Weakening.
IVAwB
e A proof 7 of the form
[
INAJJA+B
——— Contraction
I''N'Aw+B
is mapped to the deduction
N(ﬂ'l)
IAr14 I'NJAJIAwB

Contraction.
I'N''Aw+B
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e A proof 7 of the form

™
TVAwB
—————— Dereliction
IJAw+B
is mapped to the deduction
1A 14 N(m)
Dereliction
IAr-A I''AwB
Subs.
IN'AwB
e Finally, a proof 7 of the form
m
14;,...,1A, v B
Promotion
14,,...,14, v+ |B
is mapped to the deduction
N(m1)
14; 1A 14, v 14, 14;,...,!14, B

1A1,...,14, 1- 1B

4.2 From Natural Deduction to Sequent Calculus

Chapter 2. Proof Theory

Promotion.

We shall define a procedure § by induction on the deduction tree, which we shall denote by D.

e The deduction

Identity
Ar A
is mapped to the proof
Identity.
A Y
e The deduction D of the form
Dy
INAw B (o)
— (-0
T+~ AoB  ~
is mapped to the proof
S(D1)
I'AwB )
— (—oR).
TeA4d—oB *
e A deduction D of the form
o Do
I' - A-oB ArA

INAwB (o¢)
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is mapped to the proof

S(Ds)
S(D1) ArA B+ B
(—oc)
'+~ A-oB A—-oB,A v+ B
Cut.
A+ B
e A deduction D of the form
— (L
i (Iz)
is mapped to the sequent
7 (Ir)
e A deduction D of the form
Dy Dy
' A Ar1T ze)
T,LAvr A ¢
is mapped to the proof
S(Dy)
S(D2) P4
—— (Iz)
Ar1T I+ A
Cut.
TLAr A
e A deduction D of the form
D, D2
T'r-4 AwrB (®z)
®
T,A + ASB *
is mapped to the proof
S(D1) S(D2)
'4 Aw+B (@)
RR)-
I''A + A®B *
e A deduction D of the form
D, D,
'+ A®B AABrC
(®e)
LAWC
is mapped to the proof
S(D2)
S(Dl) A, A,B ~C
———(®¢)
T+~ A®B ASA®B v+ C
Cut.

T,AvC
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e A deduction D of the form

Dy Dy
'A I'-B
ERTE- R
is mapped to the proof '
S(D1) S(D2)
A I'-B
TSR
e A deduction D of the form
Dy
'+ A&B
T e
is mapped to the proof
S(Dy) ey Identity
T + AYB TS T A
' A u
e A deduction D of the form
D,
' — A&B
| T B £—2)
is mapped to the proof
SD) 3B Identity
T + A%B 2B B )
T B Cut.
e A deduction D of the form
Dy
' A
T AeB FY
is mapped to the proof
S(D1)
| |
T Aes OF Y
e A deduction D of the form
Dy
'8
Tvdes o
is mapped to the proof
S(Dr)
'-B
(®r-2).

I''-A®B

Chapter 2. Proof Theory
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e A deduction D of the form

Dy Dy Ds
I'-A®oB AArC ABrC
(®e)
T, ArC

is mapped to the proof

S(D») S(Ds)

S(Dy) AJA-C ABrC
(@c)
I'-AoB AAdB+C
Cut.
LAwvC
e A deduction D of the form
D Dn
't - A4; I - A4,
(tz)
Fl, . ,Fn -t
is mapped to the proof
S(Dl) S(Dn)
— (tr)-
I I—Al Fn I—An Al,...,An -t
Cut,
Fl, ce ,Fn -t
¢ A deduction D of the form
Dl Dn Dn+1
N4 - ThrA, Arf
(fe)
I‘l,...,l"n,A A
is mapped to the proof
S(Dl) S(Dn) S(Dn+1) (f )
T A - Tpre Ay At AL, A A C
NLAwr A

e A deduction D of the form

o Dy
T'r+l4 Aw B
Weakening
A wB
is mapped to the proof
S(D»)
S(Dl) AwrB
———  Weakening
'r-14 AJAw B
Cut.

I''AwB

C’U,tn+2 .
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e A deduction D of the form

D1 Dy
I'r1A AVAIA B
Contraction
I''Aw+B
is mapped to the proof
S(D2)
S(D) AVIAJA - B
———————— Contraction
14 AJJAv B
Cut.
A+ B
e A deduction D of the form
D,
T'rlA
Dereliction
A4
is mapped to the proof
S(D,) ArHA
Dereliction
!4 IA - A
Cut.
A
e A deduction D of the form
Dl Dn Dn+1
AL -4, - A, F4, 144,...,!14, + B
Promotion
Al,...,'An + !B
is mapped to the proof
S(Dn+1)
S(D1) S(Dy) 144,...,14, + B
Promotion
Al w14, -+ A, A4, 1A4,...,14, + B
Cut,.
A,...,A, + 1B

4.3 From Natural Deduction to Axiomatic

We shall define a procedure H by induction on the deduction tree, which we shall denote by D.

e The deduction

Identit
a Y

is mapped to the derivation
Identity

Ar- A
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e A deduction D of the form

Dy
I'Aw+B (oz)
——(—o
T AoB. *
is mapped to the derivation
H(D1)
I'AwB
—D.T
I' - A—-oB
e A deduction D of the form
Dl D2
' - A-oB ArA
(—o¢)
I'A+B
is mapped to the derivation
H(D1) H(D-)
I' - A—oB AFA
Modus Ponens.
ILAwvB
e The deduction
— (r
-1 (Iz)
is mapped to the derivation
Agziom.
-1
o A deduction of the form
D: D,
' A AwT ze)
T,Ar A ¢
is mapped to the derivation
H(D1)
 A—o(l—oA T'A H(D
( ) MLP. (D2)
T'rI-0A AwI
T'ArA
o A deduction of the form
D, Do
TrHA Aw+B
®
T,A - A®B (®z)

is mapped to the derivation
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H(D1)
- A-o(B—oA®B) - Tr A wr H(Ds)
I' - BoA®B o AwB
')A~ A®B
e A deduction of the form
D Do
' - A®B AABrC
(®¢)
T'AwC
is mapped to the derivation
H(Dy) H(Ds)
F A®RB—o((A—oB—o(C})—-(C) T + A®B AAB-C D72
T+ (A—o(B—o(C))—oC A + A—o(B—oC) MP
LAKC e
e A deduction of the form
D Dy
4 I'-B (&z)
: T + ALB z
is mapped to the derivation
H(Dy) H(D2)
'r-4A I'-B
With.
I' ~ A&B
e A deduction of the form
Dy
'+ A&B (&e_1)
Tra
is mapped to the derivation
) H(Dy)
— Aziom
+ A&B—A ' +~ A&B
-M.P
TrA
¢ A deduction of the form
D1
I'' ~ A&B )
I'-B £
is mapped to the derivation
. H(D1)
——— Agziom -
+— A& B-oB '+ A&B
M.P

I'-B
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e A deduction of the form

D
I'-A ( |
_ (B
TAe@B
. 1s mapped to the derivation
H(Dy)
- A-oA®B A4
M.P
I'-AeB
e A deduction of the form
I'+-B ( )
—_— @ .
'-AoB i
is mapped to the derivation
H(D1)
+ B—oA®B I'-B
I'-A®B
e A deduction of the form
) Dl D2 Ds
''-A9B AAC ABvwC
(®¢)
T,LAwvC
is mapped to the deduction
H(D2) H(Ds)
ANAWC ABwC
— D.T. — D.T.
A+ A—-oC A - B-oC
With
 (A—0C)&(B—oC)—o(A ® B—C) A+ (A—C)&(B—oC) ' H(D1)
A+ A®B-oC I'-A®B
I'AwC
e A deduction of the form
D D,
Fl [ Al Fn L An
(tz)
Fl, ce ,Fn t
is mapped to the derivation
H(D1)
- A—oB—A®B T - A P H(D2)
T + Ay—oA;1®4, T Ty A
M.P
= : M.P.
FA®...QA4,—ot 'AR...0A4,
= M.P.

53
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e A deduction of the form
Dy Dy Dnt1
w4 -+ T, A, Arf
ry,....,T,Aw+B

(fe)

is mapped to the derivation
H(Dnt1)
- f—o(A1—o(...(An—0B)...)) A l—fMP H(D1)
A - A;—o(...(An—oB)...) T D4
M.P

H(Dx)
', - A,

F,ArB
o A deduction of the form
Dy Doy
I'r'4 Aw+B
I''A+B

Weakening

is mapped to the derivation

H(Dz)
I B—o(l1A—oB) Aw+B H(D1)
A +1A—oB T'r!4A
M.P
I''AwB

e A deduction of the form
Dy D,
!4 AA'A B
I'Aw+B

Contraction

is mapped to the derivation

H(D2)
AAIA - B
 (IA—o!A—oB)—o(lA—B) A I !A—lA—oB Z"P" H(D1)
A +!14A-0oB I'r14
I''Aw+B

e A deduction of the form
D

F'rl4
T'rA

Dereliction

is mapped to the derivation
H(D1)
!A—-oA F+!4
TrA
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e A deduction of the form

D1 D, Dnt1
I I—'Al Pnl—!An 'Al,,'An B .
- Promotion
I‘l,...,Fn + !B
is mapped first to the derivation
H(D)n+1
14;,...,]14, v+ B DT
+!4;—-o(l42—0...—oB)
Prom.
!(!4;—o(!4A2—...—oB))
Writing D for this derivation we can form the derivation
D
- edist F!(!A;—(l4A3—...—oB))
M.P.
- (141 —oll4;)—o(14;—!(lAz—o ... —oB)) Yy . H(D1)
14;—l(lA3—... —oB) 4
M.P.

I; - (IAz—o...—B)

— _MP.
Ti,...,Tn 1B

4.4 From Axiomatic to Natural Deduction

We shall define a procedure J by induction on the derivation which we shall denote as D. (We shall
not consider all the axioms, but as examples, consider those which model the exponential.)

o A derivation of the form

Identit
1 Y

is mapped to the deduction

Identity
ArA

e A derivation of the form

Aziom
F ((lA—olA—oB)—(1A—B))

is mapped to the following deduction

1A—o!A—-oB + !A—!A—oB IAr-14
IA—olA—oB 1A r 14—B () A iA
A+ 1A lA—olA—B,!A,IA 1 B
lA—olA—B,!A v B
1A—o!A—oB +!4—B (
- (({A—!A—B)—(1A—oB))

—og

Contraction

_OI)

(~oz).
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e A derivation of the form

——— Aziom
+ B—olA—oB

is mapped to the deduction

IAr1A B+ B
B,'/A+ B
— (-0
B+ !A—oB

— (-0
- B—olA—oB

Weakening

z)

).

e A derivation of the form

—— Azxiom
I 14A—oA

is mapped to the deduction

1A -I1A
IArA

Dereliction.

e A derivation of the form

———— Agiom
14014

is mapped to the following deduction

1A 14 1A 114
1A 1A
- 1A—ollA

Promotion

(—oz).

e A derivation of the form

Aziom

- !(A—B)—o(!A—!B)

is mapped to the deduction

Chapter 2. Proof Theory

I(A—B) + |(A—oB) Mvia
I(A—B) - A—B A A
A+ 1A I(A—oB) i [(A—B) “A”ﬂMFBmmmgwd
I(A—oB),!A v IB

—0z
(A—oB) + !A—!B

 1(AB) = (A=p) D
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e A derivation of the form

D1 D,
I' - A-—oB ArA
Modus Ponens
I''A+B
is mapped to the deduction
J (D) J(Ds)
I' - A-oB ArA
(—o¢).
I'AwB
e A derivation of the form
Di Dy
T4 I'+-B
With
I' - A&B *
is mapped to the deduction
J(D1) J(D2)
A I'+-B (&2)
T - A%B e
e A derivation of the form
Dy
A
Promotion
A
is mapped to the deduction
J(D1)
A
Promotion.
14

4.5 Properties of the translations

As we would expect, we find that the three formulations are actually equivalent. We shall write
D T

F¥T 1 A to represent a deduction, D, in the natural deduction formulation, FST' - A to represent

D
a proof, 7, in the sequent calculus formulation and F4 T' - A to represent a derivation, D, in the
axiomatic formulation.

Theorem 7.

F3 N(r)
e If-5T - A then FNT - A.

D 5(D)
e IfFNT  Athen F5T  A.
D H(D)
e fFVT + Athen HT - A.
D J(D)
e fHAT + Athen FVT - A.
Proof. By straightforward structural induction. ]

Corollary 1. The natural deduction (Figure 2.3), sequent calculus (Figure 2.1) and axiomatic
(Figure 2.4) formulations are equivalent formulations of ILL.
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5 Translations

As mentioned earlier, the exponential regains the full power of IL but in a controlled way. Propo-
sitions can be weakened or contracted provided they are of the form !A. Girard [31, Pages 78-82]
showed how ILL could be translated to and from IL. Here we shall consider the translations in

detail but using the natural deduction formulation from §2.12 First we repeat the natural deduction
formulation of IL in Figure 2.5.

AR A 1d
1
4 (Le)

''-4 I'+B I'-AAB I'-AAB
reans 0 Trea MV Trep e
T Aw-B I'-ADB T'r4
T a5 T+ B (5)
4 ''-B

rravs 7Y rvavs 7Y
'-AvB LAwvC IBwvC
I'-C (ve)
Figure 2.5: Natural Deduction Formulation of IL

We shall make a quick observation concerning the formulation of IL given in Figure 2.5. We

have chosen not to make the structural rules explicit but they are admissible rules; as is the rule of
substitution.

Proposition 2. In the formulation of IL given in Figure 2.5, the rules

I'-B INNA,AwB
——— Weakening, ———— Contraction
I'AwB I'Aw+B
-4 A+ B
and Substitution
'-B

are admissible.

Now let us repeat Girard’s translation, which is given at the level of propositions.

Definition 11. (Girard)

Lo g
Ao ¥4 If A is an atomic formula
(AABY ¥ A°4B°
(AvByY ¥ 14 1(B°)
(ADB) % 1(4°)—B°

12Girard’s original presentation used the sequent calculus formulation.
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IfT'= A4,...,T'y then by I'° we mean AS,..., A2

n*

Theorem 8. (Girard) If Fr;, T + A then by 1(I'°) + A°.

59

Proof. By induction on the structure of Fyz I' — A. We consider the last rule used in the deduction.

e A deduction of the form

is translated to

e A deduction of the form

is translated to

e A deduction of the form

is translated to

o A deduction of the form

is translated to

—Id
IAr A

— Identity
14° - 14°
- Dereliction

Ir'° v Ir° 1A° - A

Weakening®*.

IT°,14° 1 A°

. Dy Do
T'rA I'+B
I'-AAB

(A1)

Dy D,

T+ A° T° v+ B°

&1).
IT°  A°&B° (&)

Dy
I'-AAB

Ng—
I'r-A4 (e-1)
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e A deduction of the form

Dy
I' -AAB ( )
— (Ag—
TvB o °
is translated to
D7
' - A°&B° (&)
o - B° -
e A deduction of the form D
1
T,A+B 52)
— (D
TrADB
is translated to
D7
I°,1A° +~ B® (op)
T T (o).
IT° - 14°oB° =~
o A deduction of the form
Dy Dy
I'-ADB TrHA
T+ B (5e)
is translated to
D;
D r° v Ir° e e A°
Promotion
T'° 1-14°—B° IT° 1 14° (—oc)
_ —o
IT° - IT° IT°, IT° 1 B° ¢
Contraction®.
I'° v+ B°
e A deduction of the form
D
| | ( )'
— (V7
'-AVB I
is translated to
_ Dy
IT° v IT° IT° + A°
Promotion
II'° - 14°
(EBz_l).

T+ 1A°e!B°
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o A deduction of the form

Dy
I'-B ( )
— (V71—
T-AvB: ~°
is translated to
IT° - IT° I'° - B°
Promotion
T'° - 1B° ( )
—_— @ _ .
IT° - 1A°@IB° * © °
e A deduction of the form
Dl Dz D3
I'-AVB LAwvC I''B+C
(Ve)
I'C
is translated to
Dy D; Dj
T° - 14°¢!B° IT°14° - C° II'°,1B° + C°
[o] e} o] [o] (o] (®£)
'’ I e, Ir° v C
Contraction™.

I’ -C°

We can also define the translation of the admissible rules given in Proposition 2.

e A deduction of the form

Dy
I'-B
————— Weankening
I'AwvB
is translated to
DI }
————— Identity
14° + 14° (T°) + B°
Weakening.
I(T°),14° +» B°
e A deduction of the form
INNA,AwB
— Contraction
I'NAw+B
is translated to
D,
— Identity
14° - 14° I(T°),14°,14° v B°

Contraction.
(T°),14° +~ B°
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e A deduction of the form

Dy D-
TrA I'A+ B
Substitution
'+B
is translated to
DO
o o Id. o ' [ o
() ~ 1(T°) Ty A Prom D3
I(T°) - 14° ©I°),14° + B°
T e ST Subs
() v ) (r°),{(I°) v~ B Cont®
([°) + B° '

We find that Girard’s translation is well behaved with respect to reduction.

Dy e D Dy
Theorem 9. If F;rT' - A~ ' + A then Frppl(T°) + A° MZ I(T°) v+ A°.

D
Proof. By induction on the structure of T’ - A We shall just give three cases.

e The deduction

D Dy
' A T'+B
'-AAB (hr)
I'-A Ae1)
which reduces to the following deduction, D
D,
'-A
is translated to the followiﬁg deduction
Dy D,
(r°) - A° (r°) v~ B°®
(T°) A°&(B° (z)

I([°) 1 A° £-1)

which reduces to
Dy
(T°) - A°
which is equal to D°.
e The deduction
Dy
T'r4 Dy Ds
rravs Y T, A+ C I,B+C

T C (ve)
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which reduces to the following deduction, D

Dy D,
I'r-4 I'NAwC
Substitution
r-c=C
is translated to the following deduction
Dy
—_—Id.
(T®) - Y(T°) T°) - A°
Prom :
I(T°) - 14° DS D3
_ (&7
1(r°) l—!A°®!B°( z-1) ([°),14° - C°  Y(T°),!B° k- C°
_— @
I(re) + 1(r°) 1(T°), 1(T°) - C° (®¢)
Contr.*
() 1 C°
which reduces to
DO
—Jd !
T°) ~ Y(T°) (re) - A° D3
Prom.
() 1 14° (T°),14° v C°
° o 1d. S S S Subs.
T°) +~ YT°) () IT°) + C Cont.*
(T°) - C° '
which is equal to D°.
e The deduction
Dy
P,A B D
——(21)
'-ADB ' A (5¢)
- )
T+ B d
which reduces to the following deduction, D
Dz Dl
'-A IAwB
Substitution
I'-B
is translated to the following deduction
Dy 14 D,
(T°),1A4° + B° ()  I(T°) ' (T°) - A°
- o = (—o1) - - Prom.
I(T°) v !A°—oB (rey 14
Id. (—o¢)
I(T°) + Y(T°) (re),(re) - B°
Contr.*
T°) v B°
which reduces to
DO
— Id. 2
I(T°)  [IT°) I(r°) » A° P D3
oM.
(T°) 1 14° (T°),14° + B°
° oy 1. 5 S S Subs.
I(T°) - YT°) (r°),(T°) v~ B Contr*
I([°) + B° ’

which is equal to D°.
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Theorem 10. If F;;, I' + A is in f-normal form, then so is Frpp {T'°) 1 A°.

The above theorem is not true if we consider (8, c)-normal form and we shall consider this point
further in the next chapter. There are many alternatives to the classic Girard translation. For
example that given below, in Definition 12, avoids the use of the With connective in the translation
of the conjunction. Thus for the (D, A)-fragment of IL, it is a purely multiplicative translation.

Definition 12.

1* = f

A o4 If A is an atomic formula
(AAB* € 1(4%)® I(BY)
(AvB) ¥ 1(4%e Y(BY)
(4> B € 1(4x)—B*

Theorem 11. If b7, T' — A then Frpp IT* - A%,
It is trivial to see that there is a translation in the opposite direction, from ILL to IL.

Definition 13.

s % 7

g5

AS ¥4 If A is an atomic formula
(A®B)S 4 45 BS

(A&B)S & ASABS
(AeB)S ¥ asvps
(A——OB)S def ASH BS
(145 48
Theorem 12. If Fy;; T' — A then Fyy TS - AS.

Proof. By induction on the structure of the deduction, I' + A. The Promotion rule becomes a
series of Substitution rules and the Dereliction rule becomes a dummy rule. | |

We can also present Girard’s translation at the level of an axiomatic formulation. First let us recall
an axiomatic formulation of IL in Figure 2.6.

Theorem 13. If ;. T' +— A then Fyrr '(Fo) - A°.

Proof. By induction on the structure of Frp I' + A. (Omitted). : [
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S
K

and
proj;
Projs,

inleft

inright
or

false

(AD(BDC)D>((ADB)>(4>0))
AD(BDA)

AD(BD(AAB))

ANBDA

AANBDB

ADAVBEB

BDAVB
(ADB)D((C>B)D(AVBDC(0))
1204

Aziom

Identity
A A

''-ADB ArA

Modus Ponens
I''A+B

Figure 2.6: Axiomatic Formulation of IL
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Chapter 3

Term Assignment

1 The Curry-Howard Correspondence

As explained in Chapter 1 we can use the so-called Curry-Howard correspondence [41] to derive
a term assignment system for ILL given a natural deduction formulation. The correspondence
essentially annotates a derivation with a term which can be viewed as an encoding of the derivation.
In particular, given the term and context one should be able to reconstruct the derivation. An
alternative view is that the correspondence provides a type system for a term calculus. In addition,
the correspondence also links term reduction to proof normalization. We shall utilize this in §4.
First let us use the correspondence to derive a term assignment system, which is given in Figure 3.1.

Thus a type, 4, is given by the same grammar as for a formula in Chapter 2 and a linear term,
M, is given by the grammar

M = z|true(M) |falseq(M ; M) |
Az: AM | MM | = |let M be x in M|
M@M |let M be zQy in M | (M, M) | fst(M) | snd(M) |
inl(M) |inr(M) | case M of inl(z) — M ||inr(y) — M |
promote M for Z in M | derelict(M) |
discard M in M | copy M as z,y in M.

Henceforth, however, we shall only be interested in well-typed terms, i.e. those for which there exists
a context, I'; and type A, such that I'> M: A holds given the rules in Figure 3.1.

Often we shall use some shorthand notation for the terms. We shall often use a vec-
tor notation M to denote a sequence of terms, for example, promote MforZinN in place of
promote M, ..., M, forx;,...,...,2, in N, where it is not necessary to identify the subterms. We
shall also write compound terms for brevity; for example, we shall write discard My,..., M, in N to
denote the (larger) term discard Mj in ...discard M, in N. Now let us consider a few properties of
the term assignment system. Firstly, we notice that for the multiplicative, exponential fragment,
we have the required linearity property that a free variable occurs exactly once within a term. First
let us fix the definition of a free variable.

Definition 14. The set FV (M) of free variables of a linear term M is defined inductively as
follows.

FV(z) ¥ {2}

FV(Oz:AM) ¥ FV(M) - {2}
FV(MN) ¥ Fv(M)uFV(N)
Fv(xy ¥ ¢
FV(etMbe xinN) < FV(M)UFV(N)
FV(MeN) ¥ FV(M)UFV(N)

FV(et Mbez®yinN) ¥ FV(M)uFVE) - {z,y})
FV((M,N)) = FV(M) (= FV(N))
FV(fst(M) ¥ Fv(m)

FV(sndM) ¥ Fv(m)

67
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Identity
T:Abx:

F1DM1:A1 FnDMn!An : F1DM1:A1 FnDMn:An Ap> N:f
T.,... . Tnotrue(M)t Ti,...,Tn, Abfalsep(3 ; N): B

Tz:Av M: B I'>M:A—oB ApN:A
(—oz) (—o¢)
I'>Az:A.M: A—oB I Av MN:B
AbN:T ' M:A
_(II) Ig)
px: ] I,Avlet Nbe % in N: A
T'eM:A AvN:B Av>M:ARB I,z:A,y: B> N:C
(®1) : (®e)
I''A> MQN: A®B IAplet M bez®yinN:C
T'oM:A I'sN:B I'> M: A&B T'sM:A&B
1) ———— (&¢-1) ————— (&¢-2)
v (M,N): A&B Iofst(M): A I'v>snd(M): B
I'osM: A ( ) I'sM:B ( )
Br— b1
Toinl(M):AeB Toin(M):A®B

AvM:A® B T,z:Ap N:C T,y:B>P:C
I', Apcase M of inl(z) — N ||inr(y) — P:C

(®¢)

i Mi:!4 --- T M, A, r1:141, ...,z A > N: B

. - Promotion
Iy,..., Ty > promote My,..., M, forzy,...,z,in N:1B

I's M:1A A>N:B
' Avdiscard M in N: B

Weakening

Av M: 14 Iz:!1A,4:'A>bN: B
I'Avcopy M asz,yin N: B

Contraction

T'vM:14
T derelict(M): A

Dereliction

Figure 3.1: Term Assignment for Natural Deduction Formulation of ILL.
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FV (inl(M))
FV(inr(M))

FV (true(M)) UL, FV(M;)
FV (falses(M ; N)) (U1 FV(M;)) U FV(N)

L FV(M)
d__ﬁf
d=ef
d=ef
FV(case M ofinl(z) — N ||inr(y) — P) ¥ FV(M)U(EFV(N) - {z})
def
d=ef
déf
dﬁf

FV(M)

FV(promote My,... My forzi,...,z,in N) Ui, FV(M;) where z € FV(M;) say
FV (discard M in N) FV(M)U FV(N)
FV(copy M asz,yin N) FV(M)U(FV(N) — {z,y})
FV (derelict(M)) FV (M)

We say that a term M is closed if FV (M) = . We can define the following property of the linear
term calculus.

Proposition 3. If M is a valid term from the multiplicative, exponential fragment, then Vz €
FV (M), = occurs exactly once in M.

This means that for the multiplicative, exponential fragment we have completely linear substitution.
We can define substitution as follows.

Definition 15. Given two terms M and N (where &:I'> M: A and A, z: A N: B), we can define
Nlz := M], the substitution of M for z in N, by induction on the structure of N.1

z[z ;= M] M

Oy AN)z:=M] < My A(N[z = M)
_ o Nlg:=M)P HzeFV(N
(NP)[z := M| = { g\f(g-"[a: = J]VI]) Otherwise )

let (Njz := M])be *x inP IfzeFV(N)

. i def
(let Nbe + in P)fz := M] = { let N be # in Pz := M]  Otherwise

_ of [ (N[z:=M]))@P Ifze FV(N)
(N@P)[z := M] = {N@(P[a} = M]) Otherwise

let (N[z := M]) bey®zinP Ifz € FV(N)

. def
(let N'bey®zin Pz := M] = { let N be y®zin (P[z := M]) Otherwise

(N, P))lz:=M] = ((N[z:=M]),(Plz:= M]))
(fst(VM))[e := M] < fst(N[z := M])

(snd(M))[z :=M] ¥ snd(N[z := M)
(inl(N)[z:=M] = inl(N[z :=M])

(inr(N))[z := M] inr(N{z := M])

1We shall assume that the terms have been suitably a-converted so that variable capture will not occur.
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= e falsea(IN; Plz:= M Ifz € FV(P
(alsea(N'; Pfe =] = { lezzigm, . .F,Ni[m D M],...,Na; P) Oteeize
(true(V))[z := M) def true(Ny, ..., Ni[z :== M],...,Ny)
(case (N[z := M]) of
inl(y) = P
(case N of inr(z) = Q If z € FV(N)
inl(y) — P def
inr(2) = Q)[z := M) case N of
inl(z) = (P[z := M))
L inr(z) = (Q[z := M]) Otherwise

(promote N for 7in P)[z := M) ' promote Ny, ..., (Ni[z := M])),...,NpforJin P

. . . def discard (N[z := M])inP Ifz € FV(N)
(discard N'in P)lz := M] = { discard N in (P[z := M]) Otherwise

. ._ def copy (N[z := M])asz,yinP Ifze FV(N)
(copy Nasy,zin P)lz := M] = { copy N asy,zin (P[z := M]) Otherwise

Using this definition we can see that substitution is well-defined in terms of the syntax. This
property is known as closure under substitution and its importance is obvious. Wadler [79] first
showed that previous proposals for the linear term calculus [1, 57, 55, 75] did not have this property.
As explained in Chapter 2, the formulation here has been chosen with this important property in
mind.

Lemma 3. f AbN:Aand I',z: Av M: B then I', A> M[z := N]: B.
Proof. By induction on I',z: A> M: B. ‘ |

Finally let us return to the considerations of Chapter 2 where we suggested an alternative formulation
for the additive connectives. For example, we proposed the following alternative formulation for the
With introduction rule

A7 - AR] (A7 - ARl

A Ay B
B&C

This would mean a rule at the level of terms of the following form (where we revert to the presentation
in sequent form)

C
(&I)zl,...,mn,yl,...,yn-

z1:A1,..., 20 Ay, >p N: B
TivMi:A; - Tpo M, A, y1: A1, .. Yn Ap > P:C

Ti,...,Ty o (N, P) with M for (Z,§): B&C

(As mentioned earlier, this formulation is similar to that proposed by Girard [31] for the proof net
formulation of classical linear logic. Indeed it should be compared to the term syntax for proof nets
proposed by Abramsky [1].}) As we can see, our chosen formulation is less verbose at the cost of
ensuring that the variables used in both terms are exactly the same.

In fact, we could propose yet another formulation which is a combination of that given above
and that which we use in Figure 3.1

(Withz).

z1:A1,..., 2 A, b N: B
TioMi:A - Tpoo My A, y1: A1, Yt A > P:C

A (Withy).
Ty, Da o (N[Z := 2], P[§ := Z]) with M for 2% B&C

This version allows for multiplicative contexts which are then a-converted so as to be equal.
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1.1 Comparison with Existing Syntax

We should point out that the syntax chosen for the linear term calculus is slightly different to that
of existing functional programming languages such as Haskell [42]. There the syntax for pattern
matching is of the form

let patt = exp in exp,
rather than that of the linear term calculus
let exp be pattin exp.

The syntax here was chosen to be similar to those already existing for linear logic [1, 57]. Also
the let construct in Haskell introduces polymorphic definitions, and given that this thesis does not
address type quantification, we keep our syntax to avoid any confusion.

1.2 An Additional Equality

We have pointed out already that we do not introduce syntax for applications of the Ezchange rule.
However, the syntax for the Promotion rule as it stands can distinguish between proofs which differ
just by applications of the Fzchange rule. This is essentially due to inherently linear nature of
syntax. For example, consider the terms

promote My, Ms forz1,z5in N, and promote My, M, for 25,z in N.

Clearly we should want these two terms to be considered equal. Thus we shall implicitly assume
the following equality for the rest of the thesis

promote M, Ml,Mz,J\Zf’ for Z,y1,y2,ZinN =, promote M,Mz,Ml,Ml for Z,y2,y1,Zin N.

2 Term Assignment for Sequent Calculus

Unfortunately, as discussed in Chapter 1 there is no real equivalent to the Curry-Howard corre-
spondence for the sequent calculus formulation. This is because many different sequent derivations
denote the same logical deduction (i.e. the A/ mapping from Chapter 2 is a many-to-one mapping).
To derive a term assignment system for the sequent calculus formulation, we have two options.

1. To use categorical considerations to suggest a syntax. This technique is used by Benton et
al. [14] for the multiplicative, exponential fragment of ILL.

2. To use the procedures for mapping proofs between the sequent calculus and natural deduction
formulations.

Of course, both these techniques should converge to the same answer! For conciseness we shall not
detail the second option, but simply consider an example. Consider the (sequent calculus formulation
of the) Promotion rule

' A4
T'+14

Let us assume that the upper sequent is represented by the term M, thus Z:!I'> M: A. Using the
N procedure to map this proof into a deduction in the natural deduction formulation we get

Promotion.

TEINTIN ETo N(M): A
7> promote i for Zin N (M): 14

Promotion.

Thus we can conclude that the term assignment for the Promotion rule in the sequent calculus
formulation is of the form
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Identity
Az
I'sM:B z:.B,A>N:C .
'
I'yAb N[z :=M]:C
f —_—(t
Z:T,y:fofalses (T y): A (Ec) Z:T b true(Z): t (=)
I'bM:A
I — (Iz)
I‘,a;:IDleta;be*inM:A(L) bx: ]
T,o:A,y: B> M:C I'vM:A Ap N:B
- (®c) (®r)
I',z: AQBplet zbe z@yin M:C T',Av M@N: A®B
IbM:A  A,z:B>N:C T,z:A> M:B
—or) (—or)
T,A,y: A—Bp N[z := (yM)]: C FbAz: AM:A—oB
Tz:Av M:C 'z:Bo M:C
(&c-1) (&£—2)
T,y: A&B > Mz := fst(y)]: C T,y: A&B v M[z :=snd(y)]: C
o M: A Z:I'>N:B
(&=)

Z:I'> (M,N): A&B
T,y Av M:C Z:T,z2B> N:C

&b
Z:T,w:A® Brcasewof inl(y) — M ||inr(z) — N:C( 2
ToM: A ( ) 'sM:B ( )
Dr- Or—
Toinl(M):A@B < Toine(M):A@B "
I'>M:B I,y:'A,2:!1A0 M: B
Weakening Contr.
I',z:!Av>discard z in M: B I'z:!Avcopyzasy,zin M: B
L,z:Av M:B
Dereliction

T,y:1A> M[z := derelict(y)]: B
> M: A

7: ' > promote i/ for Zin M:!1A

Promotion

Figure 3.2: Term Assignment for Sequent Calculus Formulation of ILL
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> M: A

71" > promote ¢ for Zin M:1A

Promotion.

We give the term assignment for the entire sequent calculus formulation in Figure 3.2
As we might expect the translation procedures, N and S, relating the natural deduction and
sequent calculus formulations of ILL extend to the term assignment systems.

Theorem 14.

w N(m)
o If HST>M:Athen HVT'> M: A.
D (D)
o If FNT'> M: A then FST b M: A.
Proof. By straightforward structural induction |

Thus we have that the term assignment systems are equivalent.
Corollary 2. FV I'v M: Aiff F° T's M: A.

Although as we stated above there is no real Curry-Howard correspondence for the sequent calculus,
we can actually define a syntax, which we shall call a Sequent Term Assignment, which identifies
every different sequent proof. Essentially this means that every proof rule introduces a new piece
of syntax, including the Cut rule.? Although probably not directly useful as a term calculus for
programming, a sequent term assignment is of use to those interested in automated deduction,
where the actual sequent calculus derivation is of primary importance and thus the term encodes
precisely this derivation. We give the sequent term assignment system in Figure 3.3.

Terms from a sequent term assignment system have the following useful property.

Proposition 4. If a term M from the sequent term assignment contains no occurrence of the cut
term constructor then it denotes a cut-free proof.

Hence we can see whether a proof is cut-free by simply examining the term. It also means that
all possible (primary) redexes are explicit within the term. The main problem with such a sequent
term assignment system is the number of reduction rules. Every step in the cut-elimination process

"entails a reduction at the term level: in the case of ILL this would mean 361 reduction rules!

3 Linear Combinatory Logic

We can apply a Curry-Howard correspondence to the axiomatic formulation given in Section 3 of
Chapter 2 to obtain a combinatory logic. Thus derivations are of the form Z:I' = e: A, where
variables and axioms are named and the derivation has an associated combinatory term, e. We give
the combinatory formulation of ILL in Figure 3.4.

As noted in §3 of Chapter 2, the Promotion rule has the side condition that the context must
be empty when it is applied. Given that in combinatory logic we have variable names explicit we
might have imagined a rule such as that from the natural deduction formulation, for example,

Ty = epldy ... T = e A, y1:1A1, .. o ynt 1A, = 1B Promotion

71:T1,...,Z0: T = proméfor §in f:!B

However, the practical concerns alluded to earlier stem from the fact that reduction in a combinatory
formulation involves no substitution of terms for variables. Clearly the formulation given above
would not have that property and for that reason we shall not consider it further.

2 Again we shall not introduce explicit syntax for the Ezchange rule in favour of adopting the convention that the
contexts are multisets.
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Identity
T: Abx: ,
' M:B z:B,Av N:C .
U
IAvbcut M forzin N:C
f — (¢
Z: T, y: £ o falsea(Z; y): A (£2) Z: T b true(Z): t (=)
I'>M:A
(Iz) — (Ir)
T,z:Ivletzbe x in M: A Dz J
T,z:A,y:BoM:C ' M:A A>N:B
. (®c) (®r)
I,z: AQBblet zbe zQyin M:C I'Ar MQN: A®B
T'eM:A Ayz:Bp N:C I'z:Av M:B
(—o (-0

T,A,y: A—oBbpvletybe M—ozin N:C £ I'bAz:AM:A—-oB

T,z:Av M:C
I,y: A&Bvletybez&_in M:C

(&c-1)

Iz:BoM:C
I',y: A&B v lety be &zin M:C

(&c-2)

T M: A . I'>N:B
Z:I'> (M,N): A&B

(&)

Ty Av M:C Z:T,z2.Bep N:C

@
Z:Tw: A® Bpcasewof inl(y) = M |linr(z) — N:C( )
I'oM:A ( ) '>M:B ( )
Dr- DOr—
Toinl(M):A®@B " Toin(M:A®B <"
I'sM:B T,y:1A,z:1A> M: B
Weakening Contr.
I',z:!Avdiscardzin M: B I',z:!Apcopyzasy,zin M: B
I'z:Av M:B T'sM:A
Dereliction Promotion
I',y:!Av derelict y for zin M: B Il b promote(M): 1A

Figure 3.3: Sequent Term Assignment for ILL
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I : A—A

Bapec : (B—oC)—o((A—oB)—o(A—o())
Ca,Bc : (A—o(B—oC))—o(B—o(A—o())

tensoryp : A—o(B—oA®B)
splity po : A®B—o((A—(B—o())—C)

unit : T
lety @ A—o(I—A4)

fstgp : A&B-—oA
sndgp : A&B—oB
wdistg o : (A—oB)&(A—oC)—o(A—0B&(C)

inlyp : A—oA®B
inrap : B—oA®B
sdistg o : (A—0C)&(B—oC)—o(A® B—C)

inity : f—oA
termy : A—ot

duply p : (l4A-o(!A—oB))—o(!A—B)
disca,p : B-o(lA—oB)

eps, : lA—oA

deltay : !A-oll4
edistg g : !(A—oB)—o(!A—o!B)

Identity Aziom (where c is taken from above)
A= 3 =cA
I'seAoB A=fA Zl=>eA ZT'= f:B
Modus Ponens With
I''A=ef:B - Z:T = with(e,f): A&B

=>eA )
Promotion

= promote(e): !4

Figure 3.4: Combinatory Formulation of ILL
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(It should also be noted that in the context of this thesis we are considering a typed combinatory
logic. Thus the axioms are explicitly typed, although in places we shall omit the type informa-
tion in favour of brevity. For example, where we should write deltay:!A—o!lA we have written
delta: !A—ollA.)

The proof of Theorem 6 in Chapter 2, when viewed at the level of combinatory logic actually gives
a process of ‘abstracting’ a variable from a combinatory term. Let us repeat the theorem at the
level of terms.

Theorem 15. If I',z: A = e: B then there exists a combinatory term, [z]e,® such that T' =
[z]e: A—oB.

The proof of this theorem yields the process given in Figure 3.5

[z]z L
[z]ef ef ¢ ([z]e) f Ifz € FV(e)
[z]ef :éi Be ([z]f) Otherwise
[e)(with(e,f) &

wdist(with([z]e,[z]f))
where F'V is defined: 7

FV() ¥ {z)

FVief) ¥ FV(e)UFV(f)

FV(uith(e,f)) = FV(e) (=FV(f)
FV (promote(e)) L op

Figure 3.5: Variable Abstraction

4 Reduction Rules

In Chapter 2 we presented two processes for normalizing proofs: B-reduction for natural deduction
and cut elimination for sequent calculus. In addition we found a need for some extra reduction
steps, the commuting conversions, for the natural deduction formulation. In this section we shall
review each of these processes in turn and present them at the level of terms.

4.1 Normalization

As discussed in §2.1 in Chapter 2, the 8-reduction rules arise when a connective is introduced only
to be immediately eliminated. We can apply the Curry-Howard correspondence to these reduction
rules to produce term reduction rules, which are given in Figure 3.6.%

An immediate property of this relation is known as subject reduction, which basically states that
well-typed terms reduce to well-typed terms. Both O’Hearn [59] and Lincoln and Mitchell [55] have
shown that this property does not hold for previous proposals for the linear term calculus.

Theorem 16. If I'> M: A and M ~+g N then I'> N: A.

Proof. By induction on I'> M: A and use of Lemma 3. ]

3[z]e is written as A*z.e by Barendregt [8].

4We shall use the standard notation of M; to represent the transitive closure of ~g, and «»5 to represent the
reflexive, transitive closure of ~ 4.
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(Az:AM)N ~»g Mz := N]
let ¥ be x inM ~p M
let M®N bez®yin P ~»5 Plz:=M,y:=N]
fst((M,N)) ~g M
snd(M,N)) ~»g N
case (inl(M)) of
inl(z) = N ||inr(y) > P ~pg N[z :=M]
case (inr(M)) of
inl(z) = N |inr(y) = P ~g Ply:= M]
derelict(promote M for in N) ~»3 N[Z := M]
discard (promote M for & in N) in P ~+g discard MinP
copy (promote]\Zfor:i’in N)asy,zinP ~sg copy M as @, 7in
P[ y:=promotedforZin N,
z := promote ¥ for Z in N]

Figure 3.6: B-reduction rules

4.2 Commuting Conversions

In §2.2 of Chapter 2 we showed how a consideration of the subformula property induces a further
set of reductions which we term commuting conversions. Again we can apply the Curry-Howard
correspondence to these conversions to produce a set of reduction rules at the level of terms, which
we give in Figures 3.7, 3.8, 3.9 and 3.10.

4.3 Cut Elimination

In Chapter 2 we gave a detailed proof of cut elimination for the sequent calculus formulation. This
essentially consisted of considering every possibility of a (R;, Rs)-cut and showing how it could be
replaced by ‘simpler’ cut(s). At a term level, we have a (R;, Rg)-cut of the form

— R —— Ry
Av M: A I'z:Av-N:B

- Cut
I'Ap N[z := M]:B

which we replace with a proof ending with
I'AvP:B

We shall write N[z := M] ~+¢y: P to represent this term reduction. For ILL there are 19 rules
besides Cut (and Fzchange) and hence 361 possibilities for (R;, Rp)-cuts. Fortunately most of these
possibilities are not computationally significant in the sense that they have no effect on the terms.
‘We shall use the following definition.

Definition 16. A cut-reduction N[z := M| ~s¢y P is insignificant if N[z := M| =, P.

Thus we shall classify cut-reductions by whether they are significant or not. We shall consider each
sort of Cut in turn, identifying at first those which they are significant or not.

e Any cut involving the Identity rule is insignificant. There are 37 of these.

o A (X.,Yz)-cut. There are 100 of these. The insignificant cuts are of the form (—o,,Y:),
(&c-1,Yz), (&r—2,Yr), (Dereliction,Yr), where Y # f, which amounts to 36 cut reductions.
Thus there are 64 significant remaining cut-reductions.
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(let M bez®yin N)P ~». let M be z®yin (NP)
let (let M be z®yin N) be * inP ~». let M bez®yin (let N be * in P)
let (let M be z®y in N) bew®zin P ~», let M bez®y in (let N be w®z in P)
fst(let M be z®yin N) ~, let M be z®y infst(N)
snd(let M be z®yin N) ~». let M be z®y insnd(N)
falsep(P; let M be z®yin N) ~». let M be z®y in (falsep (P ; N))
case (let M be z®y in N) of let M be z®y in
inl{w) = P|linr(z) = Q@ ¢  (case Nofinl(w) — P|inr(z) = Q)
discard (let M bez®yin N)in P ~s. let M be z®y in (discard N in P)
copy (let M bez®yin N)asw,zin P ~». let M bez®y in (copy N as w, z in P)
derelict(let M be zQy in N) ~». let M be z®y in (derelict(V))

(let M be % inN)P ~». let M be * in (NP)
let (let M be * inN)be x inP ~», let M be % in (let N be % in P)
let (let M be * in N)bez®yinP ~». let M be x in (let N be zQy in P)
fst(let M be * in N) ~», let M be * infst(NV)
snd(let M be * inN) ~». let M be % insnd(NV)
falsep(B; let M be % inN) ~», let M be * in (falsep(P ; N))
case (let M be * in N) of let M be xin
inl(w) = P |linr(z) = Q (case Nof inl{(w) — P|inr(2) = Q)
discard (let M be * in N)in P ~». let M be % in (discard N in P)
copy (let M be x inN)asz,yinP ~s. let M be * in(copy N asz,yin P)
derelict(let M be * in N) ~», let M be * in (derelict(IV))

(discard M in N)P ~». discard M in (NP)
let (discard M in N) be * in P ~», discard M in (let N be % in P)
let (discard M in N) bez®yin P ~». discard M in (let N be z®y in P)
fst(discard M in N) ~». discard M in fst(NV)
snd(discard M in N) ~». discard M insnd(N)

falsec(P ; discard M in N) ~s, discard M in (falsec(P ; N))

case (discard M in N) of discard M in

inl{w) = P |inr(z) = Q@ (case N of inl(w) — P|linr(z) = Q)

discard (discard M in N)in P ~», discard M in (discard N in P)
copy (discard M in N)asz,yin P ~s. discard M in (copy N as z,y in P)
derelict(discard M in N) ~». discard M in (derelict(IN))

Figure 3.7: Commuting Conversions I
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(copy M asz,yin N)P
let (copy M asz,yin N)be * in P
let (copy M asz,y in N) be z®y in P
fst(copy M asz,yin N)
snd(copy M as z,y in N)
falseg(ﬁ ; copy M asz,yin N)

case (copy M as z,y in N) of

inl(w) = P |linr(z) = Q

discard (copy M asz,yin N)in P
copy (copy M asz,y in N)asz,yin P
derelict(copy M as z,y in N)

let (false; (P ; N)) be % in P
(false4—op(P ; N))P
let (falseA®B(ﬁ ; N))bey®zin P
' fst(falseA&B(]:D:; N))
snd(fglseA&B(g; N))
false4 (P ; falsgf(Q; N))

case (falseagp(P ; N)) of

inl(z) = P ||inr(y) = Q@

discard (falsey 4 (P ; N))in P
copy (falsei4 (P ; N))asy,zin P
derelict(false;4 (P ; N))

copy M asz,y in (NP)
copy M asz,y in (let N be  in P)
copy M as z,y in (let N be z®y in P)
copy M as z,y in fst(N)
copy M as z,y in snd(V)
copy M asz,yin (falsec(ﬁ; N))
copy M as z,y in
(case N of inl(w) — P |inr(z) — Q)
copy M as z,y in (discard N in P)
copy M asz,y in (copy N as z,y in P)

copy M as z,y in (derelict(V))
falseq(P,Z; N) (Z = FV(P))
falseg(P,Z ; N) (Z = FV(P))

falsec(ﬁ,:'v’; N)
falseq(P; N)
falseg(P; N)
falsea(P,7; N)

falsec (P, ; N)

falseg (P, ; N)
falsep(P,Z; N)
falses(P; N)

(Z=FV(P)—{y,2})

(@ = FV(P) - {z})

(Z=FV(P))
(#=FV(P)—{y,2})

Figure 3.8: Commuting Conversions IT
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(case M of
inl(z) = N | inr(y) = P)Q

let
(case M of inl(z) — N ||inr(y) — P)
be x in@

let
(case M of inl(z) — N |inr(y) — P)
be w®zin Q

fst(case M of inl(z) — N | inr(y) — P)

snd(case M of inl(z) — N ||inr(y) — P)

falsec (P;
(case N of inl(z) — P | inr(y) = Q))

case
(case M of inl(z) — N | inr(y) — P)
as inl(w) = Q|inr(2) = R

discard
(case M of inl(z) — N |inr(y) — P)
in @

copy
(case M of inl(z) — N |inr(y) — P)

asw,zin@

derelict(case M of
inl(z) = N||
inr(y) = P)

e

’\4)0

~F

c

r\,)c

~F

c

'\/)c

case M of

inl(z) = (NQ) |linl(y) — (PQ)

case M of
inl(z) — (let N be * inQ)
inr(y) = (let Pbe % in Q)

case M of
inl(z) = (let N be w®z in Q)
inr(y) = (let P be w®z in Q)

case M of
inl(z) — fst(NV)
inr(y) — fst(P)

case M of
inl(z) — snd(N)
inr(y) — snd(P)

case IV of
inl(z) — (falsec(P ; P))
inr(y) — (falsec(P ; Q))

case M as
inl(z) — (case N of
inl(w) = Q@
inr(z) = R)
» inr(y) — (case P of
inl(w) = Q@
inr(z) =+ R)

case M of
inl(z) — (discard N in Q)
inr(y) — (discard P in Q)

case M of
inl(z) = (copy N asw, zin Q)
inr(y) — (copy Pasw, zin Q)

case M of
inl(z) — (derelict(V))
inr(y) — (derelict(P))

Figure 3.9: Commuting Conversions 11T
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promote (promote 2’ for Z in M),yb,..,yhforys,...,ynin N
~+c promotez’, y5, ..., yn, for ", ya, ..., yn in N[y; := promote ' for Z in M]

promote 7, (let z be z®y in M) for ¥, sin N
~+, let z be z®y in (promote w, M for ¥, s in V)

promote Z, (let z be * in M) for j,uin N
~+. let z be * in (promote Z, M for #f,u in N)

promote W, (case z of inl(z}) — M ||inr(y) — N)for#,sin P
~+. case z of

inl(z) — promote w, M for @, sin P

inr(y) — promote w, N for #,sin P

promote Z, (discard z in M) for ,uin N
~. discard z in (promote Z, M for #,uin N)

promote &, (copy z as z,y in M) for 7, sin N
~+, COpY z as &,y in (promote @, M for ¥, s in N)

true(M, )
~e true(f, E) -
where FV(M) = 7.
falsea (M ; z)
~+, falses(7; z)

Figure 3.10: Commuting Conversions IV
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e A (Xg,Yr)-cut. There are 64 of these. They are all insignificant except for the case of
(Promotion, Promotion) and (Xg,tr).

o A (X,Yr)-cut. There are 80 of these. There are 15 significant cut reductions which those
of the form (®c, Promotion), (I, Promotion), (&, Promotion), (Weakening, Promotion),
(Contraction, Promotion) and (X¢,tx). The remaining 65 cut-reductions are insignificant.

o A (XR,Y)-cut. There are 80 of these. Cuts of the form (X, Xc) and (Xg,fc), of which
there are 18, are significant. The remaining 62 cut-reductions are insignificant.

We shall classify these significant cut-reductions and then consider them in turn.
Principal Cuts. These are cut-reductions of the form (Xz, X).

Secondary Cuts.
These are cut-reductions of the following form: (Promotion, Promotion), (®, Promotion),
(I, Promotion), (@, Promotion), (Weakening, Promotion) and (Contraction, Promotion).

Commauting Cuts. These are cuts of the form (X.,Y.), except where X is either —o, &, f or
Dereliction or where Y is f.

Unit Cuts. These are cuts of the form (X,f:) and (X, tz).

Principal Cuts
There are 10 of these and we shall consider them in turn.
* (®R,®/;)—Cut.
ArA ®|—B( ) I‘,A,Bl—C’( )
® —_—(®

A0 - A®B ® I,A®B - C "~
Cut

A0 C

This reduces to
ArA TALB+C
OB I''A,B+C
I''A,0 - C

At the level of terms this gives the cut-reduction

Cut

ut.

let M®N bez@yin P ~»+.y: Pz := M,y := N].

o (Ip,I.)-cut.

This reduces to

T - A

At the level of terms this gives the cut-reduction

let x be x inM ~sep M.
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o (—op,—og)-cut.

AJA-B A4 B, +C

- (-0
Av Ao R T,A—-B,0 C (ec)

LA, -C

Cut

This reduces to

AJAv+ B B, +C
-4 AAOHC
I,A,0-C

Cut

Cut.

At the level of terms this gives the cut-reduction

Ply := ((Az: AM)N)] ~cux Ply:=(M[z:= N])].

¢ (®r_1,®r)-cut.

This reduces to

ArA TArC
TAvC

Cut.

At the level of terms this gives the cut-reduction

case inl(M) of inl(z) — N ||inr(y) - P
~et N[z := M.

L] (EB'R_z, EBL)—Cut.

Aw+B VA C I''B+C

T 7 (or ®
Ar Ao OrY T,A® B+ C (©r)

LAwvC

Cut

This reduces to

A+ B I''BvrC
TLAwC

Cut.

At the level of terms this gives the cut-reduction

caseinr(M) of inl(z) — N |[inr(y) = P
~euwr Ply = M].
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[ (&’R,, &L_l)—cut.

ArA Al—B( T'AwrC (&en)
A + A&%B ® T,A4B+C -~
Cut
LAwC
This reduces to
Ar A LAwC
Cut.
TLAwC
At the level of terms this amounts to the cut-reduction
Pz :=fst((M,N))] ~cut Plz:= M)
o (&r,&p_2)-cut.
ArA AI—B(&) I'BwC (&c2)
A +— A&B * T,A&B+C " ~°
Cut.
LAwC
This reduces to
AwB I'BvC
Clut.
TAwC
At the level of terms this amounts to the cut-reduction
Pz :=snd({(M,N))] ~vcut Plz:=N].
o (Promotion, Dereliction)-cut.
A4 I''AwB
—— Promotion —— Dereliction
INw14 IN'Aw+B
Cut
IN'A+B

This reduces to

AL A A+ B
A+~ B

Cut.

At the level of terms this gives the cut-reduction

Term Assignment

N[z := derelict(promote § for Zin M)] ~+cut N[z := M[Z := 7).
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o (Promotion, Weakening)-cut.

A - A ‘ I+ B

———— Promotion ——— Weakening
IAr+IA I'NAw+B
— Cut
I'''AwB
This reduces to
I'+B
——— Weakening®.
I'''JAw+B

At the level of terms this gives the following cut-reduction

discard (promote i/ for Zin M)in N ~»4,; discard §in N.

o (Promotion, Contraction)-cut.

IA-A I'NAJJAw B
—— Promotion _—
IA 14 IJAwB
— Clut
IJAv+B
This reduces to
A A
— Prom.
IAr-A IAr14 IVIAJJAw B
———— Prom. Cut
A4 IIAJJAwB .
'
TVIAJIA B
————————— Contraction™.
IL'JAwvB

At the level of terms this gives the following cut-reduction

copy (promote §for Zin N) asw,zin P ~»y copy7asi,vin
P[ w := promote for Zin N,
2z := promote ¥ for Z in N].

Thus the principal cuts correspond to the S-reduction rules from the natural deduction formulation.
The only difference is where the left rule is either —o, & or Dereliction. In these cases we derive
slightly more general reduction rules.

Secondary Cuts

There are 6 of these cuts and we shall consider them in turn.

s (Promotion, Promotion)-cut.

IArA VA B

—— Promotion —— Promotion
IA 14 IILIA v !B
Cut

T'IA + !B ‘

This reduces to
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IAr-A
———— Promotion
IA 14 VJAw B
Cut
T/A+ B
————— Promotion
IIA + 1B

At the level of terms this gives the cut-reduction

promote i, (promote i for £ in M) for Z,uin N
~+cut promote @, ¢ for 2, in N[u := promote ¢ for # in M].

o (®¢, Promotion)-cut.

T,A,B+!C IA,IC + D

- ® —_—

T,ARB - 1C = IAIC 1D
T,IA, A®B D

Promotion

Promotion.

This reduces to

IA,IC D

T A,B +IC IAIC 1D
T,IA,A,B D
T,IA 4GB 1D

Promotion

Cut

)
At the level of terms this gives the cut-reduction

promote w, (let z be z®y in M) for ¥,sin N
~royt let z be z®y in (promote W, M for 7, 5in N).

e (I, Promotion)-cut.

Tr14 IA,JAw B
——— 0 1 ————— Promotion
I''I 14 IA,IA v 1B
Cut
II,)]A +!B
This reduces to
IA,IA+ B
—— Promotion
T'rlA IA,JAw+ B
Cut
I'''A + B (I2)
T.I,)A 1B~

- At the level of terms this gives the cut-reduction

promote Z, (let z be * in M) for §,uin N
~royt letx be x in (promote Z, M for i, u in N).

Term Assignment
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e (®r, Promotion)-cut.

T,Awv1IC IBw+IC IAIC D
(Pe) ———  Promotion
I'Ae B+ IC IAIC D
Cut
INAe B,')A v+ D
This reduces to
IAJIC D IA,IC D
———— Prom. ———————— Prom.
TAvIC IAICwID IBw+!C AICw!ID
Cut . Cut
T,AA v 1D IB,!/A +!D
(®c)-

T,A®B,!A + D

At the level of terms this gives the cut-reduction

promote &, (case z of inl(z) = M |linr(y) — N)
for ¥, sin P
~rout Case z of
inl(z) — promote @, M for @, sin P
inr(y) — promote 10, N for ¥, s in P.

o (Weakening, Promotion)-cut.

I' 1B IA,'B+C
————— Weakening ———— Promotion
I''A+'B IA,IB v+ IC

Cut
IVIAJIA wIC
This reduces to
IA,'B+C
——  Promotion
I'+!B IA,IB v IC
Cut
JIAwIC )

—— Weakening.
VIAIA - IC

At the level of terms this gives the cut-reduction

promote Z, (discard z in M) for #f,uin N
~+oyt discard z in (promote 2, M for §f,uin N).

o (Contraction, Promotion)-cut.
IVIAJJA 1B IA,IBwC
~———————— Contraction —————— Promotion
IJAw B IAIB w IC

T,IA,IA - IC

Cut

This reduces to
IA,IB-C
TIA'A v+ !B IAJIB +IC
LVAJTAIA v IC
TVAAC

At the level of terms this gives the cut-reduction

Promotion

Cut

Contraction.

promote W, (copy z as z,y in M) for ¥, s in N
~+out COPY Z as z,y in (promote W, M for ¥, s in N).
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These cuts we have seen before in the analysis of the subformula property of the natural deduction
formulation. Seen from a natural deduction perspective they arise due to the fact that the Promotion
rule introduces parasitic formulae and from a sequent calculus perspective that it not only introduces
a connective on the right but imposes a strict condition on the left.

Commuting Cuts

There are 54 of these. It turns out that these are equivalent to the commuting conversions which
arise from the natural deduction formulation (excluding those considered as secondary cuts and
those classified as Unit Cuts). The term reductions are then as in Figures 3.7, 3.8 and 3.9 and
we shall not repeat them here. As for the principal cut reductions, we find that some of the term
reductions suggested by the cut-elimination process are actually more general than that considered
as a commuting conversion. These more general rules are when the second left rule is either —og,
&1, & o or Dereliction.

Unit Cuts

These are cuts of the form (X, f) and (X, tr), for all rules, X. Thus there are 36 of these reduction
rules. At the level of terms they can be expressed as two schemas, which are given in Figure 3.11.
These match precisely the commuting conversions for the additive units given in Chapter 2.

true(M,Z) ~cu true(y,7)
falseg(M ; ) ~rcur falsea(7; )

where FV(M) = §.

Figure 3.11: Unit Cut Reduction Rules

5 Properties of Reduction Rules

We shall consider two important properties for the reduction rules: strong normalization and con-
fluence (Church-Rosser property). In particular, we shall only consider the S-reduction rules and
omit the commuting conversions. This is not only because we would normally only consider using
the B-reduction rules in any implementation, but also because of the explosion in complexity of con-
sidering the extra 102 commuting conversions! Given the uncertainty surrounding the additive units
(Chapter 2, §1.2), they have not been included either. The technique we shall use is adapted from
that used for the A-calculus by Gallier [30], which is in turn adapted from proofs by Tait [74] and
Girard {34]. The proof proceeds in two parts: Firstly, we give an alternative inductive definition of
the linear terms (the so-called ‘candidates’) and then we show how the sets of strongly normalizing
terms and confluent terms both satisfy this alternative inductive definition.

5.1 Candidates for the Linear Term Calculus

If a term is the result of an introduction rule, then if it is applied to another term then a redex
could be formed. For the definition it is useful to divide terms up depending on whether they can
introduce redexes or not.

Definition 17.

1. An Iterm is a term of the form MQN, lr:A.M, (M,N), inl(M), inr(M) or
promote M for Zin N.

2. A simple term is one which is not an I-term.
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3. A stubborn term, M, is a simple term which is either irreducible or if M «»‘5 N then N is a
simple term. .

Let P = P4 be a family of nonempty sets of (typed) linear terms.
Definition 18. Properties (P1)-(P3) are defined as follows.

(P1) z € P4 for every variable of type A.
(P2) f M € P4 and M ~+5 N then N € Py4.
(P3) If M is simple and
' 1. M e€Py_op, N € Py and (Az: A.M')N € Pp whenever MME’ Az: A.M' then MN €
Pp.
2. f M € P g and fst((M',N')) € P4 and snd((M', N')) € Pp whenever MME (M',N")
then fst(M) € P4 and snd(M) € Pp.

3. If M € Py4 and derelict(promote Pfor Zin Q) € P4 whenever M «»‘5 promote P for Zin Q
then derelict(M) € P 4.

4. If M € P14 and Q € Pp and discard (promote M for Zin N)in@ € Pg whenever M ME
promote M’ for Zin N then discard M in @ € PB._’
5. If M € P14 and Q € Pp and copy (promote M' for Zin N) asy, z in Q € Pp whenever
M ME promote M’ for Zin N then copy M asy,zin Q € Pp.
Henceforth we only consider families P which satisfy conditions (P1)—(P3).

Definition 19. A non-empty set C of linear terms of type A is a P-candidate iff it satisfies the
following three conditions:

(Rl) C CPga.

(R2) f M € C and M ~g N then N € C.

R3) If M is simple, M € P4 and M' € C whenever M ~»} M’ and M’ is an I-term, then M € C.
B

Then given a family P, for every type A, we define [A] as follows.
Definition 20.

[A] E 4, where A is atomic.
[AoB] % {M|M€P,_op, andforall N, if N € [A] then MN € [B]}
[A®B] = {M|M € Pygp, M' € [A] and N’ € [B] whenever M ~+ M’®N’}
[ € {MMepr}
[A4&B] % {M|M €P g, and fst(M) € [A] and snd(M) € [B]}

[A©B] & {M|M ePopand M’ € [A] whenever M~ inl(M") }
N {MIM € Pagp and M" € [B] whenever M ~ inr(M”)}

[14] % {M|M € P4, derelict(M) € [A] and M’ € Pp and [N] € [A]
whenever M ~7 promote M for Zin N}
{M|M € Py4,discard M'in Q € P¢
whenever M «»E promote M'for Zin N and QePc N
{M|M € Py, “
copy M’ as @, % in R[y := promote & for Z in N, z := promote ¥ for £ in N] € Pp
whenever M ~»% promote M'forZin N and R € Pp }
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Lemma 4. If P is a family satisfying (P1)-(P3), then each [4] is a P-candidate which contains all
the stubborn terms in Py4.

Proof. We proceed by induction on the type A.

Case A atomic. (R1) holds trivially, (R2) holds from property (P2) and (R3) also holds trivially.

Case A—oB. Clearly (R1) holds by definition of [A—oB]. To prove (R2) we assume that M €
[A—oB] and that M ~4 N. From (R1) we have that M € P4_,p. Thus by (P2) we have
that N € P4_op. Let ustake a @ € [A]. By the definition of [A—oB] we have that M Q € [B].
Since we have that M ~»g N then MQ ~g NQ by the definition of reduction. By induction
(at type B) we have that NQ € [B]. We can now conclude from the definition of [A—oB]
that NV € [A—B].

To prove (R3) we assume that M is simple, M € P4_,p and that Az: A.M' € P 4_p whenever
M M}' Az: A.M'. If M is stubborn then by induction at type B that M € [A—oB] and we

are done. If M is not stubborn then we know that M '\»2,' Az: A.M'. We have by assumption
that Az: A.M' € [A—oB]. Thus taking an N € [A], we have that (\z: A.M')N € [B]. We
also know that N € P4_op and hence by (P3), MN € Pg. Now consider the reduction of
MN. If MN is stubborn then we have by induction at type B that MN € [B]. If MN is
not stubborn then its reduction path must be of the following form, where ) is an I-term and
N~% N,

MN ~% (Az: AM')N' ~sp M'[z := N'] ~3 Q.

We know by (R2) that N’ € [A]. Hence by definition we have that (Az: AM')N' € [B].
Again by (R2) we have that Q € [B]. Thus by induction at type B we have that MN € [B]
for any N € [B]. By definition we can conclude that M € [A—oB] and we are done.

Case A®B. Clearly (R1) holds by definition of [A®B]. To prove (R2) we shall assume that

M € [A®B] and that M ~»g N. We know from (R1) that M € P,gp and, hence, by
(P2), N € P, gp- By definition of M € [A®B], if M ~j M'®N' then M' € [A] and
that N’ € [B]. It is clear that M ~; M'®N' whenever N ~} M'®N'. Thus by definition
N € [A®B].
To prove (R3) we assume that M is simple, M € P gp and that M'®N’' € P 4o whenever
M ~j M'®N'. If M is stubborn then by the definition of [A®B] we have that M € [A®B].
If M is not stubborn then we have that M '\»E M’'®N' and hence by (R2) we have that
M'®@N' € [A®B]. By the definition of [A®B] we have that M’ € [A] and N' € [B]. Thus
we can conclude that M € [A®B].

Case I. Clearly (R1) holds by definition of [I]. To prove (R2) we assume that M € [I] and that
M ~»3 N. Thus we have that M € Py and then by (P2) that N € Pr. Clearly M ~»} *
whenever N ~7 . We then have that N € [I].

To prove (R3) we assume that M is simple and M € P;. As M is always stubborn then
trivially by definition we have that M € [I]

Case A&B. Clearly (R1) holds by definition of [A&B]. To prove (R2) we assume that N € [A&B]
and M ~g5 N. By (R1) we have that M € P .4 - and by (P2) we have that N € P4 . By
definition of M € [A&B] we have that fst(M) € [A] and snd(M) € [B]. Since fst(M) ~g
fst(N) and snd(M) ~»g snd(N) we have by induction that fst(N) € [A] and snd(NV) € [B].
Hence we can conclude that N € [A&B].

To prove (R3) we assume that M is simple, M € P ¢ and that (M', N') € [A&B] whenever
M f\»'ﬁ* (M',N'). If M is stubborn then clearly both fst(M) and snd(N) are stubborn. We
know from (P3) that fst(M) € P4 and snd(M) € Pp and since by induction we have that

both [A] and [B] contain all the stubborn terms in P4 and Pp respectively, then we have
that fst(M) € [A] and snd(M) € [B]. Thus we can conclude that M € [A&B]. If M is not
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stubborn then we have that M «.;‘ﬁ* (M',N"). By assumption we have that (M', N') € [A&B].
Hence by definition we have that fst((M', N'})) € [A] and snd({(M', N')) € [B]. By induction
we also have that fst((M', N')) € P4 and snd({M',N')) € Pp. Hence by (P3) we have that
fst(M) € P4 and snd(M) € Pp. Let us consider fst(M) (the case for snd(M) is symmetric).
If fst(M) is stubborn then we have by induction that fst(M) € [A4]. If fst(M) is not stubborn
then its reduction path must be of the following form, where @ is an I-term,

fst(M) ~F fst((M', N')) ~pg M" ~5 Q.

Since fst((M', N')) € [A] we have by induction that @ € [A]. Thus by induction we have that
fst(M) € [A]. By similar reasoning we deduce that snd(M) € [B] and hence by definition we
can conclude M € [A&B].

Case A @ B. Clearly (R1) holds by definition of [A @ B]. To prove (R2) we assume that M €
[A ® B] and that M ~»g N. It is clear that M € Pagp and from (P2) we have that
N € Pggp. By definition of M € [A ® B] we have that M’ € [A] whenever M ~ inl(M')
and that M" € [B] whenever M ~% inr(M"). It is obvious that whenever M ~% inl(M’)
then N ~7% inl(M') and that whenever M ~+j inr(M") then N ~»% inr(M"). Hence we can
conclude that N € [A @ B] and we are done.

To prove (R3) we assume that M is simple, M € P4gp and M’ € [A® B] whenever M "”Z M
and M' is an I-term. If M is a stubborn term then we have that it is never the case that
M ME*L inl(M') nor M ""23- inl(M"), and so we conclude that M € [A ® B]. If M is not a

stubborn term then we know that M —w; @ where @ is either inl(Q’) or inr(Q"). Consider the
first case. We have by assumption that inl(Q’) € [A & B]. By definition we can conclude that
Q' € [A]. Similarly we can conclude that Q" € [B]. Thus we can conclude that M € [A® B]
and we are done.

Case !A. Clearly (R1) holds by the definition of [!A4]. To prove (R2) we assume that M € [!A] and
that M ~g Q. We know that M € Py4. Since M € [!A] we know that a number of conditions
hold when M ~7% promote M for Zin N. But clearly whenever M ~+} promote M'forZin N

it is the case that () ~} promote M for Zin N. Thus we conclude that Q € [LA].

To prove (R3) we assume that M is simple, M € Py4 and that promote M for Zin N € [IA]
whenever M Mz,' promote M for #in N. If M is stubborn then the conditions of ['A] hold
trivially and so we can conclude that M € [!A]. If M is not stubborn then we have that
M ""EL promote M’ for Zin N and by assumption we have that promote M’ for Zin N ¢ ['A].
By definition we then have a number of conditions which hold when promote M for Zin N ~%

promote M" forz" in N". In particular we can take the zero reduction case, and then we have
the conditions sufficient to conclude that M € [!A].

We can now extend the definition of P.
Definition 21. Properties (P4) and (P5) are defined as follows.

(P4) If M e Pp and z € FV(M) then Az: A M € Py_op.

If M € P4y and N € Pp then MON € P, gp.

* € Pj.

If M ePyand N € Pp then (M,N) € P ¢ .

If M € P4 then inl(M) € Pagp.

If N € Pp then inr(N) € P sgp-

If NeP,y and Me P?B then promoteror:i:’inN € P4.

If N €Py and M[z := N} € Pg then (Az: A.M)N € Pp.
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2. f M ePr, N € Py thenlet M be * in N € Py,

3.If M € Pygp and N[z := M',y = N'| € Pc whenever M ~} M'®N' then
let M bez®yin N € Pe.

4. If M € P4 and N € Pp then fst((M, N)) € P4 and snd({M, N)) € Pp.

5.t Q € Pagn, M € Pc, N € P¢ and M[z := Q'] € P¢ whenever Q ~7% inl(Q') then
case Q of inl(z) —» M ||inr(y) — N € Pg.

6. If Q € Pagp, M € Pg, N € Pg and N[y := Q"] € Pc whenever Q ~+j inr(Q") then
case Qof inl(z) — M |inr(y) = N € Pg.

7.1 M € Py and N[Z := M'| € Pp whenever M ~+ promote M'for #in N then
derelict(M) € Pp.

8. If M € P14, Q € Pp and discard M in@Q € Pp whenever M ~g promote]\Z’ forfinN
then discard M in@Q € Pp.

9. If M € Pig, Q@ € Pp and

copy M as 4,7 in Q[y := promote @ for Z in N, z := promote ¥ for Zin N] € Pp
whenever M ~ promote M for Zin N then copy M asy,zin@ € Pp.
We can now prove some auxiliary facts.
Lemma 5. If P is a family satisfying conditions (P1)—(P5) then the following properties hold:

1. If for every N, (N € [A] implies M[z := N] € [B]) then A\z: A.M € [A—B].
2. If M € [A®B] and for every N, @, (N € [A] and Q € [B] implies R[z := N,y := Q] € [C])
then let M be z®y in R € [C].

3. If M € [A® B] and for all N € [A] such that Q[z := N] € [C] and for all N’ € [B] such that
R[y := N'] € [C] then case M of inl(z) — Q |inr(y) — R € [C].

Proof. We tackle each case in turn. From Lemma 4 we have already that the sets of the form [A]
have properties (R1)—(R3).

1. We know that for all variables € [A]. By assumption we have that M[z := z] € [B] and
hence M € [B]. From lemma 4 we have that M € P4. From (P4) we can conclude that
Az: AM € Py_op. Let us take a N € [A], thus N € P4. By assumption we also have that
Mz := N] € [B] and hence M[z := N] € Pg. We have from (P5) that (Az: A.M)N € Pg.
If (Az: A.M)N is stubborn then we can conclude from (R3) that (\z: A.M)N € [B]. If
(Az: A.M)N is not stubborn then its reduction path must be of the following form, where Q
is an I-term,

(Az: AM)N ~j (Az: AM')N' ~p M'[z := N']~5 Q.

We have that Mz := N] € [B] and since Mz := N] ~j M'[z := N'] ~} Q then by (R2)
we have that Q € [B]. By (R3) we can conclude that (Az: A.M)N € [B]. Thus we have have
that for all N € [A] that (Az: A.M)N € [B] and so we can conclude that Az: A.M € [A—B].

2. By assumption we have that M € [A®B] and hence by lemma 4 M € P g 5. If we take two
variables z and y, then we have that z € [4] and y € [B] and by assumption we have that
Rz := =,y := y] € [C]; hence R € [C]. If let M be z®y in R is stubborn then we have from
(R3) that let M bez®yin R € [C]. If let M be z®y in R is not stubborn then its reduction
path must be of the following form, where T is an I-term,

let M be z®y in R~j let M'®N' bez®y in R ~sp R'[z := M',y := N']|~5 T.

Since we have that M € [AQB] then we know that M’ € [A] and N’ € [B]. We know then
by assumption that R[z := M',y := N'] € [C] and hence by (R2) R'[z := M',y := N'] € [C].
We can then conclude that let M be z®y in N € [C].
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3. We have by assumption that M € [A® B] and hence we have M € P 4. Taking variables =
and y we have that Q[z := z] € [C] and Ry := y] € [C]. Hence we also have that Q € P¢ and
R € P¢. If M is stubborn it is easy to see that case M of inl(z) — Q||inr(y) — R is stubborn
also. Also by (P4) we know that case M ofinl(z) — Q|linr(y) = R € P¢. Since we know that all
the stubborn terms in P¢ are in [C], we can see that case M ofinl(z) — Q||inr(y) — R € [C].
If M is not stubborn then consider the case where M M;',' inl(M"). We have by (R2) that
inl(M") € [A @ B]. By defintion this gives us that M’ € [A] and hence M’ € P4. Thus from
(P5) we can conclude that case M of inl(z) — @ | inr(y) - R € Poc.

If case M of inl(z) — @ | inr(y) — R is stubborn then from (R3) we can conclude that
case M of inl(z) — Q| inr(y) = R € [C]. I case M of inl(z) — Q| inr(y) — R is not
stubborn then its reduction path must be of the following form, where T is an I-term,

case M of inl(z) — Q [linr(y) = R~}
caseinl(M’) of inl(z) — Q' ||inr(y) — R' ~p Q'[z:= M'|~j T.

(and similarly if M ~7 inr(M").) Since M € [A @ B] we have by definition that M’ € [A].
We have by definition that P[z := M'] € [C] and hence we have that P'[z := M'] € [C].
Performing the same reasoning for the case where M ~+} inr(M") enables us to conclude that
case M of inl(z) = @ ||inr(y) — R € [C]

Lemma 6. If P is a family satisfying (P1)—~(P5), then for every M of type A, for every substitution
¢ such that ¢(y) € [B] for every y: B € FV(M), we have that ¢(M) € [4].

Proof. By induction on the structure of M.

Case z. Trivial by the definition of ¢.

Case M N. By induction we have that ¢1(M) € [A—B] and ¢2(N) € [4]. By the definition of
[A—oB] we have that ¢ (M)$a(N) € [B]. Thus by definition of substitution ¢(MN) € [B]
where ¢ = @1 U 2.

Case Az: A.M. If we take a N such that N € [A], then we can extend a substitution ¢ to ¢t[z — N].
Using this extended substitution, by induction we have that ¢'(M) € [B] which is equivalent
to ¢(M)[z := N] € [B]. By Lemma 1 we have that Az: A.M € [A—B].

Case M®N. By induction we have that ¢;(M) € [A] and ¢2(N) € [B]. Thus we have that
$1(M) € P4 and ¢2(N) € Pp and hence by (P4) we have that M®N € P, gp. If M®N is
stubborn then we have by definition that M®N € [AQB]. If M®N is not stubborn then we
have that M®N ~+3 M'®N'. We have from (R2) that M’ € [A] and N’ € [B]. By definition
we can conclude that MQN € [A®B].

Case let M be z®y in N. By induction we have that ¢;(M) € [AQB]. We also have by induction
that ¢2(N) € [C]. By considering FV(N) it is clear that ¢, is of the form ¢st{z — P,y — Q)]
for P € [A] and Q € [B]. Hence we have that (¢3(N))[z := P,y := @] € [C]. By lemma 5 we
have that let ¢1 (M) be z®y in ¢3(IN) € [C]. By the definition of substitution we can conclude
¢(let M be z®y in N) € [C] where ¢ = ¢1 U ¢3.

Case *. From (P4) we have that *x € P; and as « is stubborn we have by (R3) that * € [I] and we
are done.

Case let M be * in N. We have by induction that ¢1 (M) € [I] and that ¢2(N) € [A]. We have that
¢1(M) € Py and ¢2(IN) € P4 and then by (P5) we have that let ¢; (M) be * in ¢2(N) € P 4.
If let ¢, (M) be * in ¢2(IN) is stubborn then we have trivially from (R3) that let ¢, (M) be *
in ¢2(N) € [A]. X it is not stubborn then its reduction path must be of the following form,
where @) is an I-term,
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let ¢1 (M) be * in go(N) ~p let * be * in N' ~5 N' ~% Q.

Since ¢2(N) € [A] then by (R2) we have that @ € [A] and hence by (R3) we can conclude
that let ¢; (M) be * in ¢g2(N) = $(let M be * in N) € [A], where ¢ = ¢; U ¢s.

Case (M, N). We have by induction that ¢(M) € [A] and ¢N € [B] and by (R2) we have that
¢(M) € P4 and ¢(N) € Pp. By (P4) we have that (¢(M),¢(N)) = ¢((M,N)) € P 45, 5. We
know from (P5) that fst(¢({M,N))) € P4 and that snd(¢({(M,N))) € Pp. Let us consider
fst(¢((M, N))) (the case for snd(¢p({M, N))) is similar). If fst(¢({(M, N))) is stubborn then we
have trivially from (R3) that fst(¢((M,N))) € [A]. If it is not stubborn then its reduction
path must be of the following form, where @ is an I-term,

fst(((M, N))) ~p fst((M', N')) ~p M’ ~p Q.

Since we have that ¢(M) € [A] we have by (R2) that @ € [A4]. By (R3) we can conclude that
fst(¢((M, N))) € [A]. By similar reasoning we deduce that snd(é¢({M, N))) € [B] and hence
by definition we can conclude that ¢((M, N)) € [A&B].

Case fst(M). By induction we have that ¢(M) € [A&B]. By definition we have that fst(¢(M)) €
[A] and hence ¢(fst(M)) € [A] and we are done.

Case snd(M). Similar to above case.

Case inl(M). We have by induction that ¢(M) € [A]. By (R1) we have that ¢(M) € P4 and
by (P4), inl(¢(M)) = ¢(inl(M)) € Pagp. If ¢(inl(M)) is stubborn then by (R3) trivially
we have that $(inl(M)) € [A® B]. If it is not stubborn then its reduction path must be
inl{(¢(M)) inl(M"). By (R2) we have that M' € [A] and hence we have by definition that
inl(¢(M)) € [fA ® B]]

Case inr(M). Similar to above case.

Case case M of inl(z) = N |linr(y) — Q. By induction we have that ¢1(M) € [4 ® B] and that
$2(N) € [C] and ¢3(Q) € [C] where ¢ = ¢4t [z — R] and ¢3 = ¢4 1 [y = S]- Thus we
have that (¢4(NV))[z := R] € [C] and (¢4(Q))[y := S] € [C]. Then by lemma 5 we have
that case ¢; (M) of inl(z) — @4(N) ||inr(y) — ¢4(Q) € [C] and thus we can conclude that
¢(case M of inl(z) — N ||inr(y) = Q) € [C] where ¢ = ¢ U ¢4.

Case derelict(M). We have by induction that ¢(M) € [!4]. By (R1) we have that ¢(M) € Pyy. If
derelict(M) is stubborn then we have from (R3) trivially that derelict(M) € [A]. If derelict(M)
is not stubborn then its reduction path must be of the following form, where @ is an I-term,

derelict(¢(M)) ~ derelict(promote M for Zin N) ~+g N[& := M'] ~5 Q.

By (R2) we have that promote M for #in N € [!4]. Then by definition (and considering the

zero reduction) we have that derelict(promote M" for #in N) € [A]. Hence by (R2) we have
that Q € [A] and thus by (R3) we can conclude that derelict(¢(M)) = @(derelict(M)) € [4].

Case discard M in N. We have by induction that ¢, (M) € [!A] and ¢2(N) € [B]. By (R1) we have
that ¢1 (M) € P14 and ¢2(N) € Pp. If ¢1 (M) is stubborn then trivially from (P5) we have that
discard ¢1 (M) in ¢2(N) € Pp. If ¢1(M) is not stubborn then ¢, (M) ~»% promote P for 'in R.
We have from (R2) that promote Pfor#Zin R € [!A]. Hence by definition we have that
discard Pin ¢2(N) € Pp.

As discard ¢1 (M) in ¢o(N) is always stubborn, (R3) holds trivially and so we have that
discard ¢1 (M) in ¢2(N) = ¢(discard M in N) € [B] where ¢ = ¢ U ¢s.
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Case copy M asz,yin N. We have by induction that ¢;(M) € [!4] and ¢2(N) € [B]. ¢

is clearly of the form ¢3 t [x — P,y — Q] where P,Q € [!A]. Thus we have that
(s(N)[z :== Py := Q] € [B]. I ¢1(M) is stubborn then by (P3) we have that
copy ¢1(M) asz,y in¢3(N) € Pp. If it is not stubborn then we have that ¢;(M) "”23_
promote P for @ in R. By (R2) we have that promote Pfor@in R € [!4]. By definition we
have that copy P as @, 7 in ¢3(N) [z := promote @ for Tin R,y := promote @ for 7'in R] € Pg. By
(P5) we can conclude that copy ¢1(M)asz,yin ¢2(N) € Pp. As it is always stubborn then we
have trivially from (R3) that copy ¢1(M) asz,y in ¢2(NN) € [B]." Thus we can conclude that
@(copy M as z,y in N) € [B] where ¢ = ¢1 U ¢3.

Case promote M for Zin N. We have by induction that ¢ (_M) € [[';1]] and that ¢2(N) € [B]
We have by (R1) that ¢;(M) € Pis and that ¢o(N) € Pp. Thus from (P4) we can
conclude that promote ¢1(_M) forZinN € Pyg. If promote ¢ (_M) forZin N is stubborn
then we have from (R3) trivially that promote ¢; (M YforZinN € [!B]. If it is not stub-
born then promote ¢ (_M) for £in N ~ promote M’ for &' in N'. We have from (R2) that
N' € [B] and from (P2) that M’ € Pj4. By taking the definition of [!B] we find that
promote ¢; (M) for Zin N € [!B]. Hence we can conclude that ¢(promote M for Zin N) € [!B]
where ¢ = q;l U .

Theorem 17. If P is a family of linear terms satisfying conditions (P1)-(P5), then P4 = A4 for
every type A.

Proof. Apply the lemma above to every term M of type A taking the identity substitution (which
is valid since for all variables = of type B we have by (R3) that « € [B]). Thus M € [A] for every
term of type A, i.e. Ag C P4. Since it is obvious that P4 C A4, we can conclude that in fact
Py =A4. |

5.2 Strong Normalization and Confluence

As we mentioned earlier, now we have an alternative definition of the linear terms we can use this
to check the terms for the desired properties. Indeed the proofs turn out to be rather simple as
all need to show is that the set of strongly normalizing and set of confluent terms both satisfy the
definition of P.

Theorem 18. The reduction relation, ~+4, is strongly normalizing.

Proof. Let P be the family defined such that P4 = SN4 where SN4 is the set of strongly
normalizing terms of type A. By Theorem 17 we simply have to show that this 7 satisfies the 23
conditions (P1)-(P5)! First we shall make the following observation which will facilitate the proof.
Since there are only a finite number of redexes in a term, then its reduction tree must be finitely
branching. If a term is strongly normalizing (SN), every path in its reduction tree is finite and
by Kénig’s lemma we have that the tree is finite. For any SN term, M, we shall write d(M) to
denote the depth of its reduction tree. We can now check the conditions (P1)-(P5). As there are
23 conditions to check, we shall present only a few representative cases.

(P3)(1) We assume that M is simple, M € SNy o5, N € SN4 and that (\z: A.M')N € SNp

whenever M MZ,’" Az: A.M'. Consider MN ~»g P. It is either the case that P = M1 N where
M ~»g My or P = MN; where N ~»g N;. Considering the former when Mj is simple or the
latter case, it is easy to see that by induction on d(M) + d(N) we have that P € SNp and
hence that M N € SNg. If we take the former case where M; = Az: A. M’ then we have by
assumption that P € SNp and hence we are done.
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We assume that M is simple, M € SNy and that derelict(promote M for Zin N) € SNy
whenever M ME promote M’ for£in N. Let us consider derelict(M) ~»3 P. We have
that either P = derelict(M;) where M, is a simple term and that M ~g M; or that

P = derelict(promote M for Zin N) where M ~»g promote M for #in N. In the former case by
induction on d(M) we have that P € SN4. In the latter we have that P € SN4 by assumption
and so we are done.

We assume that M is simple, M € SNy, @ € SN and that
discard (promote M for Zin N)in@ € SNp whenever M Mz; promote M for Zin N. Let us
consider discard M in Q ~3 P. We have three alternatives: Firstly, that P = discard M; in Q
where M ~g M; and M is simple. Secondly where P = discard M in Q; where Q ~4 Q1.
Thirdly where P = discard (promote M for Zin N)inQ where M ~+5 promote M'forZin N.
By induction on d(M) + d(Q) the first two cases give that P € SNg. Considering the latter,
we have by assumption that P € SNp and so we are done.

We assume that M € SNp. Let us consider AA.M ~g P. It is clear that P = Az: A.M;
where M ~»g M;. By a simple induction on d{M) we have that Az: A.M € SN4_o5.

All the other cases for (P4) hold in the same (trivial) way.

We assume that N € SNy and Mz := N] € SNp. Consider (Az: A.M)N ~p P. We
have three possibilities: firstly, where P = (Az: A.M;)N where M ~»3 Mji; secondly where
P = (Az: A.M)N; where N ~»5 Ny and thirdly where P = M'[z := N] where M = Az: A.M’.
Considering the first two cases, by induction on d{(M) + d(N) we have that P € SNg. By
assumption we have that for the third case P € SN and so we are done.

We assume that M € SNj4 and that N[f := M'] € SNp whenever M ~
promote M' for Zin N. Consider derelict(M) ~+g P. Either P = derelict(M;) where M ~»g Mj;
or P = N[# := M'] where M ~»3 promote M" for Zin N. In the former case, by induction on
d(M) we have that P € SNp. In the latter case we have by induction that P € SNg and we
are done.

We assume that M € SNy, @ € SNy and that discard M in @ € SNg whenever M ME
promote M'forZin N. Let us consider discard M in Q ~pg P. We have three possibilities:’
Firstly where P = discard M; in Q where M ~»g Mji; secondly where P = discard M in Q1
where ) ~5 1 and thirdly where P = discard M'in () where M = promote M'forZin N. In

the first two cases, by induction on d(M) + d(Q) we have that P € SNp and for the third
case we have by assumption that P € SNg and hence we are done.

Roorda [75, Chapter 21] has also proved strong normalization for (classical) linear logic using a
technique proposed by Dragalin [26]. Benton [12] has proved strong normalization for the multi-
plicative, exponential fragment of the linear term calculus by devising an ingenious translation into
terms of System F. This translation has the property that it preserves redexes and thus we can use
the fact that System F is strongly normalizing to deduce strong normalization for the linear term
calculus. We shall now consider the property of confluence.

Theorem 19. The reduction relation, ~»g, is confluent.

Proof. Let P be the family defined such that P4 = CR4 where CR4 is the set of confluent terms
of type A. Again all we have to show is that this P satisfies the 23 conditions (P1)-(P5). Again we
shall content ourselves with only a few examples.

(P3)(1) We assume that M is simple, M € CR4_op, N € CR4 and (\z: A.P)N € CRp whenever

M ME Az: A.P. Let us consider MN ~% R. It can be of two forms: Firstly MN ~% M'N'
where M ~% M' and N ~7; N'. We shall call this an ‘independent’ reduction. Secondly, it

could be of the form M N «»; (Az: A.P)N ~}% (Az: A.P')N' ~ap5 P'[z := N'] ~% R, which we
shall call a ‘top-level’ reduction. We thus have 4 cases to consider.
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1. Two independent reductions: MN «»2‘, MiNy and MN MZ‘, Ms>N,. Since we have
by assumption that both M and N are confluent, we then have a term M;3N3 where
M M’[, M3, M, 'v)’[‘; M3, N M’[, N3 and N, ~p N3 and then we are done.

2. Two top-level reductions:

MN M}' (Az: A.M1)N ~j (Az: A.M1)Ny ~p Mi[z = Nij ~g Ry

and
MN ME (Az: A.M3)N ~f (Az: A.M2)Na ~g Mz[z := Na] ~7% Ry.

Since confluence holds for M, there is a M3 such that Az: A.M; M;, M3 and Az: A. M MZ‘,
M;. Hence we have that (Az: A.M;)N ~% M3N and (Az: A.M;)N ~5 R;. By assump-
tion, then we have an Rz such that M3N M;, R3 and R; "”Zi R3. We also have that
(Az: A.M3)N ~7 Rz and (Az: A.My)N ~7 Ry. Hence, also by assumption, there is a
term R4 such that Ry ~5 R4 and Rg «»2‘, R;. Thus we are done.

3. One independent and one to-level reduction:
MN M; (/\.’IT‘ZA.Ml)N ~g (Az: A.M)Ny ~p My[z:= Ni]~5 Ry

and
MNM’;; M2N2 = R2.

As M and N are confluent by assumption, we have that there is a R3 such that
(Az: A.M1)N1 ~}% R3 and R; ~} Rs. Again, by assumption, the term (Az: A.M;)N; is
confluent, and thus there exists a term R4 such that R; '\”Z* R4 and R3 Mf, Ry4. Thus we
are done.

4. The symmetric case to the above. (Omitted)

(P3)(3) We assume that M is simple, M € CRi4 and derelict(promote PforZinQ) € CRia
whenever M ~+} promote Pfor#in@. Let us consider derelict(M) ~% R; again, it
can be an independent reduction: derelict(M) ~j derelict(M') where M ~j M', or

it can be a top-level reduction where derelict(M) M"!' derelict(promote P for Z in Q) ~%
derelict (promote P for # in Q') ~og Q' 1= P ~% R. We have 4 cases to consider.

1. Two independent reductions: derelict(M) ~5 derelict(M;) and derelict(M) ~}
derelict(Mz). As M is confluent by assumption, then there is a term Mj such that
derelict(M1) ~+} derelict(M3) and derelict(Mz) ~+} derelict(M3) and we are done.

2. Two top-level reductions:

derelict(M) ~+} derelict(promote P, for £in Q1)

~» % derelict(promote P! for £3 in Q1) ~p Q[ := P!] ~% Ry
and .

derelict(M) ~ derelict(promote P, for Zin Q3)

~% derelict(promote 132’ for Zin Q%) ~p Q4[Z :== 132’] ~% Ra.
We have that ]\/__{ is confluent and so we have that there is a term R3 such that
derelict(promote P for #in Q1) ~} derelict(R;) and derelict(promote P, for Zin Q2) ~+j
derelict(R3). By assumption we than have that there exists a term R4 such that
derelict(R3) M;; R4 and Ry M}} R4. Also given that derelict{promote P; for ¥in Q2) is

also a confluent term by assumption, then there exists a term Rj such that Ry «»z‘, Ry
and R, «»2‘, Rs. Thus we are done.

3. One independent and one top-level reduction:

derelict(M) M; derelict(promote P, for Zin Q1)
~+ derelict(promote P; for Zin Q1) ~g Q}[Z := 13{] ~5 Ry



98 Chapter 3. Term Assignment

and

derelict(M) ~+j derelict(Ma) = Ry.
As M is confluent by assumption, we have that there is a term Rz such that
Ry ~% Rs and derelict(promote P; for Z'in Q1) ~% Rs. Again, by assumption, the term

derelict(promoteﬁl for £in Q1) is confluent, and thus there exists a term R4 such that
Ry '\»2‘, R4 and Rj 'v);, R4. Thus we are done.

4. The symmetric case to the above. (Omitted)

(P4)(1) We assume that M € CRp. If we have that Az: A.M ~j M and Az: A.M ~} Mj, then it
must be the case that M> = Az: A.M; and M3 = Az: A.M;3 where M ~j M; and M ~j Mj.
By assumption there exists a term My such that My ME Az: A.My and M3 ME Az: A.M4 and
hence we are done. All other cases for (P4) are similar.

(P5)(8) We assume that M € CRja, @ € CRp and that discard P in Q € CRp whenever M "”fi
promote P for Zin Q. Again we have two sorts of reductions and hence 4 cases to consider.

1. Two independent reductions: discard M in @ Mz; discard M; in )1 and discard M5 in Q2.
Since we have assumption that both M and @ are confluent, then there are terms
M3 and (3 such that discard M; in @ "”B discard M3 in Q3 and discard M3 in Q2 «»E
discard M3 in ()3 and so we are done.

2. Two top-level reductions:
discard M in @ ~» discard (promote B, forZin N1) in Q1 ~g discard Plin Q1~p Ry
and
discard M in Q ~» discard (promote P, for £ in Ny) in Qg ~+ discard PinQ, ~p Ra.

As M and @ are both confluent by assumption, we have that there exists a term,
discard M, in Q3, such that discard (promote P for #in N;) in Q; ~ discard My in Qs and

discard (promoteﬁg for Zin N3) in Q2 ~g discard Ms in 3. In fact, My must be of the
form promote P, for Zin N3. Thus we have that discard (promote P, for Zin N3)in Q3 ~g

discard P in Q3. We have by assumption that discard P, in Q1 is confluent, and so there
exists a term R3 such that R, 'v»;; R3 and discard P; in (3. We also have by assumption

that discard 132 in Q5 is confluent and so there exists a term R4 such that R3 r\»;; R4 and
Ry r\a’[, R4. Thus we are done.

3. One independent and one top-level reduction:
discard M in ) ~ discard (promote P, for #in N1) in Q1 ~g discard PinQy ~p Ry

and
discard M in Q '\”Zi discard M> in Q2 = Rs.

As M and @ are both confluent by assumption, we have that there exists a term,
discard M3 in Q3, such that discard (promote P; for £in N;) in @ '\/)2; discard M3 in Q3
and discard My in Qs Mf, discard M3 in 3. In fact M3 must be of the form
promoteP; forZin N;. Thus we have that discard (promotels; for Zin No) in Qs ~p
discard P, in Q3. We have by assumption that disca_’rd P, in Q is confluent and so there
exists a term Rj3 such that Ry ~} Rs and discard P3 in Q3 ~3 Rs. Also by assumption,
discard 132 in Q2 is confluent and so there exists a term R4 such that Rs '\»E R4 and
R3 "”B R4. Thus we are done.

4. The symmetric case to the above. (Omitted)
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6 Compilation into Linear Combinators

In §4.3 of Chapter 2 we gave a procedure for translating deductions from the natural deduction to
the axiomatic formulation. By using the Curry-Howard correspondence, we can express this as a
translation from terms of the linear term calculus to linear combinators. (As we mentioned earlier,
this can be thought of as an implementation technique in a similar way to that proposed by Turner
for the A-calculus.) We give the resulting translation procedure, [—]¢, in Figure 3.12.

[z]c z
[Az: A.M]c lz] [M]e
[MN]c [M]c [N]c
ﬂ:*]]c unit
[let M be * in N]c (let [N]c) [M]c

def

def

def

def

def
[MeN]c ¥ (tensor [M]c) [N]c

[let MbezgyinNlg = (split [M]o) (2]([y] [N]c))

(M, N)e & with([M]c,[NIc)
[fst(M)]e ¥ fst[M]c
[snd(M)]e % snd[M]c
inl(M)]c % inl[M]c
[ine(M)]e % inr[M]c

[case M of inl(z) — N |linr(y) = PJc ::i sdist (with([z][N]c,l[Plc)) [M]c

[true(M)]c < term(tenmsor...
tensor [Mi]c [M2]c ... [Mn]c)

[falses(37 ; Mo ¥ init[N]e [Mi]c...[Ma]c
[discard Min Nlc % (disc[N]c) [M]c
[copy M asz,yin N]o % (dupl ([=](fy] [N]o))) [M]o
I[[derelict(M)]]c def eps [M]c
[promote M for #in NJc % acc(promote([z][N]c), [M]c)
where  accle, [fi, fa,--.]) = acc((B (ediste) delta f1),[fa, .. .])
acc(e,[) = e

Figure 3.12: Compiling Linear Terms into Linear Combinators

We can also give a translation function, [—], in the other direction, namely converting combi-
natory terms into linear terms. This is given in Figure 3.13.

As we might have expected, these translation functions have the desired property in that they
map valid linear terms to valid combinator terms and vice versa.

Lemma 7.
1. ¥Z:T> M: A then Z:T = [M]c: A.
2. £ Z:T' = e: A then Z:T'v [e]a: A.

Proof. By structural induction. |

We did not mention reduction for the axiomatic formulation in Chapter 2, not least because it seems
hard to motivate unless considered within the context of an equivalent term calculus. Indeed, to the
best of my knowledge, there does not seem to be any natural method for deducing the reduction
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[Talr
[Ba,B,clr
[Ca,B,clA

[tensors g]a
[splity pcla

[unit]y
|[let A]] A

[[fstA’B]]A
[[sndA,B]],\
I[WdiStA,Byc]])‘

I[inlA,B]])\
[inrA,B]])‘
ﬂisdiStA,Byc]])‘

I]:ini‘t‘.A]],\
[terma]x

[dupl 4]
[[diSCA’B]])\
[eps 4]
[delta]
[edist 4, p]A

[z]x
lef1x
[with(e,f)]x

[promote(e)]x

Az Az
Ag i (B—C).Af: (A—B).\z: A.fgz
Af 1 (A—o(B—oC)). Az : By : A.fyz

Az : ANy : B.aQy
Az : AQB.AS : (A—o(B—oC)).let z be y®z in fyz

Ar:A)dy:Iletybe x inx

Az : A&B fst(z)
Az : A& B.snd(z)

Af : ((A—oB)&(A—C)). Ay : A((fst(f)y), (snd(f)y))

Az : A.inl(z)
Ay : B.inr(y)

Af 1 ((A—C)&(B—oC)).\z: A ® B.
case z of

inl(z) = (fst(f))z [ inr(y) = (snd(f))y

Az: ffalseq(-; z)
Az: A.true(z)

Af : 1A—(1A—oB)). Az :!A.copy z as y, z in fyz

Az : B.\y :!A.discard y in z

Az :1A.derelict(z)

Az :1A.promote z foryiny

Af :[(A—oB).\z ! A.promote f, z for g,y in (derelict(g)derelict(y))

T

lelx [f]x
(([eln)s (LA

promote _for _in [e]

Figure 3.13: Compiling Linear Combinators into Linear Terms
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rules. As we used the natural deduction formulation to deduce the set of combinators initially, it
seems appropriate to use the equivalence between linear terms and linear combinators along with
the B-reduction relation for linear terms to determine the reduction rules for the linear combinatory
terms. The resulting reduction relation, ~+,,, (where the w refers to the ‘weak’ sense of reduction)
is defined in Figure 3.14.

Ie ~»y e
Befg ~y e(fg)
Cefg ~w (eg)f

split (tensore f)g ~y gef
leteunit ~+y €

fst (with(e,f)) ~ryp €
snd (with(e,f)) ~w f
wdist (with(e,f)) g ~+w with(eg,fg)

sdist (with(e,f)) (inlg) ~ eg
sdist (with(e,f)) (inr g) ~u» fg

eps (promote(e

delta (promote(e

edist (promote(e)) (promote(f
disc e (promote(f

dupl e (promote(f

) ~w e

)) ~», promote(promote(e))

)) ~ promote(ef)

) ~w e

)) ~w e (promote(f)) (promote(f))

Figure 3.14: Weak Reduction for Combinatory Terms

We have that this reduction relation reduces valid (combinatory) terms to valid terms. This
property is related to subject reduction for the linear term calculus.

Lemma 8. If Z:T" = e: A and e ~, f then Z: T = f: A.
Proof. By induction on the structure of e. : ||
In addition we have some further properties of linear combinators which we shall find useful.’

Lemma 9.
1. FV([z]e) = FV(e) — {z}
2. ([z]e)z ~% e
3. ([z]le)f ~% e[z == f]

Proof. All by induction on the linear combinatory term. | |

We can now consider the similarity between reduction for the linear combinatory terms and for the
linear terms. As is the case for the A-calculus [39, Chapter 9], one direction is easy.

Lemma 10. If e ~,, f then [e]s ~g [f]a-

5We defined the set of free variables of a linear combinatory term (denoted by FV (e)) in Figure 3.5.
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Proof. By induction on the structure of e. |

The other direction, that S-reduction is mirrored by w-reduction, fails for the A-calculus (and is why
reduction for combinatory logic is referred to as ‘weak’). Our refined use of ILL gives a glimmer of
hope for this problem. For a fragment of the term calculus (the non-exponential fragment) we find
that the required lemma does hold.

Lemma 11. Let M be a non-ezponential term. If M ~+5 N then [M]c ~3, [N]c.

Proof. By induction on the structure of the linear term, M. |

However, as for the A-calculus [39], we still do not have an immediate relationship between the
respective notions of normal form. This is a serious problem and one that has, by and large, been
ignored by the functional programming community (for one), who use combinatory reduction to
implement S-reduction in compilers [71, 78]. Despite our use of the refined setting of ILL, so far we
gain no new insight into this problem; this remains an important open question.

Proposition 5. If e is in w-normal form, then it is not necessarily the case that [e] is in S-normal
form.

Proof. (Counterexample) Consider the combinatory term let e. It is in w-normal form, but its
translation (Az.\y.lety be * in z)[e] is clearly not in S-normal form. |

7 Translations

In §5 of Chapter 2 we considered the logical power of ILL. In particular, we saw how the exponential
regained the power of IL and to that purpose we detailed a translation procedure, originally due
to Girard [31], from a natural deduction formulation of IL into the natural deduction formulation
of ILL. We can apply the Curry-Howard correspondence to this translation procedure to derive a
translation from the extended® A-calculus to the linear term calculus. First of all let us recall the
natural deduction formulation of the extended A-calculus in Figure 3.15.

We shall denote the term translation function as | — |°. However, the translation is really on
derivations rather than terms. There is a slight problem for the extended lambda calculus in that
there is no syntax for the structural rules, in particular the rule of Weakening. Thus there is no
difference between the term associated with the proof of I' + A and one of I', A + A which differs
only by its instances of the Id rule (where the Weakening rule is embedded). This is a fault of the
extended A-calculus: the terms do not encode precisely the proof trees. Thus we shall include the
context with the translation function, thus | — |2. We give the translation procedure in Figure 3.16.
‘ It should be noted that in some places a-conversions have been included. This is to ensure that

the free variables of the original and the translated term are the same. As we might expect the
translation maps valid A-terms to valid linear terms.

Theorem 20. If by #:T'> M: A then Fyrp Z:1(°) o |M|p: A°.
Proof. By structural induction and use of Figure 3.16. |

Let us return to the question raised in Chapter 2 concerning the preservation of normal forms by
the Girard translation. Take the A-term Af: A D B.Az: A.fz. Clearly this term is in (5, ¢)-normal
form. However, consider its translation into a linear term:

Af:1({A—oB).Az:1A.copy f,zas f', f', ', ="
in
(discard z’ in derelict(f'))(promote f",z" for f, z in (discard f in derelict(z)))

5The phrase ‘A-calculus’ normally applies just to the implication fragment. We shall use the prefix ‘extended’ to
refer to the term calculus corresponding to the whole of IL.
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—Id
DizAvz: A
' M: L
——(L¢)
TbVa(M): A
I'sM:A IT'>N:B I'sM:AAB I'>M:AAB
Az Ne-1) ——————— (Ae-2)
P> (M,N):AAB Lo fst(M): A I'>snd(M): B
T z:Av M:B I'sM:AD>B I'>N:A
(D1) (D¢)
I'pAz:AM:ADB I'sMN:B
ToM:A o) LoMB
Toinl(M):AVEB  © Toine(M):AVB  ~

I'>M:AVB I,z: Av N:C Ty:Bv P:C
I'>case M of inl(z) — N ||inr(y) = P:C

(Ve)

Figure 3.15: The Extended A-Calculus

Although this term is in #-normal form, it is clearly not in ¢-normal form (the c-redex is underlined).
This essentially reveals an open problem concerning the desired evaluation strategy of a linear
functional language. We shall discuss this further in Chapter 5

As given in Definition 12 of Chapter 2, there is an alternative translation, (—)*, which for the
(D, A)-fragment of IL only involves the multiplicatives. Extending it to a translation on terms gives
a translation which is the same as that in Figure 3.16 expect for the translation of pairs, which is
as follows.

def

(M, N): % copy@as, Zin
(promote 7 for & in | M |})®(promote Z for Z in | N|§)
(M) L let | M[% be y®z in (discard z in derelict(y
r r

def

|snd(M)|% ‘let | M|} be y®z in (discard y in derelict(z))

Of course, this translation function has the same desired property as the Girard translation.
Theorem 21. If byp £:T'> M: A then bFrrp :1(T) o | M|f: A*.
Proof. By structural induction. |

Also in Chapter 2 we gave a translation, (—)°, from ILL to IL. Again we can apply the Curry-
Howard correspondence to this translation to derive a translation from the linear term calculus to
the extended A-calculus. We give the translation procedure in Figure 3.17.

Of course, this translation procedure has the expected following property.

Theorem 22. If Frpp I'> M: A then Fpp I'n> |M|S: AS.

Proof. By structural induction. | |
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|yl
|Ay: A.M|p
|MN|p

(M, N)[p
[fst(M)]
|snd(2)|z.
Va7
[inl(M)][p
[inr(M)|7
case Mof inl(y) =N |°

inr(z) > P |,

where I' = &.

discard Z in derelict(y)
Ay !A°.(|M|§U{y})
copy Fas &', o'
in (|M[Z := =']|3 ) (promote & for & in |N|2))
(M2, IN]2)
fst(|M]3)
snd(|M1z)
falseq(-; |MI})
inl(promote Z for z' in (|M[Z := z']|2))
inr(promote_’:i:’f_?r:1;7 in (|M[Z := 21]|2))
copy Zas ', z" .
in case |(M[Z := z'])|p of
inl(y) = (N[Z = 2"DI3 g,
inr(2) = |(P[Z == ) T

Figure 3.16: Translating A-Terms into Linear Terms

|=I®
|[Az: A.M|®
|MNS
|M®N|3
|let M be z®y in N|S
(M, N)[®
[fst(M)[S
|snd(M)|3
linl(M)
linr(2)[°
case M of inl(y) —» N || S
inr(z) = P
|falses (N ; M)]S
|discard M in N|S
|copy M as z,yin N|5
|promote M for #in N|S

|S

def

E Az A4S M5

j=:§ |M|S£N|SS

= ('Ms"'N” s S

= INPlo = (M%), y = snd(IN])

= (M, NP

L fst(IMP)

L snd( M)

T inl( M)

= (M)

df  case [M|Sof inl(y) = |N® ||
inr(z) = |P|’

jfi vAgMF)

o N S

= INPlay = M

= |NPS[Z = |M]S]

Figure 3.17: Translating Linear Terms into A-Terms
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Categorical Analysis

1 Linear Equational Logic

Traditional (categorical) treatments of many-sorted equational logics [60, 22] assume that the
rules for term formation automatically contain the structural rules of Weakening, Contraction and
Ezchange. This leads to the result that a categorical model for a many-sorted equational logic is at
least a category with finite products. Here we are considering linear logic, where we do not have
Weakening and Contraction, so we need to linearize the equational logic. We shall proceed in detail
through the standard definitions, although, of course, in the linear set-up.

1.1 Signatures, Theories and Judgements
A signature, Sg, for a linear equational logic is specified by the following.
e A collection of types: o, 7, ...

e A collection of function symbols: f, g, ...

e A sorting for each function symbol, which is a non empty list of types. We shall denote the
sorting of f as f:01,...,0, = 7. If n = 0 then we say that f is a constant of type 7.

Suppose we are given a signature Sg for a linear equational logic, we can then define an abstract
syntaz signature, 3, by two sets

1. Ar ={TERM}
2. Con={f € Sg|if f:01,...,0n, = 7 then f: TERM™ — TERM} U {v1,...} .

We say that the raw terms of a linear equational logic generated by the signature Sg are exactly
the closed expressions of the abstract syntax generated by ¥ which have arity TERM.
A context is a finite list of pairs of (object level) variables and types and is denoted

T=[z1:01,...,Zp:00]

It is assumed that the z; are distinct. Given two disjoint contexts I' and A we denote their con-
catenation by I', A and given a context I" and a pair y: 7, their concatenation by T, y: 7.

A term in context consists of a raw term M and a context I" containing all the variables occurring
in M. We denote it using a judgement of the form

T'vM:o.
These judgements are generated by the rules
Identity
T:0bTI0 ’
and L.
oMoy ... TpbMuo, where f:01,...,0, = 7 isin Sg

Sort.

Fl,...,Fan(Ml,...,Mn)IT
We can show that there are two further admissible rules.

1The v; are object level variables.

105
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Lemma 12.
1. ¥A>M:0 and I',z: 0> N:7 then I' A> N[z := M]: 7.
2. T z:o,y: 7> M:v then I'y: 1y z: 0 > M:v.

Proof. Both by structural induction. |
Writing these admissible rules out in full amounts to the rules

A>M:o ,z:ob N:1
T,Av N[z := M]:7

Substitution,

and
Tzioy:7>M:v

Ezchange.
Ly:ryz:o> M:v

An algebraic theory, Th, is a pair (Sg, Az), where Sgis a signature and Az is a collection of equations
in context. An equation in contezt is of the form

I'b M =N:o,

where I'> M: 0 and I'> N: o are (well formed) terms in context.

The equations in Az are often referred to as the axioms of the theory Th. The theorems of Th
consists of the least collection of equations in context which contain the axioms of Th and are closed
under the rules

I'bM:o

——————— Reflexive
I'sM=M:0o
I‘DM:N:US ;
—— Symme
T N=M:o y v

I'b M =N:o ' N=P:o

Transitive

' M=P:.o

AvM =N:o Fz:obP=Q:7
ILAv Plz:= M) =Q[z:=N):7

Substitution.

2 Categorical Semantics for Linear Equational Logic

For completeness let us first define a symmetric monoidal category.

Definition 22. A symmetric monoidal category (SMC), (C,e,1,a, A, p,7), is a category C equipped
with a bifunctor e: C x C — C with a neutral element 1 and natural isomorphisms ¢, A, p and +:

1. appc:Ae(BeC) =5 (AeB)eC
2. da:1ed4 55 A

3. parAel -3 A

4. yap:AeB -3 Be A,

which make the following ‘coherence’ diagrams commute.

A.(B.(C.D))M (AoB)o(CoD)a_A'.B’iC; ((AoiB)oC)oD

idg e aB,c,D l QA B,C® idp

Ae((BsC)eD) — (4o (BeC))eD
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(AeB)eC 2488 4e(BeC) TAEC, (BaC)e s
Y4,B ® idc aB,c,A
(BeA)eC P Be(Ae() p e Tac Be(CeA)
Ae(1eB) 22448 (441)eB AeB B Bes
idg e Ap paeidp AN 1B,A
A;B:AOB AeB
Aol T4, 144
PA Aa
A———A

The following equality is also required to hold:

A = pr:lel—l

Definition 23. A symmetric monoidal closed category (SMCC), (C,e,—0,1,0, A, p,7), is a SMC
such that for all objects A in C, the functor —®A has a specified right adjoint A—o—.

Let C be a SMC (C,e,1,a,,p,7). A structure, M, in C for a given signature Sg is specified by
giving an object [¢] in C for each type o, and a morphism [f]: [o1] e ... [o,] — [7] in C for each
function symbol f:01,...,0, = 7. In the case where n = 0 then the structure assigns a morphism
[e]:1 — [7] to a constant c: 7. ’

Given a context ' = [21:01,...,Zp:05] we define [I'] to be the product [o1] e ... e [0,]. We
represent the empty context with the neutral element 1. We need to define the bracketing convention.
It shall be assumed that the tensor product is left associative, i.e. A; @ Az e ... e A, will be taken
to mean (...(A; @ Ay)e...) e A,. We find it useful to define two ‘book-keeping’ functions,

Split(T', A): [T, A] - [I] » [A]

)\Zl If I' empty
—1
Splir, &) & £8 o ety

Split(T, A') eida;arp, s FA=AA

Join(T, A): [T, A] — [I] « [A]

AA KT empty
Join(r, ) ¥ & £8 o oy

araa;Join(l, AN eidg HA=A"A
We shall also refer to indexed variants of these; for example

Splitn(I‘l, . ,Fn)l IIFl, .. ,I‘n]] — I]:FI:[I e...0 IIFn]],
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which is defined in the obvious way.
The semantics of a term in context is then specified by a structural induction on the term.

[z:0b2:0] e id,

[Ci,..,Tud f(My, ..., Mp):7] % Splitn(Ty,...,Tp); [T1> Miioq] e ... o [T b Mp:oa]: [f]

We have seen earlier that we can consider two further admissible rules for forming terms in context.
Let us consider the categorical import of these rules; firstly the Ezchange rule.

Lemma 13. Let I',2:0,y: 7> M: v be a valid term in context, then

[T,y:m,z:0> M:v] = ar_\,%,,a;idp Y600 07 [Tz 0,y 7> M:v].

This essentially means that the Ezchange rule is handled implicitly by the symmetry of the model
(i.e. the 7 natural isomorphism). Now let us consider the Substitution rule.

Lemma 14. Let z1:01,...,Zn:0n> M:7, 1> My:09, ..., [y b My,: 0, be valid terms in context
then

[T1,..., 0> Mlzy := Ni,...,zn = Np]: 7] =
Splitn(T'1,...,Tp);[T1 > Ni:or]e... o [Ty b Npiop]; [21:01,. .., Tnion > M:7].

Proof. By induction on the derivation. ||

The above lemma, represents an important feature of categorical logic and one which will be central
to this chapter and as such deserves to be repeated: substitution in the term calculus corresponds
to composition in the category.

Let M be a structure for a signature Sg in a SMC C. Given an equation in context for the
signature

I's M = N:og,

we say that the structure sotisfies the equation if the morphisms it assignsto ' M:0 and I'> N: o
are equal. Then given an algebraic theory Th = (Syg, Az), if a structure M satisfies all the equations
in Az it is called a model.

Theorem 23. Let C be a SMC, Th an algebraic theory and M a model of Th in C. Then M
satisfies any equation in context which is a theorem of Th.

Proof. Essentially we are trying to show that if I' > M = N:¢ is a theorem then [I'> M:0] =
[T> N:o]. Since M is a model we know that it satisfies all the axioms of Th. Thus we need to
show that it satisfies all the equations given in §1.1. It is trivial to see that it satisfies Reflexive,
Symmetric and Transitive. It satisfies Substitution by induction and from Lemma 14. ]

3 Analysing the Linear Term Calculus

In the previous section we have seen that to model an equational logic with just the structural rules
of Identity, Exchange and Substitution, we need a SMC. We take this as a basis and consider the
linear term calculus from Chapter 3. In that chapter we identified a series of S-reduction rules. Here
we shall take those as equalities to form equations in contexts.

After giving the signature for the linear term calculus we shall consider each rule in turn to
discover what extra structure is needed on top of a SMC to model the calculus. We shall also make
some simple assumptions which will uncover some #n-like rules as well as some rules which follow
from considerations of naturality.
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3.1 Preliminaries

Definition 24. A linear term calculus signature (LTC-signature), £, is given by

¢ a collection of types. We have a collection of ground types which contains the distinguished
ground types I, t and f. The collection of types is given by the following grammar

A | ARA| AoA| ALA| A A| A

where -y represents any ground type,

¢ a collection of function symbols, containing the distinguished symbols App, Lamy, Tensor,
Split4,,4,, Unit, Let, With, Fst, Snd, Inl, Inr, Case, True, False4, Copy 4, Discard 4,
Derelict and Promotey,,... 4, , and

e a sorting for each function symbol.

Given such a LTC-signature, we can define an abstract syntax signature ¥ = (GAr, Con). The
collection of ground arities is just the set {TERM}. The collection of constants Con consists of
the basic function symbols, which are given the arity TERM®™ — TERM whenever they have the
sorting Aj,...,An = Apy1 in Sy, a countably infinite set of object level variables with arity TERM,
together with the distinguished function symbols. To these distinguished function symbols we assign
the following arities:

e App: TERM— TERM— TERM

¢ Lamy: (TERM— TERM) — TERM

e Tensor: TERM— TERM— TERM

e Split: TERM— (TERM? — TERM)— TERM
e Unit: TERM

e Let: TERM— TERM— TERM

¢ With: TERM— TERM— TERM

e Fst,Snd: TERM— TERM

¢ InlInr: TERM— TERM

e Case: TERM— (TERM— TERM) — (TERM— TERM) — TERM
e True: TERM" — TERM

e False:TERM—(TERM"™ —TERM)

e Copy: TERM— (TERM? — TERM)~} TERM
e Discard: TERM— TERM— TERM

e Derelict: TERM— TERM

e Promote: TERM™ —(TERM"™ —TERM)— TERM

We can now give the rules for forming (object level) terms in context. These judgements are the
same as for the simple linear equational logic but from the enriched signature £ given in Definition 24.
These judgements are as follows.
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Identity
T Ab

'ioMi:Ar ... TpavMaA, where f: A;,..., A, > Bisin Sy
Fl,...,Fan(Ml,...,Mn)ZB

Sort

I,z:AbM:B I'> M:A—oB ApN:A

> Lama((z)M): A—oB (~oz) T, A App(M,N): B (~e)

I'oM: A A>N:T
—(Iz1) (Ie)
>Unit: I I'AbLet(M,N): A

T'oM:A A>N:B A> M:AQRB I'z:A,y:B>bN:C

® ®
T, A > Tensor(M,N): A®B (®z) T, Av Split(M, (z,y)N):C (@)

'sM:A AvN:B I's M: A&B I'v M: A&B

& &e.. T (e
T, A > With(M, V) AGB 2 I‘DFst(M):A( £-1) 1"1>Snd(M):B( £-2)

F]_DMliAl FnDMn:An " F1DM12A1 FnDMn:An Ap> N:f
T1,...,CnbTrue(M):t = T1,...,Tp, Av Falseg (M, N): B

(fe)

T'vM:A ' M:B

TG AeB 7 ToTar(M):A® B 2

I'sM:Ao B A,z: Av N:C A,y:Bv P:C
I, Av Case(M, (z)N, (y)P):C

(®e)

Ajp Mi:1A - Ap> Mp:lA, z1:141,...,2,: 14, > N: B
Ay, ...,Ap> Promote(Mi,..., My, (z1,...,2,)N): !B

Promotion

'v M:1A A>N:B
I', A > Discard(M, N): B

Weakening

Av M:1A Dz:1A,y:1Ab N: B

Contraction
I, A Copy(M, (z,y)N): B

TeM: 1A
I'> Derelict(M): A

Dereliction

However to keep consistency with the rest of this thesis we shall not use this Martin-Lof-style
notation for the linear term calculus. Rather we shall use the same syntax as in Chapter 3. Of
course, the two notations are equivalent and before proceeding we shall list this equivalence.

App(M,N) <= MN
Lamy((z)M) < Az:AM
Tensor(M,N) <= MQ®N
Split(M, (z,y)N) <= let M bez®yin N
Unit <~ =«
Let(M,N) <= letMbe x inN
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With(M,N) < (M,N)
Fst(M) <= fst(M)
Snd(M) <= snd(N)
Inl(M) <= inl(M)
Inr(M) < inr(M)
Case(M, ()N, (y)P) <= case M ofinl(z) -+ N |inr(y) = P
True(M) <= true(i)
Falses(M,N) <= falsey(M ; N)
Copy(M, (z,y)N) <= copyMasz,yinN
Discard(M,N) <= discard M in N
Promote(M, (£)N) <= promote M for Zin N

Using this more familiar syntax the judgements for forming valid terms in context are repeated in
Figure 4.1.

It is easy to check that within this enriched theory the rules for Substitution and Ezchange are
still admissible.

A linear term calculus theory (LTC-theory), T, is a pair (£, A) where £ is a LTC-signature and
A is a collection of equations in context. An equation in context, as before, takes the form

I'oM=N:A,

where I'b M: A and I'> N: A are valid terms in context as generated by the rules in Figure 4.1. The
equations in 4 are known as azioms of the theory. To start we shall take the S-rules from Chapter 3
and consider them as equations in context, although later we shall include some extra equations.
The theorems of T are then the least collection of equations in context which contain the axioms 4
and are closed under the S-equations and those from §1.1. These rules are given in Figure 4.2.2

3.2 Analysis

Starting with a SMC (C,e,1,a,,p,), we shall take each connective in turn and consider its
categorical import. We shall see that the category theory employed will also suggest some new
equations in context.

Linear Implication
The introduction rule for linear implication is of the form

I'z: Av M:B
(—o
b Ar:A.M: A—B

).

We know that a term in context is represented as a morphism. A logical rule is then modelled by
an operation on morphisms, or, in other words, on Hom-sets. The introduction rule above suggests
an operation on the Hom-sets of the form

$:C(T" e A, B) - C(T', Ao B).

We know that in terms of the syntax we can substitute freely for any of the free variables of Az: A.M,
i.e. those contained in I'. Since substitution in the term calculus is modelled by composition in the

2As is standard, we shall assume the obvious congruence equations in context; for example

Tyz:AbM =N:B

-
To Az AM = Az: AN:A—oB 0™
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Identity
T: A>T

e M)A, ... TavpMi: A, where f: A;,...,A, > Bisin Sy

Sort
Ti,...,Tno f(Mi, ..., My): B

Tz:AvM: B I'> M:A—B ApN:A

_o
Tora A AoB P T,Av MN:B (—ee)

'sM:A A>N:T
(Iz) (Ie)
D ] T,Avlet Nbe % inN: A

T'oM:A Ab N:B Ap M:A®B I'Ne:A,y: B>N:C

(®1) . (®¢)
I',Avr MRN: A®B I'yAvlet M bez®yinN:C

T M:A Apb N:B I'v M:A&B ' M: A&B

T,A> (M,N): A&B (tez) best(M):A(&g_l m(&m)

F]_DM]_:AI FnDMn!Al (t) F1>M11A1 I‘nDMn:An Apb N:f
Ti,....Thotue(M)it - T1,...,Tn, A falsep(M ; N): B

(fe)

I'bM:A ' M:B

Feinl(M):Ae B (®z-1) I'oinr(M):A® B (©2-2)

AvbM:A® B I'z:Av N:C T,y:Bv P:C
' Avcase M of inl(z) — N ||inr(y) —» P:C

(®e)

T'iv>M:14;, --- Tpo M4, T1:1Ay,...,20:'1A, > N: B
I'1,...,T'p>promote My, ..., M, forzy,...,z,in N:!B

Promotion

T'o M:1A Ab>N:B
I'Apdiscard M in N: B

Weakening

A M: 1A Iz:1A,4:'1Ab N: B
I'yAvcopy Masz,yinN:B

Contraction

I'>M:1A
I'v derelict(M): A

Dereliction

Figure 4.1: Term in Context Judgements for the Linear Term Calculus.
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I'sM:o I'bM=N:o
———— Reflezive —————— Symmetry
I'sM=M:0 I'bN=M:o

' M=N:o I'b N=P:oo
- Transitive
T'vM=P:«a

A>bM=N:0o Lz:o> P=Q:7
I[LAb Plz:= M]=Q[z:= N]:7

Substitution

Iz:A>M:B AbN:A
IAv> (Az: AM)N = M[z := N|:B

_oEq

T'oM:A >k
. Igq
Tolet xbe x inM=M:A
I'oM:A A>N:B O,z:A,y: B> P:C
®
IA,©>let M®N bez®yin P = Plz := M,y:= N|:C

Eq

T'oM:A I'>N:B T'vM:A T'bN:B

_ &me
Tofst(M,N)) = M: A 0 Tosnd((M,N)=N:B ~0°

AbM:A I'z: A N:C I,y: B> P:C
T, A caseinl(M) of inl(z) — N [|inr(y) - P = N[z := M]:C

@Eq—l

A>M:A Iz:Av N:C T,y:Bp P:C
I, Avcaseinr(M) of inl(z) — N |inr(y) > P =Py := M]:C

®Eq—2

I‘11>M11!A1 FnDMn'An xli!Al,...,ng!AnPN:B

Derg,
I'1,...,Tnp  derelict(promote My, ..., M, forz;,...,z, in N)
= Nz, :=M,...,z,:= M,]: B
Fl DMll 'Al
I,> M,:14, z1:141,..., 25 1A > N: B AvP:.C .
Discpy

I1,...,Tn,A>  discard (promote My, ..., M, forzy,...,z,in N)in P
= discard M,,..., M, in P:C

F1DM1:!A1
.o M,:14, z1:1A1,.. ., 20 1A > N: B A,z:!B,y:!Bp> P:C Co
Iy,...,Tn,A> copy (promote My,..., M, forzi,...,z,in N)asz,yin P e
= copy My,...,Mpas(z},...,z}),(z},...,z!) in
Pz := promotez!,...,z, forzy,...,z, in N,
y = promotez!,...,z! forz1,...,2, in N]:C

Figure 4.2: Equations in Context for linear term calculus
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category (Lemma 14), this means that ® should be a natural transformation which is natural in T
Taking morphisms m:I"e A — B and ¢:IY — T, then naturality gives the equation
¢; dr(m) = ¥ ((c e id4);m).

Let us write Cur instead of ®. Then we make the definition

[[>A\zs: AM: A-B] % Cur([T,s: A> M: B]). (4.1)
The elimination rule for linear implication is of the form

T'vM:A—-oB AbN:A
I',A-MN:B

(_05)7
which suggests a natural transformation with components
Ur A:C(T, A—oB) x C(A, A) — C((T', A), B).
Taking morphisms e:I' + A—oB, f:A - A, c¢T" =2 T, d: A’ = A, applying naturality gives the
equation
Split(T', A);c o d; Join(T', A); Tr,ale, f) = Trar(ced; f).
In particular taking e to be id4_o 5, f t0 be id4, ¢ to be a morphism m:T" =+ A—oB and d to be a
morphism n: A — A, then by naturality
Split(T, A);m e m; ¥ 4 —op (idgop,ida) = Tra(m,n).

Defining the morphism App ey 4—oB,a(i[d4—op,ida) then we can make the definition

[, A> MN:B] % Split(T, A); [T'> M: A—oB] o [A > N: B; App. (4.2)

We have the following equation in context for the linear implication

Iz:AvM:B AbN: A
-0
IAv (Az: AM)N = M[z:= N]|:B

Eq-

Taking morphisms m:T" e A — B and n: A — A, this rule amounts to the condition

Split(T, A); Cur(m) en; App = Split(T', A);idr e n;m, (4.3)
or diagrammatically

Cur(m) eida idy.ogpen

TeA A—oBeA A-—oBe A
idren App
TeAd B.
m

In particular, taking A = A and n = id4 then



§3. Analysing the Linear Term Calculus 115

TeA Cur(m) eids A-—oBe A
App
m
B.

We shall make the simplifying assumption that this factorization is unique, namely that a given
morphism m:I'e A — B can be factored uniquely as

Cur(m) eidr;App = m. ' (4.4)

Let us consider the case where m = App. Then Cur(App) e id; App = App and from the uniqueness
assumption we can conclude that

Cur(App) = idy—op- (4.5)
We can define two natural transformations

(=)*:C(T" e A, B) —» C(T', A—B)
f e Cur(f),
and
(=)« C(T',A—B) - C(I' ¢ A, B)
g+ geida;App.
Let us consider their composition. First take a morphism f:T"e A — B, then

((F)*)« (Cur(f))*
Cur(f) eid4;App
f Rule 4.4.

[ Ul

Alternatively take a morphism ¢:I' = A—oB, then

((9)«)* = (geida;App)*
= Cur(geida;App)
= g;Cur(App) Naturality of Cur
= g Rule 4.5.

Considering in detail this equality and taking a morphism n:I' -+ A—oB gives

n Cur(n eids; App)
[['>N: A—B] Cur([C'> N: A—oB] e [z: Av z: A]; App)
[C>N:A—-B] = Cur([T,z: A> Nz: B]) Rule 4.2
[C>N:A—B] = [[>Az:A.Nz: A—B].

This is known as a 5-rule in A-calculus nomenclature. It provides the new equation in context
I'>N:A—-oB
_077'
I'bAz: ANz = N:A—oB
Essentially we have shown that there exists a natural isomorphism between the following maps
'eA— B
I' 5 A-oB,

thus —o provides us with a closed structure on the category corresponding to the bifunctor e. Hence
we extend our categorical model to a symmetric monoidal closed category, (C,e,1,—0,a, A, p,7).
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Tensor

The introduction rule for Tensor is of the form
'bM:A AbN:B
I''A> MQN: AQB

(®1).

To interpret this rule we need a natural transformation with components
&r A:C(T, 4) x C(A, B) — C((T,A), A® B).

Given morphisms e:T' —+ A, f:A = B, e:I" = I" and d: A’ = A, naturality gives the equation

Split(I', A');ce d; Join(T', A); @roale, f) = @ a((ce), (d; )

In particular if we take e to be id4, f to be idg, ¢ to be a morphism m:I' — A and d to be a
morphism n: A — B then by naturality we have

Split(T, A);men; &4 g(ida,idg) = @r,a(m,n).

If we define the morphism ® s 4,B(id4,idp) then we can make the definition

[[,A> M®N: A®B] < Split(T, A); [T'> M: A o [A> N: B]; ®. (4.6)

The elimination rule for the tensor is of the form
Av> M: ARB Ie:A,y: Bo N:C
I Avlet Mbez®yinN:C

(®e).

This suggests a natural transformation with components
Tar:C(A,A®B) x C(T' e Ao B,C) = C((T,A),C).
Taking morphisms e: A —) A®B, f:TeAeB = C, c:A’ = A and d:I" = I, applying naturality
gives the equation
Split(I", A");d e c; Join(I', A); ¥ar(e, f) = ¥arr((cie),((deidy eidp); f))-

In particular if we take e to be id4gp, f to be some morphism n:I"e A e B — C, c to be some
morphism m: A —+ A®B and d to be idp, then by naturality we have

Split(I‘,A);idr'om;\I’A@,B,F(idA@B,n) = WA r(m,n).

Thus ¥ r(m,n) can be expressed as the composition Split(I', A); idr em; Yr(n) where T is a natural
transformation with components

Tr:C(I'e Ae B,C) - C(I" ¢« A®B, C).

We shall write (—)* for the effect of this natural transformation and so we can make the definition

[T A let M bez®yin N: C] def Split(X', A);idr o [A > M: A®B]; ([I', z: A,y: B> N: C])14.7)

We shall make the simplifying assumption that (—)*: C(I" e A e B,C) — C(I" ¢ A®B, C) is natural
in C. Thus for morphisms m:T"e Ae B — C and n: A ¢ C — (', we have the equality
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Split(A, (T, A®B));ida  (m)*;n = (Split(A, (T, A, B));ida @ m;n)*. (4.8)
At the level of terms, this produces the equation in context

Av>M: ARB Tz A,y:B>N:C 0,2:.C>P:D
0,T,Ab P[z :=let M be 2®y in N] = let M be z®y in P[z := N]:C

Qnat-

We have the following equation in context for the tensor
I'>sM:A A>N:B ©,z:A,y: B> P:C
®
O,I'Avlet M®N bez®yin P = P[z := M,y := N]:C

Eq-

If we take morphisms m:I' —+ A, n: A — B and p: © e Ae B — C, this rule amounts to the equation

Split(®, (', A)); ide # Split(T, A);ide ® (m e n);ide @ ®;p* = Splitz(0,T, A);ide e m e n;%4.9)

or diagrammatically

Qe (TeA) M@.(A.B) do*® o4 4eB
«a «a p*
(OeT)e A (©eA)eB C.

(idoem)en

We shall make the simplifying assumption that the factorization suggested above is unique, namely
that a morphism p: © e A ¢ B — C can be factored uniquely as

p = aé}A,B;id@o@);p*. (4.10)

In particular, let us consider the case when p = ® and © is empty. We have that ®;(®)* = ®, and
. from our uniqueness assumption we can conclude that

®)* = idsep- (4.11)

Using the morphism ® we can define a natural transformation (—).: C(l'e AQ B,C) — C(T'e Ae B, C)
by g — alf'lA, p;1dr ® ®; g. Let us consider whether this is an inverse to the (—)* transformation.
If we take a morphism g:T"e AQB — C then

(@) = (o1 p;idr e ®;g)*
= idre (®)*; g Rule 4.8
=9 Rule 4.11.

If we take a morphism f:I'e Ae B — C then

(D) = aﬁlA,B;idI‘°®;f*
= f Rule 4.10.

Thus we have a natural isomorphism between the maps

F'edeB—(C
T'e ARB — C.
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Hence we shall assume that e coincides with ®. We know from above that given a morphism
n:I'e AQB — C, the equality (a;llA, piidr e ®;n)* = n holds. If we precompose with the composite
Split(I", A); idr e m given a morphism m: A - A®B, then we have

Split(T', A);idr e m; (af’lA’B; idr e ®;n)* = Split(T, A);idr e m;n
Split(T, A); idr e m; (a\;’lA,B; idr e [z: A,y: B> 2Qy: AQB]; [T, 2: AB > N:C])* Split(T', A);idr e m;n
Split(T', A); idr e m; ([T, 2z: A, y: B> N[z := z®y]: C])* = Split(T, A);idr e m;n

Split(T’, A);id e [A> M: A®B]; ([T, z: A,y: B> N[z := z®y]: C])* = [I,Av> N[z:=M]:C]

[T, Avlet M bez®yin N[z :=z®y]:C] = [[,Ap N[z:=M]:C].

This represents another 5-rule and gives the equation in context .

Av> M: ARB I',z: AQBv>N:C
®n-
T,Ablet M be z®y in N[z := z®y] = N[z := M]:C

Unit

The introduction rule for the unit is of the form

ox: (Iz).

We interpret this rule with a unique map ():1 — I. The elimination rule for the unit is of the form

I'oN:A A>M:T
TAplet Mbe x inN: A

(Ig).
To interpret this rule we need a natural transformation with components
Or A C(T, A) X C(A,I) = C((T, A), A).

Given morphisms e:I' + 4, f:A - I, e:T" = T and d: A" — A, naturality gives the equation

Split(I", A');ce d; Join(T, A); 8roale, f) = ®r,ar((cie€), (d; F))-

In particular if we take e to be id4, f to be idy, ¢ to be a morphism m:I' -+ A and d to be a
morphism n: A — I, then by naturality we have

Split(l-‘, A); men, @A’I(idA, id[) = (I’p,A(m, n).

If we define ¢ f 5 A,1(ida,idy), then we can make the definition

[T,Avlet Mbe « inN:A] % Split(T, A);[T'> N: A] o [A > M:I]; ¢. (4.12)

We shall make the simplifying assumption that ¢: A e I — A is natural in A. Taking a morphism
f:T'e A — B this gives

oryriidrega;f = feidrés.
At the level of terms this gives the equation in context

I'bN:A A>M:T ©,2:A>P:B
O, Ab Pz :=let M be % in N] =let M be * in P[z:= N|:B

Inat-
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We have the following equation in context for the unit
Dk [ TvM:A
- Igq.
I'blet « be x inM=M:A

If we take morphisms (): 1 — I and m:T — A, this rule amounts to the condition

priime()i¢a = m. (4.13)

As with the case for the Tensor, we shall assume that this factorization is unique. Diagrammatically

priime )

r Ae]

$a

A.

In particular, let us take the case when m = ¢4. We have that p~;¢ e (); ¢ = ¢, and from our
uniqueness assumption we can conclude

Paeridae() = idar (4.14)
We can formulate two natural transformations,

(—)*:C(T o I, A) — C(T o 1, A)

f s IdI‘ e ()7 f)
and
(=)x:C(T01,4) » C(T o I, 4)
g~ dr;prtig-
Let us consider whether these are inverses to each other. First take a morphism f:T' e I — A,then
((£))x = (dre(); s

= ¢r;p lidre(); f

= pIT.ll;¢p0id1;idI"();f

= praidre();f

= f Rule 4.14.

If we take a morphism g:T"e 1 — A then

((9)4)* (0715 9)"
idr e (); ;07159
p;id.p~ 1l g Rule 4.13

g.

na

Thus we have a natural isomorphism between the maps
Tel s A
Tel— A

Hence, as for Tensor, we can assume that I coincides with 1. We know from above that given a
morphism n:T'eI — A, the equality ¢; p~*;idr ¢ (); n = n holds. Precomposing with Split(T', A);idr e
m, given a morphism m: A — I gives

Split(T, A);idr e m; ¢; p~5idr ¢ (};n = Split(T, A);idr e m;n
[T,Avlet Mbe % inN[z:=+]:A] = [I,A>N[z:= M]: A].
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This represents another so-called 7-rule and gives the equation in context

Av M:I T,z:I>N: A I
I'Avlet Mbe % in N[z:=%] = N[z:= M]: A T

In summary we have seen that ® coincides with e and I with 1 and, hence, from now on we shall
use the logical symbols for both the logic and the categorical model.
With

In contrast with the problems this connective caused in the proof theoretical study in Chapter 2, it
is unproblematic as far as finding a categorical model. The introduction rule for With is

o M:A I'sN:B
T (M,N): A&B

(&z).
To interpret this rule we need a natural transformation with components

&r:C(T, A) x C(T, B) — C(T', A% B).

Given morphisms e:I' + A, f:I' - B and c:I' — T, naturality gives the equation

G Qf(ea f) = & ((C; e)’ (c; f))

In particular if we take ¢ to be (m,n):I' - A x B (where m:T" —+ A and n:T — B), e to be
fst: A x B —+ A and f to be snd: A x B — B then by naturality we have

(m,n); ®(fst,snd) = &(m,n).
If we define the morphism pair ef ®(fst,snd) then we can make the definition

def

[C>(M,N):A&B] = ([I'>M:A],[l'> M: B]);pair. (4.15)
The first elimination rule for the With is of the form
T'v M:A&B
——— (&e_1).
Tofst(M): A

This suggests a natural transformation
U:C(—, A& B) = C(—, A).

However, by the Yoneda lemma [53, Page 61] we know that there is the bijection

[C°P,Sets|(C(—, A& B),C(—, A)) = C(A&B,A).
By actually constructing this isomorphism we find that the components of ¥ are induced by post-
composition with a morphism m;: A&B — A. Thus we can make the definition
[Cofst(M): 4] ¥ [T M: A&B];m. (4.16)

The second elimination rule for With proceeds in a similar fashion and results in the definition
(where mo: A&B — B).
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[Cosnd(M):B] % [['>M:A&B];m. (4.17)
We have the following equations in context for With.
'vM:A I'sN:B I'sM:A I'sN:B

&5y [
Tofst((M,N)) = M:A 0 Tosnd((M,N)=N:B ' °

If we take morphisms m:I" = A and n: I — B, these rules amount to the equations

(m,n);painm = m, (4.18)
and
(m,n);painm2 = n, _ (4.19)
or diagrammatically
(mn palr
and
palr

\/

We shall make the simplifying assumption that the factorizations suggested above are unigue. By
taking the case where m = w3 and n = m,, this amounts to the equation

idsgp = {71, 7o); pair. (4.20)
We can hence form two operations.

(—)*:C(T, A&B) = C(T', A x B)
f = (f;ﬂ-l:f;'/TZ);

and
(=)«:C(T, A x B) - C(I', A& B)
g > g; pair.
If we take a morphism f:T" — A&B then
((F)")« (fim1, fym2); pair

f; (ry, w2); pair Naturality
f Rule 4.20.

If we take morphisms ¢g:I" —+ A and h:T" —» B then
(((m,n))+)*

(({m, n); pair; m1), ((m, n); pair; 72))
{m,n) Rules 4.18 and 4.19 .
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Hence we shall assume that x coincides with & and, again, we shall use the logical symbol for both
the logic and the categorical model. We can precompose the uniqueness equality (Rule 4.20) with
-a morphism m:T' - A&B to get

m; (m,w2);pair = m
m; ([z: A&B v fst(z): A, [x: A&B v snd(z): B]); E:ir = m
[['> M: A&B]; [x: A&B > (fst(z),snd(z)): A&B] = [I'>M:A&B]
[T > (fst(M),snd(M)): A&B] = [['>M:A&B].

This represents another 7-rule and gives the equation in context

I'> M: A%B N
T'o (fst(M),snd(M)) = M: A&B

The Additive Disjunction

The (first) introduction rule for the additive disjunction is of the form

I'vM:A
@
Tvinl(M):A® B

T—1-

To interpret this rule we need a natural transformation
®:C(—,A) > C(—,A® B).
Again by the Yoneda lemma [53, Page 61] we know that there is the bijection
[C°P,Sets|(C(—, A),C(—, A & B) 2 C(4, A © B).

By actually constructing this isomorphism we find that the components of @ are induced by post-
composition with a morphism iggp: A - A @ B. Thus we can make the definition

[Coin(M):AeB] ¥ [ToM:A]i4es. (4.21)

The second introduction rule for the additive disjunction can be modelled in a similar way and we

arrive at the definition (where jsgp: B - A ® B)

[Coinr(M):A@B] ¥ [[>M:B];jaes. (4.22)

The elimination rule is of the form )
AbM:A® B Iz:AvbN:C T'y:Bv P:C
T,Avcase M ofinl(z) —» N |inr(y) — P:C

(®e)-

To interpret this rule we need a natural transformation with components
Ura:C(A, A0 B) x C(IT'®A4,C) x CT'eB,C) - C(T,A),C).

Given morphisms e:A -+ A® B, f:T®A — C, g:I'®B = C, c:A' =+ A and d:T' -5 T, naturality
gives the equation

Split(T', A"); d®c; Join(T, A); ¥r ale, f,9) = T a((ce), (d; f), (d; g)).

In particular if we take c to be a morphism m: A — AQB, e to be idagp, f to be some morphism
n:I'®A — C, g to be some morphism p:I'® B — C and d to be idr, then by naturality we have
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Split(F,A);idp®m;‘I’(idA@B,n,p) = ‘I}(man;p)'

Thus ¥(m, n, p) can be expressed as the composite Split(T, A); idr®m; Q(n, p) where € is the natural
transformation with components

Qr: CT®A,C) x C(T®B,C) -+ CT'® (A @ B),C).

We shall make the simplifying assumption that 2 is natural in C. Taking morphisms e:I'®@ A — C,
f:T®B — C and g: A®QC — D, this amounts to

Split(A, (T, A®B)); ida®e, f);g = Q((Split(A, (T, A));ida®e; ), (Split(A, (T, B));ida®f; 9)).-

In particular if we take e to be inl:T®A4 = (I'®A) & (I'®B), f to be inrnI'®B — (T'®A) @ (F'®B),
and g to be [m,n] where m:T’'®A — C and n:T'®B — C, then naturality amounts to

Qr(inl,inr);[m,n] = Qe f).

Thus writing distr for the morphism Qr(inl,inr), we can make the definition

[T, A case M of inl(z) — N |inr(y) = P:C] <
Split(T’, A); idr®[A > M: A @ B]; distr; [T, z: A> N:C], [I', y: B> P: C]]. (4.23)

The naturality of the coproduct construction gives rise to the equation in context
AvM:A®B T,z:AvN:C T,y:BpP:C 0,2:C>Q:D

0,I''A b Q[z:=case Mofinl(z) - N |inr(y) — P]
=case M of inl(z) — (Q[z:=N]) |linr(y) — (Q[z:= P]): D

EBnat-

We have the following two equations in context for the additive disjunction
AvbM:A Iz:Av N:C T,9:Bv P:C |
[, Apcaseinl(M) of inl(z) — N |linr(y) - P = N[z := M|]:C

®Eq—1,
and
ApM:A T,2:Ap N:C T,y:Bp P:C
I, Avcaseinr(M) of inl(z) — N |inr(y) - P = Ply:=M]:C
Taking morphisms m: A - A® B, n:I'®A — C and p:T'®B — C these amount to the equations

DEq—2.

Split(T, A); idr®(m; i); dist; [n,p] = Split(T, A); idpr®@m;n,
and
Split(T', A); idr®(m; ); dist; [n, p] = Split(T, A); idr®m; p.

We shall make the simplifying assumption that the factorizations suggested above are unique and
thus given morphisms e:T' — C and f: A — C, the following equalities hold

i;[e, f] = e,

and

Jile, fl = f,
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or diagrammatically

L eToA <

T A

[e, f] ;

C.

Thus we shall model the additive disjunction with a coproduct and hence the morphisms 4 and j are
modelled by the injection morphisms inl and inr respectively.
Taking the uniqueness assumption from above, we derive the equality

idage = [inl,inr].

Precomposing this with a morphism m:I' = A & B we get

m;[inl,inrf] = m
m;[[z: Avinl(z): A® B],[y: Brinr(y): A@B]] = m
[T > case M of inl(z) — inl(z) ||inr(y) — inr(y):A®B] = [C>M:A® B].

This represents another 7-rule and gives the equation in context

'bM:A®B
@
' case M of inl(z) — inl(z) || inr(y) — inr(y) =M:A® B

n-

The Additive Units
The introduction rule for t is of the form
TyoMiiAy - Tpp Myt A,
T1,...,Tpotrue(M):t

(tz).
To interpret this rule we need a natural transformation with components

Or, ... CT1,41) X -+ - x C(Ty, 4n) = C((T1,...,Tn), t).
Given morphisms e;:I'; =+ A; and ¢;: "} — I';, then naturality gives the equality

Splitn (T, ..., T0);¢1® - - ®cp; Joinp (T1, .. ., T); Blen, - - -, €4)
= ®((c1;€1), - -, (Cni€n))-

If we take ¢; to be morphisms m;:I'; = A; and e; to be id4,, then by naturality we have

Splitn(T'1,- .-, Tn);m1® - - ®miy; 8(id 4y, .. - ,ida,) = B(my,...,mp).

We shall write T in place of ®(id4,,...,ids,): 41®---®A, — t. We have little else to guide us
and we shall make the simplifying assumption that t is a terminal object and thus T is the terminal
morphism.

[Cotrue(M):t] % Tr. ' (4.24)

The elimination rule for f is as follows
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PipMyi:Ay -+ Thvo M, A, A> N:f
Ti,...,0n, A falsep(M ; N): B

To interpret this rule we need a natural transformation with components

(fe).

®r,,.. A C(T1, A1) X -« x C(Tp, Ap) x C(A,f) = C((T1,---,Tn,A), B).
Given morphisms e;:I'; — A;, ¢;: I, = T, : A = f and d: A’ = A, naturality gives

Split, 11 (T4,..., [, A);a1® - - ®cr®d; Joing 41 (T'1, ..., Iny A); @1y, . roa €1y -2y €0,9) =
Bry,..r,ar((cs€1), .-+, (ens €n), (d5 9)).
In particular if we take ¢; to be morphisms m;:I'; = A;, d to be a morphism p: A — £, ¢; to be id4,
and g to be idg, then by naturality we have

Split, 1 1(T1,.-., Tn; A);mu® - - - @M ®p; B(ida,, ..., id4,,idg) = &(my,...,my,,p). (4.25)

Note that there can be zero m terms, in which case we would have

p;®¢(idg) = Ba(p). ' (4.26)

We shall write Lp for the morphism ®¢(idg):f — B. We recall from our analysis of the additive
disjunction, that we introduced a natural transformation distr: T®(A @ B) - (T'®A) & (['®B).2 As
we are dealing with the nullary version of this connective, we shall introduce a natural transformation
ndistr: '®f — f. Hence we shall make the definition

[T1,...,Tn,A>falseg(M ; N):B] % Split,,,(Tq,...,T'n; A);
[T1>Mp:A]®: - Q[Cn b Myt AL]Q[A b N: £];
ndistrl®n_®rﬂ H J_B. (427)

An important question is whether we take f to be the initial object (and hence .L to be the initial
morphism). Certainly there is nothing so far to suggest this categorically appealing assumption.
Indeed, the similar assumption for categorical models of IL is somewhat controversial, and, as shown
by Harnik and Makkai [37], ensures that certain well-known properties fail. In particular they quote
the abstract result of Lambek and Scott [52, Page 67| that in a bicartesian closed category* there
is at most one morphism A — f for any object A. Thus if we define negation of a proposition A
as A D f, this means that no matter how many proofs we have of a proposition A, all the proofs
of its negation —A (and also its double negation) will be collapsed as a single morphism in the
categorical model. However, taking the reductions from Chapter 3 and in particular the commuting
conversions, we find that we need to model equations in context such as

Ap N:f
A fst(false 40 5 (-5 N)) = falses(-; N):A~

Categorically this amounts to the equality

n; Ll gpifst = n;la.

Certainly if we require our categorical model to model all the reductions, including the commuting
conversions, then we need the assumption of initiality.® With this motivation we shall make the
simplifying assumption that f is the initial object.

3In fact, abstract reasoning tells us that this is a natural isomorphism.
4A bicartesian closed category is a CCC with coproducts and an initial object.

5This is also the case for IL.
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The Exponential
The rule for Promotion is of the form
1o M:14; --- T M, 14, z1:1Ay, ..., 214, > N: B
I'y,...,I'n o promote My,..., M, forzy,...,z, in N: B

Promotion.

To interpret this rule we need a natural transformation with components
@r,,..rn: C([1,141) X ... x C(Ty, 145) x 141 ® ... ®!A4,, B) — C((T'y,...,T,),!B).
Given morphisms e;:I'; —+!4;, ¢;:T'; =+ T'; and d:14;®...®!4,, — B, naturality gives the equation

Splitn (g, ..., I7);e1®... ®cp; Joinn (L1, ..., Tn); @1y 1, (€1, - - -, €0, d)
=®ry,..rv ((c15€1),. . -, (ens €n), d).

In particular if we take c; to be morphisms m;:I'; —!4;, e; to be idi4, and d to be morphism
p:l41®...®!A, — B, then by naturality we have

Splitn(T1,...,Tn);mi®. .. @My 14, 14, (idiag, ..o hidia,,p) = O, . 1. (mi1,...,Mmu,D).

Thus &(my,...,my,p) can be expressed as the composition Splitn(I'y,...,Tn); mi®. .. @my; ¥(p),
where ¥ is a transformation

T:C(A1®...®4p, B) = ClA:®...®4,,1B).

We shall write (—)* for the effect of this transformation and so we can make the preliminary definition
[[1,...,Tn > promote My,..., My forzy,...,z, in N:1B] def
Splitn(T'y, ..., Tp); [T1 > M1:1A41]Q. .. ®[Ln b Mp: 1A, ]; ([71: 141, - - -, T4 1Ay > N: B])*.
(We shall see later that further analysis will lead us to a more precise definition.) The rule for
Dereliction is of the form
' M:1A
v derelict(M): A

Dereliction.

To interpret this rule we need a natural transformation
®:C(—,14) = C(—, A4).

However, by the Yoneda lemma [53, Page 61] we know that there is the bijection

[(COP,SetS]((C(—,!A),C(—,A)) = (C('A, A)
By actually constructing this isomorphism, we find that the components of ¢ are induced by post-

composition with a morphism e:!A — A. Thus we can make the definition

[T > derelict(M): A] % [T M:14];e. (4.28)

We have the following equation in context for Dereliction

F1DM12!A1 Fnan:!An {ElZ!Al,...,ng!AnDNiB

I'y,...,Tp>  derelict(promote My, ..., M, forzy,...,z, in N)
= N[z, :=Mi,...,z,:=M,]:B

Derg,.
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If we take morphisms m;:T'; »!4; and p:[4;®...®!A, — B this rule amounts to the equality

Splitn(T'1, ..., Tp);mi®...®mg; (p)* ;¢ = Splitn(Ty,...,Tn);mi®...@my;p, (4.29)
or diagrammatically,

*

..o, 228 4o o4, £ 1B

B.

In accordance with our treatment of Tensor and Unit, we might make the assumption that the
factorization suggested above be unigue. However let us consider an immediate consequence of such
an assumption. The equation in context for Dereliction gives us that

na da gy Cea) oy
€A

lea
14,

commutes. An assumption of uniqueness implies that (le4)* = idua. Hence we derive the equality

lea = €a. (4.30)

Although at the moment this may seem reasonable, we shall see later how such an equality is
sufficient to collapse the model so that !A =!lA. For now, therefore, we shall not demand the
uniqueness of the factorization; but rather we shall consider some different constructions.

We can certainly define the operation

. (T, B) - C(I1,!B)
f > (er; ).
Thus we have an operation of the form
r-44
T 25414,
We shall make the simplifying assumption that this operation is a functor. However we still need
some extra structure. If I' is represented by the object A;®...®A, then IT" will be represented by
A:1®...®4,), but clearly by !T" we really mean !4, ®...®!A,.5 Thus we shall make the additional

assumption that ! is a (symmetric) monoidal functor. This notion is due to Eilenberg and Kelly [27]
(although originally given in the enriched setting) and for completeness we repeat the definition.

Definition 25. (Eilenberg and Kelly) A symmetric monoidal functor between SMCs
(C,o,1,0, A, p,77) and (C',¢',1',a’', N, p’,v') is a functor F:C — C' equipped with

6This additional complication is essentially due to our use of a tensor product to represent the comma on the left
hand side of a sequent. Ideally we should use some form of multicategory [51]. Currently this concept is not well
developed, although recent work by de Paiva and Ritter [25] looks promising.
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1. A morphism mq: 1’ = F1.
2. For any two objects A and B in C, a natural transformation ma g: F(4) o' F(B) — F(A e B).

These must satisfy the following diagrams:

Flo' FA 54 F(1e4) FAe F1 %% p(ae1)
mys o idpy F(\4) idpa o my F(pa)
e FA——+ FA FAd1l — .+ FA
FA Pra

'id .
(FA« FB)o FC 22 PG pig o By o' FC 2*BS (A e B) e )

O‘IFA,FB,FC F(aa,B,c)

FAed (FBe' FC) FAe F(Be()

T F(Ae(BeC))
idrpa o mp,c MA,BeC

FA« FB 48 p44B)

Ya,B F(va,B)

FBe FA— F(Be A)
mp,A

However in our particular case, assuming that ! is a symmetric monoidal (endo)functor means that
! comes equipped with a natural transformation

ma,p:|AQ!B —1(A®B)

and a morphism

mp: T I
(where my is just the nullary version of the natural transformation.) The diagrams given in the
above definition become the following;:
m m
HRIA —24% (IQA) LA — 2L 1(ARI)

mr®idia| I(\4) id a®my (pa)

14 1AQT1
1A PrA

I®IA

1A

m 4, p®idic (

(14!B)®!C (AB)®IC —482< |(4eB)&C)

Q1AB,IC !

aa,B,0)

1A®(1B®!C)

: IA®(BRC)
idia®mp,c My pRc

1(A®(B®C))
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14018 —25 \(4eB)

YA,B (va,8)

IBRIA — [(BRA)
m

We have appropriate candidates for these monoidal morphisms in the interpretation of the proofs

ArA
Dereliction ——— Dereliction
1A - A B+ B (
®
IAB - A®B ®)
Promotion
A,!B +1(A®B)
(®£)7
IAQ!B + (A® B)
and
1
Promotion
!
I).
i)

There are some extra notions of symmetric monoidal functors, depending on any extra properties
of the morphisms. Let us give some examples.

Definition 26. A symmetric monoidal functor, (F,m,g,m1:):C — C', is said to be

1. Strict if m4 g and mys are identities.

2. Strong if m4 g and my are natural isomorphisms.

The equation in context for Dereliction gives us that

1y, g S g
€B
€a; f
B
commutes, or in other words
|
14 2 'B
€4 €B
A 7 B

commutes. Given that we have made the assumption that ! is a (symmetric) monoidal functor,
this diagram suggests that € is a monoidal natural transformation. We shall make this assumption
and write e for the monoidal natural transformation e:! <3 Id. We shall repeat the definition of a
monoidal natural transformation, which, again, is due to Eilenberg and Kelly.

Definition 27. (Eilenberg and Kelly) A monoidal natural transformation between two monoidal
functors F, F':C — C' is a natural transformation o: F' <> F' which satisfies the following diagrams:
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1y FAS FB 225 F'(4) o F'(B)
my my MA,B my p
F1 Fl(1) F(Ae B) F'(AeB)
OAeB

Again in our setup this says that the natural transformation e: ! -» Id satisfies the following diagrams.

1A®!IB 42 1 4eB) I
EARER EA®B mr \

Er
We have seen that from an identity morphism idi4:!4 —!A we can form the canonical morphism
0 = (idia)*: 14 -!1A. We know little about 4, other that given by equality 4.29, namely

dase14 = idia.
This equation is one of the three for a comonad. First let us repeat the definition of a comonad.

Definition 28. A comonad on a category C is a triple (1, ¢,4), where : C — C is an endofunctor,
and e:! = Id and §:1% ! are natural transformations, which make the following diagrams commute:

404 2y 1A
5a 1(6.4) 27 e N\
12 184 1A 12 1A
A dia €4 4 !(ea)

We shall assume that (!, €, ) form a comonad. In addition since ! and € are monoidal, we shall assume
that § is also a monoidel natural transformation, and, hence, we have a (symmetric) monoidal
comonad. The assumption that 4 is a monoidal natural transformation amounts to requiring that
the following diagrams commute.

ma,B

IAR!B I(A®B)
64®0p ‘ S4B
NAQ!B I(1A®!B) ——» (A®B)
miaAlB 'ma,B
1 —"
myr 5]

——— I
!m1

We are now in a position to make a refined definition of the interpretation of the Promotion rule
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[T1,...,Tn > promote My, ..., M, for zy,...,z, in N:!B]

' Splitn (T, Tn); [T1 > My: 141 ]® . .. @[T b Mp: 14,];

0®...®0;mia,, . 14,; ([z1,..., 2, > N:1B]). (4.31)

As a slight aside, we can now reconsider the question of uniqueness for the factorization of the
Dereliction rule (Rule 4.29) in the light of our new assumption of a comonad. We derived that the
uniqueness assumption implied the equality e14 =!e4. We could then deduce the following

lea;64 = bia;llea Naturality of §
€a;64 = Oa;lles Rule 4.30

€14;04 = dia;lera Rule 4.30

€1a;04 = idig Def of a comonad.

Since 64;€14 = idi4 by definition of a comonad, we can see that the uniqueness assumption would

have lead to the model collapsing to the extent that !4 =1 A, or, in other words, that the comonad

was idempotent. It should be made clear that our model does not have an idempotent comonad.
Finally one of the comonad equalities suggests a term equality as follows

dle) = idig

idia; 0;!(idia;e) = idia
[z: 1A > 2:1A];6; 1([y: 1A o derelict(y): A]) = [z:14>3:14]
[z:!A > promote z for y in derelict(y): !A] = [z:!A b x:!A4].

Or, in other words, the (new) equation in context

Comonad.
z: LA > promote z for y in derelict(y) = z: 14
The rule for Weakening is of the form
T'voM:1A A>N:B
Weakening.

I'Avdiscard M inN: B

To interpret this rule we need a natural transformation with components
or a: C(T,14) x C(A, B) = C((T, A), B).

Given morphisms e:I' +!4, f:A = B, ¢:I" = I" and d: A’ — A, naturality gives the equation

Split(T', A'); c®d; Join(L, A); @rale, f) = @ ar((c;e), (d; £)). (4.32)
In particular if we take e to be idi4, f to be idg, ¢ to be a morphism m:T' =14 and d to be a
morphism n: A — B then by naturality we have
Split(r, A); m®n; QQA’B(idlA,idB) = ‘I’F,A(m, n).
We shall make the simplifying assumption that the natural transformation @® is also natural in B.
Given morphisms e:I' =+!A, f: A — B and g: B®O — C, this gives
Split((T, A), 0); &(e, /)@idosg = B(e, (Split(A, O); feide; ). (4.33)

At the level of terms this gives the equation in context
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' N:1A AvM:B z:B,0p> P:C
T, A,©» Plz :=discard M in N] = discard M in P[z := N|:C

Weakening,, ;.

Let us consider the second naturality equation (4.33) with the morphisms e = A\j4: I®!A —!A4,
f=id;gp and g = Ag: I®B — B, then we get the equality

®(Ma,AB) = ®(A4,id;gp);Ap. (4.34)

Again, let us consider the second naturality equation (4.33) but with the morphisms e = A\ 4: IQ!A —
!4, f =id; and g = id;gp, then we get the equality

-1

aI®!A,I,B;(I)()‘!A’idI®B) = ‘I>(/\!A,id])®id3;id1®3. (4.35)

Now if we take the first naturality equation (4.32) with the morphisms e = A4, ¢ = )\;41, f=2B
and d = )\gl we get the equality

S((A\s ha), A5 AB)) A4 ®A 0 8(\a, AB)

ll

B(idia,ids) = X ®A5';a58(\a,Ap)
= Ai®\gl; o5 8(Ma,id;@p); As Rule 4.34
= ANA®Agha; ®(\a,idr)®idp; Ap Rule 4.35

A4 ®id; id@AZ"; a; B(), id)®id; A
A4 ®id; prg,  ®id; ®(Mia,idr)®idp; Ap  Def of a SMC
()\_1; p_l; @()\QA, id]))@idB; AB.

The operation A~%; p=1; ®(\4,id) we shall denote as e:!A — I. Thus we can express the morphism
®(idi4,idp) in terms of this simpler operation. We can then make the definition

[T, A discard Min N:B] % Split(T, A); [I'> M:!A]®[A > N: B];e®idp; A.  (4.36)

We have the following equation in context for Weakening
T M1: 'Al
o My 'A, z1:141,...,z,: 1A, > N: B A>P:C

Ii,...,Iq,A> discard (promote My,..., M, forzi,...,T, in N)in P
= discard My,..., M, in P:C

Discgy,.

To simplify the presentation, let us consider the case when n = 1. If we take morphisms c:T' —!4
d:'A — B and f: A — C, this rule amounts to the diagram

b

y o .
roa 29 140 —2 1 1asn 1989 1goa 289, 1on
e®id A
Y
IoA A
® X
f
Y
c.

The rule for Contraction is of the form
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Av M:1A T,z:1A,y4:'A>b N: B
I'Avcopy M asz,yinN: B

Contraction.

To interpret this rule we need a natural transformation with components
Or A:C(A,14) x C(TQRIARQ!IA, B) — C((T, A),!B).

Given morphisms e: A —!A4, f:T'QIAR!A — B, ¢:I' — I’ and d: A’ - A, naturality gives the
equation

Split(r’, Al); c®d; Join(T', A); CI’A,F(G, f) = ®ap ((d;e), (c®idi 4 ®idy 4; .

In particular if we take e to be idi4, f to be a morphism m:T'®!A®!A — B, ¢ to be idr and d to be
a morphism m: A —!A, then by naturality we have

Split(T', A); idr®m; ‘I’!A,p(idm,n) = & a(m,n).

Thus &r a(m,n) can be expressed as the composite Split(T', A); idr®m; ¥r(n), where ¥ is a natural
transformation with components

Ur: C(IQ!AR!A, B) — C(T'®!A, B).

We shall make the simplifying assumption that @ is natural in B. Given the definition above, this
implies that ¥ should be natural in B. Given morphisms e:I'®!A®!A — B and f: ®QB — C, this
gives the equation

Split(0, (T',14));ide®¥(e); f = ¥(Split(0,I)Ridia®idia; o~ Qidia; o ;ido®e; f). (4.37)
At the level of terms this gives the equation in context

Av M:1A T,z:14,y:'A> N: B ©,2: B P:C
O,T,Av P[z:=copy M asz,y in N| = copy M asz,y in P[z := N|:C

Contraction,q:.

If we take the naturality equation 4.37 with the morphisms e = id; s ®id; 4 and f = m: TR!ARQ!A — B
we get the equality

T(f) = idr@¥(idia®idia); f.

If we define d & U (id 4®idi4), then we can make the definition

[T, A>copy M asz,yin N: B] def

Split(T', A); idr®[A > M: 1 A];idr®d; [T, z: 1A, y: 1A> N: B]. (4.38)

We have the following equation in context for Contraction

F]_DMll!Al
Tho My 1A, z1:1A1,.. .,z 1A > N: B A,z 'B,y:'Bp P:C b
OPYpq-
Ty,...,Tn,A> copy (promote My, ..., M, forzy,...,5,in N)asz,yin P !
: = copy M1,...,Mpas(zf,...,z), (af,...,zl)in
Pz := promotezi,...,z), forzy,...,z, in N,

y = promote z{,...,zh forz1,...,Zn in N|: C
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To simplify the presentation as earlier, let us consider the case when n = 1. If we take morphisms
m:A =14, n:1A = B and p:T'®!B®!B — C, this rule amounts to the diagram

id id&s id!
roA 2™, et — 190 | rena 9% | 1o
idod ided
Y
TIABIA - TOUARIA —  » T@!B&IB
id®IRI idRIn®In
D
Y
c.

Let us review what we know so far about the rules of Weakening and Contraction. We have
established that they are modelled with the use of morphisms e:!4 — I and d:!4A —!A®!A, and
that the following diagrams commute for a morphism f:!4A — B

14 d A 2 'B
e €B
I I
and
14 d A ' !B
da da

IA®IA —» NAGUA — - IB&IB.
Ol S5 el o 1B

We can see that the morphisms e and d act upon morphisms of the form !f (for some f)} and 4.
This suggests some other categorical properties of the morphisms. Firstly, we should expect that e
and d are natural transformations and hence both

1A ' 'B
ea ep
I I
and 1
14 'B
da ds

should commute for any morphism f: A — B.We might also like to assume that d and e are monoidal
natural transformations. First we need the following proposition.
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Proposition 6. Given a monoidal functor, (!,m4,,mr), on a SMC, C, then both the functors
I®!:C x C — C and I: C — I7 are monoidal.

Proof. Trivial, by construction. ]

We shall make the simplifying assumption that d and e are monoidal natural transformations and
we shall spell out the categorical consequences in the next section.

Before considering the categorical import of d and e acting upon &, let us review some standard
categorical structures.

Definition 29. Given a comonad, (},¢,d), on a category C, a coalgebra is a palr (A, ha: A -14)
where A is an object of C and hy4 is a morphism in C (called the ‘structure map’ of the coalgebra)
which makes the following diagrams commute.

hA hA

A 1A A 1A

ha Vhi \ Ea

1A A A

da

A coalgebra morphism between two coalgebras (A4, h) and (A',h') is a morphism f: A — A’ in C
which makes the following diagram commute.

A 1A
f 'f
A s A

Definition 30. Given a comonad, (!,¢,4), on a category C, we can form the category of coalgebras,
C', with objects the coalgebras and morphisms the coalgebra morphisms in C.

The opposite notion of this construction (i.e. that generated by a monad) is often referred to as
the “Eilenberg-Moore category” [53, Page 136]. Given this definition we can identify some useful
coalgebras which exist in a SMC with a (symmetric) monoidal comonad.

Proposition 7. Given a comonad, (!,¢,d), on a SMC C, then (!14,84:!4 —!14) is a coalgebra.

Proof. We require the following diagrams to commute.

A4 g 14 —24 4
64 164 \\\ 1A
1A A 14
14
Both these diagrams commute from the definition of a comonad. [ ]

TWhere I is the constant functor which maps the category C to the one object category.
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Proposition 8. Given a monoidal comonad, (!,¢,6,m4,5,ms), on a SMC C, then (I, my: I —!I) is
a coalgebra.

Proof. We require the following diagrams to commute.

I—" g j L

7

my Imy AN er

U —1I I
o1
The left hand diagram commutes since 4 is a monoidal natural transformation, and the right hand
diagram commutes because ¢ is a monoidal natural transformaition. ||
Proposition 9. Given a monoidal comonad, (!,&,6,map,m;), on a SMC C, then

(IA®!A, (64®04;mi4,14)) is a coalgebra.

Proof. We require the following diagrams to commute.

taotd — 220, agia MAM 11 4e14)
6®6 ' 16016 1(608)
NAsna 24804 agma ™ 1(1AG!A)
m Im
Y
1(1A®1A) : N(IA®!A)
Lasta 222 nagia —™ 114814)

\ e®e €
IARIA ——14AR!A

In the top diagram the upper left square commutes by definition of a comonad, the upper right
square commutes since m is a natural transformation and the lower square commutes since § is a
monoidal natural transformation. In the lower diagram, the left hand triangle holds by the definition
of a comonad, and the square commutes since € is a monoidal natural transformation. [ ]

Proposition 10. Given a comonad, (!,4,¢), on a category C, then given a coalgebra (A4, ha: A —!4),
the structure map, hy, is also a coalgebra morphism between the coalgebras (4, h4) and (14, 6).

Proof. By definition of h4 being a structure map. [ ]

Returning to the question of the relationship between d, e and §, we might now expect that e and d
are coalgebra morphisms. This assumption amounts to requiring the following diagrams to commute.
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14 d nA 14 d N4
eys leg da ldg
[ ——— 1T IAQIA —— NARNA I(1A®!A)
my 0®4 miaa

These equalities lead to new equations in context. The left hand diagram above gives the force of
the following diagram commuting.

0®...®00

14:®. .. 04, NA4:®... 1A,
d®6®...08 (1)
5®id
14,0140 ... 04, — 00 14e...0l4, (14:®...®l4,)
id®m (2) id®m (3)
' I®id m
14,01(14:8 ... ®lA,) A (A28 ... ®1A,) — e 114, ®14,)
id@!f @ ide!f 3) (def)
L - , ,
14, !B o®id 4,®!B (14;®B)
e®id (6) le®id (1) Yewid)
I®!B my®id Q!B ML, 1(1eB)
A (8) A
4
B B

Squares (1), (2) and (4) commute trivially. Squares (3) and (8) commute by definition of m. Squares
(5) and (7) commutes by naturality of m. Square (6) commutes by our new assumption that e is a
coalgebra morphism.

This diagram amounts to the following (new) equation in context.

F1 I>M1: 'Al
Ipo M,:lA, .z A, ...,z 1A > N: B

[y,...,Ty>  promote (My,..., M) for (z1,...,z,) indiscard z; in N
= discard M in promote (My, ..., M,) for (z2,...,2,) in N:!B

Coalgebra,

In a similar way (which we shall omit), assuming that d is a coalgebra morphism makes another
large diagram commute. It amounts to the following new equation in context.

Fl I>M1: 'A]_
Lo My lA, y: 1Ay, 2: 141, 29:14s, ...,z 1A, b N: B
I'1,...,Tn>  promote (My,..., M) for (z1,...,2,) incopy z1 asy,zin N
= copy My asy',2 in
promote (y',z', My, ..., My) for (y,2z,%2,...,2,) in N: !B

Coalgebra,
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We have a final piece of categorical structure which it seems useful to utilize. First we shall review
some of the standard definitions.

Definition 31. Given a SMC, (C,®,1,a,, p,0), a commutative comonoid in C is a triple (C, d, e)
where C is an object in C and d: C — C®C and e: C — I are morphisms in C such that the following
diagrams commute.

d d
CRC < C CceC
ido®d d®ide
Ce(CRC) (CeC)eC
ac,.c,c
C
Aal d pal
I®C - CC —— ORI
e®ide ido®e
C ceC
Yc,c
C Cc®C

d

Definition 32. A comonoid morphism between two comonoids (C,d,e) and (C',d',€') is a mor-
phism f:C — C' such that the following diagrams commute

C f ¢’ C / o4
e e d| d
fef

Definition 33. Given a SMC, C, the category of commutative comonoids, coMon.(C), has as
objects the commutative comonoids and morphisms the comonoid morphisms in C.

It would seem appealing (from both a computational and categorical viewpoint) to assume that d
and e form a commutative comonoid, (!4, d,e). Again this assumption provides some extra equations
in context. For example, take morphisms m: A —!4 and n:T'®!A — B, then the following diagram
commutes.
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y o .
reA 2™ reia 1929 reiasia P29 Beia
id®e id®e
g
reldel ~2Y9, per
p p
4 n Y
I'®IA ——— T'elA B
n
B B

The left hand square commutes by the assumption that d and e form a commutative comonoid.
The upper right hand square commutes trivially and the middle right hand square commutes by
naturality of p.

This diagram amounts to the following equation in context.

Av M: 1A T,y:1A>b N:B
I'Avcopy M asz,yindiscardzin N = N[y := M|: B

Comonoid;

Similar reasoning using the other properties of a commutative comonoid gives three other equations
in context.

Av M: 1A I'z:!A> N: B
I'yAvcopy M asz,yindiscard zin N = N[y := M]: B

Comonoids

Ab M:1A T,z:14,y:'A,6N: B
T,Avcopy M asz,yin N =copy M asy,zin N: B
Av M:1A T,z:14,y:'4,2:1A>b N: B

Comonoids

Comonoidy
A copy M asz,wincopywasy,zin N

= copy M asw, zincopywasz,yin N: B

In the next section we shall summarize the analysis given in this section and define a categorical
model for ILL. As we have seen, the analysis so far has produced some new equations in context
beyond those given by S-reduction. For completeness we shall repeat these new equations in context
in Figures 4.3, 4.4 and 4.5.

Using these new equations in context we can now define what we consider to be a linear term
calculus theory.

Definition 34. A linear term calculus theory (LTC-theory), T = (L, A) where

o L is a LT C-signature (Definition 24)

o A are the equations in context given in Figures 4.2, 4.3, 4.4 and 4.5.
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I'v N: A-oB
5
I'bAp: ANz =N:A—-oB

Ab> M:A®B I'z: AQBv> N:C
®
[, Avlet M bez®yin N[z := z®y] = N[z := M]:C

n

AvM:T I'zzI>N: A
I'Avlet Mbe x inN[z:=%]=N[z:=M[: A

I

P> M: A&B
v (fst(M),snd(M)) = M: A&B

&y

'sM:Aa B
8
I'>case M of inl(z) — inl(z) || inr(y) = inr(y) =M:A® B

n

Figure 4.3: ‘np’ Equations in Context

4 The Model for Intuitionistic Linear Logic

In this section we sum up the analysis given in the previous sections by detailing the categorical
model for ILL.8 First we shall define the model and then consider some properties of the definition.

Definition 35. A Linear category, C, consists of:

1. A SMCC, C, with finite products and coproducts, together with:
2. A symmetric monoidal comonad (!,&,8, ma,g, mr) such that

(a) For every free l-coalgebra (14,04) there are two distinguished monoidal natural transfor-
mations with components eq:!4A — I and d4:!4 —!AQ!A which form a commutative
comonoid and are coalgebra morphisms.

(b) Whenever f:(!4,54) = (1B, dp) is a coalgebra morphism between free coalgebras, then it
is also a comonoid morphism.

Let us consider in detail the conditions in this definition. Requiring that e4:!4 — I is a monoidal
natural transformation amounts to requiring that the following three diagrams commute, for any
morphism f: A — B.

A—A g
'f
1B I
€B

8The multiplicative, exponential part of this model is originally due to de Paiva and Hyland and appeared in a
preliminary form in [15]. That presented here is a slight simplification of their model and is also extended to model
the additives.
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ApM:AB . TI,z:A,4:BbN:C 0,2:.C> P:D
®
O,T,Ap> Pz :=let M be z®y in N] = let M be zQy in P[z := N|:C

nat

I'>N:A Av M:1 ©,2: A P:B
O,T',Ap> P[z:=Ilet M be * in N| =let M be % in P[z := N]: B

I nat

AvbM:A®B T,z:AvN:C T,y:BvP:C 0,2:CvQ@Q:D

@
O,[,A b Q[z:=case Mofinl(z) - N ||inr(y) — P] net
= case M of inl(z) — (Q[z:= N)) ||inr(y) = (Q[z:=P]):D
I'sN:14 A>M:B z:B,0>P:C
- - Weakening,,q;
T, A, 0> Plz :=discard M in N] = discard M in P[z := N]:C
Ap M:14 I z:14,y:!1A>b N: B 0,z:Bp P:C
Contraction,q:

O,T,Ap Plz :=copy M asz,y in N] = copy M asz,y in P[z:= N|:C

Figure 4.4: ‘Naturality’ Equations in Context

es®epR

I IA®IB ——= I®TI
my AN m4,B Az
I I (A®B) I

er eA®B

Requiring that d4:!A —-!A®!A is a monoidal natural transformation amounts to requiring that the
following three diagrams commute, for all- f: A — B.

A_l
14—, a4 I I®I
lf 1fRlf my mr®my
!B !Be!B Ir el
B I
da®dp is0
1AQ!B ———— (1A®!A)®(!1B®!B) — (IA®!B)®(!A®!B)
m4,B m4,p®my. B
(A®B) (A®B)®!(A®B)

da®B

Where iso represents a combination of the natural isomorphisms.® Requiring that (!4,da,e4) forms
a commutative comonoid amounts to requiring that the following three diagrams commute.

9For example, we could take

def _ - S .
iso = a!Al,lA,(!B@B); id®ma,1015; 'd®‘1131,13,m; id®(id®5,14); ¢14,18,14815-
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Comonad

z:!A > promote z for y in derelict(y) = z:14

Fl > M12 'Al
T, M,:14, z9:14,...,2,: 1A, > N: B
Coalgebre,
Ty,...,Tn> promote (My,...,M,)for (z1,...,%,) indiscard z; in N
= discard M in
promote (Ma,. .., My,) for (z2,...,z,) in N:|B
Fl g M1: 'Al
o My lA, y:l141,2:141,29:14s, ... ,z,: 1A, > N: B
Coalgebra,

I'y,...,I'n>  promote (My,..., M,) for (z1,...,2,) incopy z; asy,zin N
= copy Myasy', 2 in
promote (y', 2', M, ..., M,) for (y, 2,22, ..., Tpn)

inN:!B
Av M:1A T'y:1A>N:B
Comonoidy
I, Abcopy M asz,yindiscardzin N = N[y := M|: B
AvM:1A Iz:!AvN:B
- - Comonoidy
I'Avcopy M asz,yindiscardzin N = N[y :== M]: B
Ap>M:1A Iz:!A,y:'A>N: B
Comonoids
T',Avcopy Masz,yin N =copy M asy,zin N: B
Av>M:1A T,z:14,y:'A,2:1Ab N: B
Comonoidy

T',Ap> copy M asz,wincopywasy,zin N
= copy M asw, zincopyw asz,yin N: B

Figure 4.5: ‘Categorical’ Equations in Context
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14
p—l da 2L
AR - TA®IA - IRIA
idia®e4 eA®idi4
14 da IAQ!A
da idia®da
IAGIA —» (1AQ1A)®IA 1A®(1A®!A)
dA®idi4 QAALA
144, 14gia
MALA
1A IAR!A
A

We have that (14,d) and (I, mj) are coalgebras (Propositions 7 and 8). Requiring that e4 is a
coalgebra morphism amounts to requiring that the following diagram commutes.

€A

14 I
(5A myr
A 17

!eA ’

We have that also (!A®!A, (6®d;m4,4)) is a coalgebra (Proposition 9). Requiring that d4 is a
coalgebra morphism amounts to requiring that the following diagram commutes.

1A 04 A
da lda
IA®!IA NAQIA 1(1A®!A)

04R04 miA 1A

We also require that all coalgebra morphisms between free coalgebras are also comonoid morphisms.
Thus given a coalgebra morphism f, between the free coalgebras (1A, §) and (1B, §), i.e. which makes
the following diagram commute.

14 f 'B
é )
A B
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Then it is also a comonoid morphism between the comonoids (14,e4,d4) and (1B, ep,dg), i.e. it
makes the following diagram commute.

T 4% ein
f feof
I B 'B®!B
€B dB

These amount to some strong conditions on the model and we shall explore some of their conse-
quences. Firstly notice that in the definition a comonoid structure is only required for the free
coalgebra structure. We shall consider the question of a comonoid structure on any coalgebra.

Definition 36. In the category of coalgebras for a Linear category, for any coalgebra (4, ha: A —!1A)
we define two morphisms, d': A -+ A®A and e': A — T in terms of the free coalgebra and comonoid
structures.

def
= ha;da;ea®eq

g |

de
e! = hA;eA

We shall consider some properties of these morphisms.

Lemma 15. In the category of coalgebras for a Linear category d* and €' are natural transforma-
tions.

Proof. Take a morphism f: A — B. For €' to be a natural transformation, the following diagram
must commute.

A / B
h h!
r 4
m—7 g
€A €A
y 4
I I

The upper square commutes by f being a coalgebra morphism (as it is a morphism in the category
of coalgebras) and the lower square commutes by the naturality of e4. For d' to be a natural
transformation, the following diagram must commute.
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A B
h K
14 2 !é
da dp
!A@')!A L@'f» !Bé!B
EAREA EAREA
404 1%L, pop

The upper square commutes by f being a coalgebra morphism; the middle square commutes by the
naturality of d and the lower square by naturality of . ]

Corollary 3. Whenever f: (4,h) = (A', ') is a coalgebra morphism between any two coalgebras
then it is a comonoid morphism.
We shall define a notion which is opposite to that given by MacLane [53].

Definition 37. Given two parallel morphisms f,g: B — C in a category C, a cofork is a morphism
¢: A — B such that ¢; f = ¢; g, i.e. the two paths in the following diagram are equal.

f

>

g

A B o

We can see that it is easy to extend this notion to an egqualizer of two morphisms.!® We can also
isolate a special case of a cofork.

Definition 38. An identity cofork of two morphisms f,g: B — A is a morphism ¢: A — B such
that ¢; f = ¢; g = id4.1!

Using these notions, for example, we can reformulate the definition of a comonad.

Definition 39. A comonad on a category C is a triple (!,¢,8) where ! is an endofunctor and §: ! 512
and e:! = Id are natural transformations such that d4 is a cofork of di4 and !4 and is also the
identity cofork of €4 and le 4.

Let us use this notion to isolate some useful coforks within our notion of a Linear category.

Proposition 11. Given a Linear category, C, the morphism (h4;da): A =!A®!A is a cofork of the
two morphisms (e4®e4;id4®h4) and (€4®id14):!AQIA — ARIA.

10A morphism c: A —+ B is an equalizer of two morphisms f,g: B — C if it is a cofork and for all morphisms
h:D — B, h; f = h; g implies that there exists a unique morphism k: D — A such that h = k;c.

11 Alternative terminology due to Linton [56] is that if an identity cofork exists for a pair of morphisms, then the
pair is said to be reflezive.
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Proof. We shall prove this equationally rather than use diagrams.

ha;da;e®e;id®hy = da; h®h;e®e;id®h 4
da; (h;€)®(h; €);id®ha
da;id®ha

da; (h;e)®ha

da; (h;€)®(ha;idia)
d4; (h®h); (e®id14)

= ha;da; (e®idia)

Definition of a coalgebra

h is a comonoid morphism

Proposition 10 and Corollary 3

Thus we have a commutative comonoid structure on the free coalgebras by definition, and we have
constructed in Definition 36 candidates for a commutative comonoid structure on any coalgebra.
We shall now prove that these candidates do indeed form a commutative comonoid structure on any

coalgebra.

Proposition 12. In the category of coalgebras for a Linear category, the natural transformations

d' and €' form a commutative comonoid.

Proof. For (A,d',€') to be a commutative comonoid we need the four following diagrams to com-

mute.
1
A d ARA
d idA®d!
ARA —— (ARA)RA A®(ARA)
d'®idg 04 A,A
d!
A A A ARA
dl >\_1 d' p'—l ’)’A’A
ARA —— I®A A®A - - AQT A — AQA
e ®idg id 4 ®e’ :

Using the definitions of the morphisms d' and €', we can show that these diagrams commute. We
take the diagrams in turn; considering the first diagram we shall make the usual simplification and

ignore the associativity morphism.

A Ly . S Y P W . 1 A® A
A idia idy A ®idy 4 id 4 ®h
L S .7 S P L. % AglA
da da id a®@da id4®da
LAgld ABA oy BB i S8DAB o ieia
EXe idi4®e dRid®e idi 4 ®idi 4 ®¢
A@A———r 14 &4 YT LAGIA® A oo A®4ed
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The upper left square commutes trivially. The upper middle square commutes because of the
naturality of d. The upper right square does not commute, but rather follows from Proposition 11.
The middle left square commutes from the naturality of d. The middle square commutes by definition
of a comonoid. The middle right square commutes by the naturality of d. The lower left square
does not commute but similarly follows from Proposition 11. The lower middle square commutes
by the naturality of d and the lower right square commutes trivially.

Considering the second diagram

-1
A - A®I
ha
' A1 id
1A 1Ael A2 4pr
da
o id id
1Al DA yor S8, 4er
ERE
e®idr 4
ARA ——— AR!A A®I
® ida®h4 ® ida®e4 ®
The upper square commutes using the following reasoning
ha; A L e®idy = A1 haQidr;e®idy Naturality of A~1
= A7} (ha;€)®(idr;idr)
= AL (ida)®(idr) Definition of coalgebra
= A_l

The middle left square commutes by definition of a comonoid, and the middle right commutes
trivially. The lower left triangle does not commute, but we have from Proposition 11 that h4;d4 is
a cofork of e®e;id4®h4 and e®idi4. The lower right square commutes trivially.

The symmetric case for p~! instead of A~! works similarly. Considering the fourth diagram:

A—_——A
ha ha
v
da da

4 4
IA®IA —— 1AR!A
MALA

EQE Qe

v v
A®A ARA

YA,A

The upper square commutes trivially. The middle square commutes because (14,d4,e4) is a com-
mutative comonoid by definition. The lower square commutes by naturality of . |
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We have in the definition of a Linear category, that the comonoid morphisms, d4 and e4, are also
coalgebra morphisms. Let us consider whether our candidates, e' and d', have this property.

Proposition 13. The morphism €' is a coalgebra morphism between the coalgebras (4, h) and
(I y My ) : ’

Proof. For ¢' to be a coalgebra morphism the following diagram must commute.

A 1A
ha tha
!1:1 d !!:4
€4 lea

'

The upper square commutes by definition of a coalgebra. The lower square commutes since e4 is a
coalgebra morphism (by definition). [ |

Proposition 14. The morphism (h4;d4) is a cofork of the morphisms (e®e;ha®ha) and
(0®4; 1e®le): 1AQIA - IAQ!A.

Proof. Again we shall prove this equationally rather than with the use of diagrams.

ha;dg;e®e; h®h

d; h®h; e®e; h®h Proposition 10 and Corollary 3
d; (h;e)®(h;€); h@h

d; hh Definition of a coalgebra
= hyd
= h;d;id®id
= h;d;(d;1e)®(6; le) Definition of a comonad

h; d; (0®0); (le®le)

|
Proposition 15. The morphism d' is a coalgebra morphism between the coalgebras (4, h4) and
(A®A, (hA®hA; mA,A)).

Proof. For d' to be a coalgebra morphism the following diagram must commute.
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A ha 1A
ha ha
1A d A
da d
@4 28 1agna ™A 1 4g14)
E®E le®le W(e®e)
,

14! !
AR —— 14814 (ADA)

m4 A

The upper square commutes by the definition of a coalgebra. The middle square commutes as d4
is a coalgebra morphism between the coalgebras (14,d) and (IA®!A, (6®d; mia,14)). The lower left
square does mot commute, but follows from Proposition 14.12 The lower right square commutes
from the naturality of m. |

Thus we have shown that for any coalgebra we have two morphisms, d' and €', and that these are
natural transformations, form a commutative comonoid and are coalgebra morphisms.
We can now state a important property of our categorical model: soundness

Theorem 24. A Linear category, C, is a model of the LTC-theory (£, A).

Proof. To prove that C is a structure for the LTC-theory we simply proceed by induction over
the structure of a given term in context. To verify that C models the equations in context in .4 we
simply check them exhaustively. We shall simply give two examples.

1. Consider the following equation in context (which is slightly less general for clarity):

F]_ I>M1:!A1 FgDMQ:!Ag ml:!Al,.'l)z:!AzDN:B
Ty, T > derelict(promote My, M for 21,23 in N) = N[z; := My, 22 :== Ms]: B

Dergq

This term in context amounts to the following diagram:

mim
I ®T; — 2

!B

5
L@ty B3 1A1@N A, — ™ 114, 0145)

N\ le®e € €

B

14; 014, 1A1®'A,

The left triangle commutes by the definition of a comonad. The middle square commutes by
the fact that € is a monoidal natural transformation and the right hand square commutes by
naturality of e.

121n fact it would be disastrous were this square to commute. We would then have that ha;e = idj4 = e;hys. In
other words we would have succeeded in collapsing the model to the extent that A =!A.
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2. Consider the following equation in context:

F11>M1:!A1 F21>M2:!A2 :1;1:!A1,.'z:2:!A2>N:B Av>P:C

- - - DiscEq
I'1,I',A > discard (promote My, M; for 21,2 in N) in P
= discard My, M5 in P:C
This term in context amounts to the following diagram:
id I i i !
rieren 218728 4 einen 2200 4 endea MY 11ae)ea 2B 1BeC
ea®e 4 Rid es®e4Qid e4®id e ®id
Y
IQRIRA ————— IRIRQA IRA — IQC
®I® BI®A —5 gid ® dep 1O
A
Y
C

The left hand square commutes as 4 is a comonoid morphism by definition. The middle square
commutes as e4 is a monoidal natural transformation. The right hand square commutes by
naturality of e.

In fact, it is the case that a Linear category models all the reduction rules from Chapter 3, if they
are regarded as equations in context. For example, consider the following equation in context which
arises from the cut elimination process.

i M:lA AbMy:!B OpM;:!IC z:'A,y:!C> N:D

I'A,® > promote My, (discard My in M3) forz,y in N
= discard My in (promote My, M3 for z,y in N) :1D

Categorically this amounts to the following equational reasoning

mM1®my; idR6; id®!n; §®F; mia 14;'p
= m1®my;id®J; 6®id; idg!n; id®d; ma,c;!p
= m1®ms;id®J;IQid; id®J; idg!n; mia,c; Ip Naturality of 4.

= M ®my;id®d;IQid; id®d; m;I(id®!n); Ip Naturality of m.
= mi®mg;d®J;id®s; m;!(id®In);lp
= m1®my; i®6;idR!o;m; (id®!n); !Ip Def of a comonad.

= mi®ma;6®8; m; !(id®d); I(id®!n); Ip

The other reduction rules follow by similar (trivial) reasoning.

5 An Example Linear Category

There are many categories which satisfy the definition of a Linear category. In this section we shall
detail just one, although from a computer science perspective, it is an extremely important one. We
shall consider the category of domains and strict morphisms. This is an important example, as it is
not a CCC, and hence, not directly a model of the extended A-calculus. The fact that it is a Linear
category, along with the Girard translation, shows us how it can be considered as a model for the
extended A-calculus.
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5.1 The Category Domg

This is the category of pointed w-cpos (domains) and strict morphisms. We take A®B to be the
smash product of the domains A and B, A—B to be the set of strict morphisms from A to B
ordered pointwise, I to be the two point domain (2), A&B to be the cartesian product and A® B to
be the coalesced sum. We shall use the lifting construction to represent !4. The lifting of a domain
A, written A, is the set {(0,a)la € A} U {1} as a carrier and is ordered by z C y if z = L or
z = (0,a) and y = (0,a’) and a C4 a'.

We can define two constructions: delta: A, — A; | which maps L to L and (0,a) to (0, (0,a))
and eps: A; — A which maps 1 to L and (0, a) to a. It is not hard to see that the lifting functor,
together with eps and delta form a comonad on Doms. We can then define a morphism my: T — I
which maps L to L and 0 to (0,0). We can also define a family of morphisms ma pg: A1 ®B) —
(A®B)1 which map L to L and ((0,a),(0,b)) to (0, L) if either a = L or b= L and to (0, (a,b))
otherwise. We can also define two other families of morphisms: d4: A; — A} ® A, which maps L
to L and (0,a) to ((0,a),(0,a)) and eq: A; — 2 which maps L to L and (0,a) to 0. It is then
routine to check that these constructions satisfy the definition of a Linear category.

6 Comparison: Seely’s Model

The most well-known alternative definition of a categorical model of ILL is that due to Seely [69].
Rather than use coalgebras, Seely’s model provides a pair of natural isomorphisms which relates the
tensor product and the categorical product. It should be noted that this means that products must
exist to model the exponential. This is an important difference between Seely’s model and a Linear
category where the exponential can be fully given without reference to products (and indeed was
done so in an earlier presentation [15]).

In this section we shall consider in detail Seely’s proposal and, where appropriate, compare it
with that given in Definition 35. First let us recall Seely’s definition.

Definition 40. A Seely category, C, consists of:

1. A SMCC with finite products, together with a comonad (!, ¢, ).

2. For each object A of C, (14,d4,e4) is a comonoid with respect to the tensor product.
3. There exists natural isomorphisms n: lAQ!B ~—!(A&B) and p: I —5t.
4.

The functor ! takes the comonoid structure of the cartesian product to the comonoid structure
of the tensor product.

The naturality of n amounts to the following diagram commuting for morphisms f: 4 — C and
g:B— D,

IA®!B —» \(A&B)
f®lg (f&y)
IC®ID — (C&D)

Condition 4 (which seems to have been overlooked!® by Barr [10] and Troelstra [75]) amounts to
requiring that the following two diagrams commute.

13 Asperti and Longo [6, Lemma 5.5.4] (falsely) claim it holds automatically.
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1A IA®IA 14 I
n P
A — 5> (Aked) A —— 1t

We have appropriate candidates for the natural isomorphisms n, n=1, p and p~! in the interpretation
of the following proofs.

Ar A B+ B
Dereliction Dereliction
IA-A B+ B
Weakening Weakening
IA\'Br A 1A4,'B B
(&r)
1A,'B + A%B
Promotion
1A,!B + (A& B)
(®c)
IAQ!B + (A&B)
Ar A (&) B+ B (&)
— (& — (&
A&B - A o A&B v+ B o
Dereliction ——— Dereliction
1(A&B) + A (A&B) + B
Prom. Prom.
I(A&B) + 1A (A&B) + |B (@)
I(A%B),!(A%B) + 'A®\B &
Cont.
1(A&B) + |AQ!B
— (tr)
-t —(In
Promotion -7 (Ir)
-t Weakening
(I[_) eI :
I

Essentially the main difference arises in the interpretation of the Promotion rule. With a Seely
category this is interpreted:

[l1,...,Cpn > promote My,..., My forzi,..., 2, in N:!B]

def [C1o Mi:1A]®...Q[Ch b Myp:1An]; n; 6 In 2 ([z1: 141, . . ., i 1An > N: B])

Let us consider the n morphism. Since it maps the tensor product to the categorical product, we
might expect it to preserve the symmetric monoidal structure of the tensor product (as a categorical
product can be thought of as a tensor product). For example, we might expect it to preserve the
symmetry of the tensor product.

IA®!B —+ (A& B)
7y !'y& (4.39)
IBRIA —— I(B&A)
n

(Where we write 'y& to denote the symmetry morphism for the categorical product.) However given
Seely’s definition this diagram does not necessarily commute. Condition 4 of the definition only
entails that the following diagram commutes.
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IA®IA — s 1(A&A)

¥ &

ABLA — 1(A&A)

Unfortunately, we can find situations where we require diagram 4.39. Consider the following two
proofs (given in the sequent calculus formulation).

m
IA'B v+ C m
——  Exchange
IB,J1IAwC 1AJIB+C
——— Promotion ————— Promotion
1B,1A v+ IC 1A)'B + IC
—— FExchange
14,'B +~ IC

Clearly these two proofs are equivalent (they are given the same terms by the term assignment system
from Chapter 3). Let us consider their interpretation. In a Linear category, their interpretations
are equal as the following diagram commutes.

2

'A®!B IBR!A

&6 5®8
4 4
NAQ!UB — '+ 1BeUA
m m

Y "Y
I(14®!B) — L+ 1(1B®!A)

1] AN Iy

Y

%, T

!71'1

The upper square commutes by naturality of -y, and the middle square commutes by definition of
m. The left triangle commutes trivially and the right triangle commutes by definition of a SMC. In
a Seely category the equivalence of the two proofs implies the following diagram commuting.
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v

1A®'B IBR!A
n n
Y Y
(A& B) I(B&A)
d 0
Y Y
1(A&B) N(B&A)
In—1 In—1
4 4
I(1A®!B) I(1B®!A)
] by
4 4
IC I(1AQ!B)
: 71'1]]

There seems to be no way of filling in this diagram using Seely’s original definition. However if we
include condition 4.39 given earlier, we can complete the diagram in the following way.

IAQIB — 1+ 1B®!A
n n
v(AézB) o) v(BécA)
5 5
1(A&B) 0%, N(B&A)
Ih—1 In—1

1] AN by

(1AQ!
T I(lAQ!B)
The upper square square commutes given our new condition, the middle square commutes by natu-
rality of 6 and the lower square again by our new condition. The two triangles commute as for the
Linear category case:

Thus we might extend the definition of a Seely category to incorporate the fact that the n (and p)
morphisms should preserve the symmetric monoidal structure of the tensor product. This amounts
to four commuting diagrams which are given in Figure 4.6.
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IA®!B — > I(A&B)

v &

IBRIA — |(B&A)
n

nidic

(1A®!B)®!C (A&B)®IC —— 1((A&B)&C)

a 1o

1A®(1B®!C)

Gon [AB!(B&0) —- I(AL(B&O))

id id
1014 P24 11614 1AoT “24%P e

A s 1(1&4) 14— 1(4&1)

Figure 4.6: Four Additional Conditions for a Seely Category.

Given these new conditions let us now consider the property of soundness for a Seely category.
Seely showed that all terms in context were modelled by a Seely category.

Proposition 16. (Seely) A Seely category, C, is a structure for the LT C-theory (£, A).

However for a Seely category to also be a model for a LTC-theory we need to show that the equations
in context in A are modelled by equal morphisms. Unfortunately, for a Seely category we find that
it is not true.

Lemma 16. Given a Seely category, C, and the LTC-theory (£, A), it is not the case that for all
equations in context, I'> M = N: A4, in A that [I'> M: A] =¢ [T'> N: A].

A counter-example is the Copyg, equation in context. First let us recall the equation in context (in
fact we only need use a simplified version where the promoted term has only one free variable).

' M:1A z:1A> N:B y:!B,z:!Bp P:C

Copy
I'v  copy (promote M for zin N) asy,zin P B

= copy M asz',z"in
Ply := promote z’ for z in N, z := promote z" for z in N|: C

This equation in context implies the same commuting diagram for a Linear category as for a Seely
category.

P ™ % g™ L p

C

n. p
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For a Linear category we can complete the diagram in the following way.

m ) In

r 1A > 1A !B

C

IAQIA —— 1A®UA ———» |BR!B

4 Ses O e P
The left hand square commutes by the condition that all free coalgebra morphisms are comonoid
morphisms. The right hand square commutes by naturality of d. Unfortunately it is not clear how
to make this diagram commute for a Seely category. The right hand square commutes by naturality
(as for a linear category), but then we can only reduce the left square to the following.

14 J nA

d 1(A) 1(A) d
AL — 1(A&A) I(A&1A) ~— 1ASIIA
IAR!A 7Y NARNA

In fact we find that neither the Copyg, nor the Discg, equations in context are modelled correctly.
It is clear that we need to improve on Seely’s original definition to obtain a sound model of ILL.
Following a suggestion of Martin Hyland, we shall reconsider Seely’s model in a slightly more abstract
way. Let us consider some of the motivation behind the Seely construction.

First we shall recall a construction, the opposite of which (i.e. that generated by a monad) is
known as the “Kleisli category” [53, Page 143].

Definition 41. Given a comonad, (!,£,d) on a category C, we take all the objects A in C and for
each morphism f:!A — B in C we take a new morphism f: A » B. The objects and morphisms
form the co-Kleisli category, C;, where the composition of the morphisms f: A - B and §: B — C
is defined by the following:

Fio ¥ (6a3'f;0)

It is easy to see that this has strong similarities with the Girard translation given in Chapter 2 of

IL into ILL where the intuitionistic implication is decomposed: (4 — B)° ef I(A°)—o B°. In fact,
as first shown by Seely [69], the co-Kleisli construction can be thought of as a categorical equivalent,
of the Girard translation.

Proposition 17. (Seely) Given a Seely category, C, the co-Kleisli category C; is cartesian closed.

Proof. (Sketch) Given two objects A and B their exponent is defined to be !A—oB. Then we have
the following sequence of isomorphisms.

G (A&B,0) C({A&B),C) By definition
C(lA®!B,C) By use of the n isomorphism
C(l4,!B—(C) By C having a closed structure

C (4,!B—C) By definition

R 1R IR
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We know from Kleisli’s construction that we have the following adjunction.

G
G+ |F

C

Seely’s model arises from the desire to make the co-Kleisli category cartesian closed, which is achieved
by including the n and p natural isomorphisms. This means we have an adjunction between a SMCC
(€) and a CCC (C;). As we can trivially view a CCC as a SMCC, we then have an adjunction between
two SMCCs. We might expect that this is a monoeidal adjunction.

Definition 42. A monoidal adjunction, (F,G,n,¢):C — D is an adjunction where F' and G are
monoidal functors and 7 and € are monoidal natural transformations.

Let us now state a new definition for a Seely-style category and then investigate some of its prop-
erties.

Definition 43. A new-Seely category, C, consists of

1. a SMCC, C, with finite products, together with
2. a comonad, (!,¢,6), and

3. two natural isomorphisms, n:!A®!B —!(A&B) and p: I !t
such that the adjunction, (F, G, 1,¢), between C and C, is a monoidal adjunction.

Assuming that F' is monoidal gives us the following morphism and natural transformation:

mp:I = Ft
my,p: FA®FB — F(A&B)

Assuming that G is monoidal gives us the following morphism and natural transformation;

m%: t— GI
m)y g:GA&GB — G(A®B)

We also assume that € and 5 are monoidal natural transformations. This amounts to the following
diagrams

I I
€AQ€ER
FG(A)®FG(B) —— AQB _ my
Y
mGA,GB €AQB Ft
F(GA&GB) — FG(A®B) Fm%
M4,B
FG(I) I

€r
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t t

AxB —MYE G eGR(B) mi
Na&B My4,FB G'I

GF(ALB) 35— G(FASFB) Gm;
,

t—— GF()

It is easy to see that my is Seely’s morphism p and my4 g is Seely’s natural transformation n. In
fact, we can define their inverses:

L Fmt,eI Ft—>1T
_1 d

mA F( A&T]B) FmFAFB’GFA®FB F(A&B) —)FA®FB

Lemma 17. (m;! and mj) and (m;le and my4 g) are inverses.

Proof. By easy construction. |

Hence the monoidal adjunction itself provides the isomorphisms !A®!B =21(A&B) and I =lt. It is
amusing to notice the following fact.

Proposition 18. Given a new-Seely category, C, the diagrams in Figure 4.6 hold by the fact that
F' is a monoidal functor.

Proof. By writing our what it means for F' to be a monoidal functor yields the relevant diagrams.
|

As the co-Kleisli category is a CCC it has a canonical commutative comonoid structure, (4, A, T), on
all objects A. We can use this and the natural transformations arising from the monoidal adjunction
to define a comonoid structure, (F'(A4),d, e), on the objects of C:

d ¥ F(A);m7l:F(A) - F(A®F(A)
e ¥ PTymyLFA) =1

Again taking m4 4 as n4,4 and my as p, these definitions amount to condition 4 of Seely’s original
definition. Additionally we know from basic category theory [53, Page 143-144] that the adjunction
induces a (particular) comonad on C.

Proposition 19. Given a new-Seely category, there is a comonad (FG, Frng,€) induced on C,
which is precisely (!, ¢, d).

Thus we now know that we have at least as much structure as Seely’s original definition. Of course,
we have the extra structure of a monoidal adjunction and we shall see how these are precisely enough
to produce a sound model for the LTC-theory. First of all, let us consider the comonad.

Proposition 20. Given a new-Seely category, the induced comonad (F'G, Fng,¢€) is a monoidal
comonad (FG,Fng,e,mg g, my).

Proof. Take the following:

my mr; Fmi: I — FG(I)

map ¥ meace; Fmy g FG(A)®FG(A) - FG(A®B)
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First we shall check the naturality of m4 p: given two morphisms f: A — C and g: B — D
. m Fm'
FG(A)®FG(B) — 98] pG(A)&G(B) —2E FG(A®B)
FG(f)®FG(g) F(Gf&Gyg) FG(f®y)

FG(C)®FG(D)

F(G(C)&GEG(D
o FEORED) s

FG(C&D)

The left hand square commutes by naturality of m and the right hand square commutes by naturality
of m'.

Now we shall check that F'G is a monoidal functor. As it is the composition of two monoidal
functors, this is immediately obvious, and so a formal proof is omitted. We know that € is a monoidal
natural transformation by assumption. We also have that 5 is a monoidal natural transformation
and it is a simple exercise to see that Fng is a monoidal functor.

|

Lemma 18. Given a new-Seely category, the comonoid morphisms e: FG(A) — I and d: FG(A) —
FG(A)®FG(A) are monoidal natural transformations.

Proof. We shall just give the proofs for d and e being natural transformaﬁons, the diagrams to
prove that they are monoidal are laborious and omitted. For d to be a natural transformation, the
following diagram must commute.

FG(4) FG() FG(B)
F(B) F(A)
F(GA:&GA) F(GFEGS) F(GBEQGB)

m-—1 m-1

FGA)BFG(B) fornorers FOB)SFG(B)

The upper square commutes by naturality of A and the lower by naturality of m~1. For e to be a
natural transformation, the following diagram must commute.

Fea) 26U pam)

F(T) F(T)
'
Ft Ft
m;l mI_1
4
I I
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Lemma 19. Given a new-Seely category, the comonoid morphisms e: FG(A) — I and d: FG(4) —

FG(A)®FG(A) are coalgebra morphisms.

Proof. Requiring that e: FG(A) — I is a coalgebra morphism amounts to the following diagram

commuting.

F
FG(4) flcA FG(FG(A))
FT FGFT
Ft FGFt
my? FG(m7Y)
4 4
I Ft FG(I
mr F m% (D
We prove that this commutes equationally
Fnga; FGF(T); FG(m;*)
= Fnga; FGF(T); FGF(my); FG(er)
= FT;Fn FGF(m{); FG(er) Naturality
= FT;Fmi; Fner; FG(er) Naturality
= FT;Fmj Def of adjunction

= FT; ml_l;mI;Fm%

Requiring that d: FG(A) — FG(A)®FG(A) is a coalgebra morphism amounts to the following

diagram commuting.

F
FG(A) KIZ

F(A)l

F(GA&GA)

-1
mGA,GA\

» FG(FG(A))

JFGF(A)

FGF(GA&GA)

[FG(mE;,GA)

FG(A)®FG(A) s———pp—* FGFG(A)®FGFG(A) ———————tp F(GFGAXGFGA) —————r FG(FGAQFGA)
nGA®FIGA MGFGA,GFGA Fmloo s raa

We prove that this commutes equationally.

F(A); ma}«;,g,ﬁ Fne®Fng; MGFrGA,GFGA; F(mIFGA,FGA)
F(A);mgh gas Fna®Fna; marea,craa; F(Mpga paa)i Frigs €
F(A); F(ng&ng);m~tm; Fm'; Frig; e

F(A); F(ng&na); Fm'; Frg; e

F(A); F(ng&ne); Fn; FGF(m'); e

F(A); Fn; FGF(ngd&mng); FGF(m'); e

Fn; FGF(A); FGF(ng&ne); FGF(m'); e

Fn; FGF(A); FG(m™1)

o

Nat of m~1

Nat of n
Nat of 5
Nat of 5

Lemma 20. Given a new-Seely category, if f: (FG(A), Fnga) = (FG(B), Fngs) is a coalgebra

morphism then it is also a comonoid morphism.
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Proof. Assuming that f is a coalgebra morphism amounts to the following diagram commuting,.

If f is a comonoid morphism then two diagrams must commute. Firstly:

Fa(4) E184 po(raa))

f

FG(f)

FG(B) f— FG(FG(B))

FG(4) f - FG(B)
Fng (1) Fne
FG(FG(A)) 3 FG(FG(B))

F @ F(T) @) F(T) (4)  |F(T)
F:t F:t Ft F:t
mgl mgl m€1 m;l
I I I I

Square (1) commutes by assumption. Squares (2), (3) and (4) commute by definition of T. The
lower squares all commute trivially. The second diagram is as follows.

FG(A)

!

F(A)

F(GA&GA)

FG(A)QFG(A)

\Y:G

(2)

F(ng&ng)

(8)

FG(FG(A)QFG(FG(A)) —IZ %] FG(FG(B))®FCG(FG(B))

Fng®Fng
e®e

FG(FG(A))

1)

FG(f)

\F(A)

F(GFGA&GFGA)

\m_l

3)

F(Gf&GY)

(6)

FG(fIQFG(f)

(O]

FG(FG(B))

F(A)J

F(GFGB&GFGB)

.

FV

(4)

F(ng&ng)

&9]

Fng®Fng
Qe

er

FG(B)

F(A)

F(GB&GB)

Y
FG(B)®FG(B)

Square (1) commutes by assumption. Squares (2), (3) and (4) commute by naturality of A. Squares
(5), (6) and (7) commute by naturality of m~! and, finally, square (8) commutes by naturality of e.
|

Thus we can state the following relationship.

Theorem 25. Every new-Seely category is a Linear category.
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Proof. From Proposition 20 and lemmas 18, 19 and 20. [ ]
We can hence show that a new-Seely category is a sound model for the LT'C-theory.
Theorem 26. A new-Seely category, C, is a model for the LTC-theory, (£, A).

Somewhat surprisingly, we find that the so-called Seely isomorphisms {(n and p) exist in a Linear
category with products.

Lemma 21. Given a Linear category with finite products we can define the following natural
isomorphisms:

n ¥ 56 mia,18; (A); {((i[d®ep)&(ea®id)); (p&A); (e&e): |A®!B —+!(A&B)
nt L4, 0 fst@lsnd: ((A&B) —14®!B
P def mp;!IT: I =t
pt ef et:lt =1
Proof. By (long) construction. |

Given these isomorphisms we can repeat the reasoning of Proposition 17 to get the following property
of the co-Kleisli category associated with a Linear category.

Proposition 21. Given a Linear category, C, its co-Kleisli category, Ci, is cartesian closed.

It is important to note that the co-Kleisli category is only cartesian closed if C has (strong) products.
If a Linear category does not have products it is still a model for the multiplicative, exponential
fragment of ILL, unlike Seely’s model which critically requires the products.

Given our earlier calculations we might consider the adjunction between a Linear category and

its co-Kleisli category, where we find that the following holds.

Lemma 22. The adjunction between a Linear category, C, (with finite products) and its co-Kleisli
category, G, is a monoidal adjunction.

Thus when considering the complete intuitionistic fragment, the new-Seely and Linear categories are
equivalent. Theorem 25 shows that a monoidal adjunction between a particular SMCC (a new-Seely
category) and CCC (its co-Kleisli category) yielded a structure of a Linear category. Lemma 22
shows that a Linear category has the structure of a monoidal adjunction between it (a SMCC) and
its associated co-Kleisli category (a CCC). Thus the notion of a Linear category is in some senses
equivalent to the existence of a monoidal adjunction between a SMCC and a CCC. This observation
has been used by Benton [11] to derive the syntax of a mixed linear and non-linear term calculus.

7 Comparison: Lafont’s Model

In his thesis [47, 46], Lafont proposed an alternative model for ILL. Rather than directly using
comonad or coalgebra structures his model relies on imposing a strict condition involving a comonoid
structure.

Definition 44. A Lafont category, C consists of

1. A SMCC with finite products

2. For each object A of C, !A is the co-free commutative comonoid co-generated by A

An alternative (and equivalent) definition is given by Lafont in terms of categorical combinators.
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Definition 45. A Lafont category, C, consists of

1. A SMCC with finite products

2. Three (families of) combinators:

readg : 1A A
killy : A>T
dupl, : !A-!Ag!4

such that (14, kill 4, dupl4) forms a commutative comonoid.
3. A combinator formation rule

CA—B errA—1T du: A — AQA
make(C, er,du): A !B

with the following conditions
(a) (A,er,du) forms a commutative comonoid.
(b) make(C,er,du) is the only morphism 7: A —!B such that
i. m;readg =C
ii. m;killgp =er
iii. 7;duplg = du
Lafont showed that this could be considered a categorical model of ILL in a similar way to Seely:
namely, by checking that the co-Kleisli category is cartesian closed.

Proposition 22. (Lafont) Given a Lafont category, C, there are canonical isomorphisms

'A®!B
I

[l

I(A&B)
It

IR

Theorem 27. (Lafont) Given a Lafont category, C, then C is cartesian closed.
Proof. By construction and use of Proposition 22. ]

Of course, as we have seen earlier with Seely’s model, there is more to producing a sound model of
ILL than simply ensuring that a particular construction yields a cartesian closed category. Rather
than considering directly whether a Lafont category is a sound model of ILL we shall first give a
slightly more abstract (but equivalent) definition of a Lafont category and then use this to consider
the relationship between a Lafont category and a Linear category.

Definition 46. A Lafont category arises from requiring that there is the following adjunction
between a SMCC C, and its category of commutative comonoids, coMon¢(C).

coMon,(C)
F| 4G
C

where G' maps objects A to the ‘free’ comonoid (GA,d4,e4) and F is the forgetful functor (and G
is right adjoint to F').
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The definition of an adjunction tells us that there exists a natural transformation e: F'G = Id, such
that for all objects (A4,d,e) in coMon.(C) and objects B in C, for all morphisms g: F'(4,d,e) = B
there is a unique morphism f:(A4,d,e) = G(B) such that the following diagram commutes:

F(4,d,¢) 2 pa(B)

€B
g
B
Expanding out this diagram gives the following (where ! = FG)
A ! B
€B

Since we have that f is a morphism in the category of comonoids, we know that it will also satisfy
the following diagrams.

A f B A f 1B

e ep d dB

J=—7=1 A®A —— |BRIB
fof

Thus writing make(g, d,e) for f and read for ¢, we have precisely Lafont’s (second) definition for a
Lafont category. The definition of an adjunction also says that there exists a natural transformation
n:Id = G'F such that for all objects (4, d,e) in coMon.(C) and objects B in C, for all morphisms
f:(A,d,e) - G(B) there is a unique morphism g: F(A4,d,e) — B such that the following diagram
comrutes:

(A,d,e) 22+ GF(A,d,e)
Gg

G(B)

It is worth pointing out that the components of the natural transformation 7 are morphisms in
coMon¢(C) and as such are comonoid morphisms.

We shall make use of the following fact that the forgetful functor F:coMon.(C) — C preserves
the symmetric monoidal structure ‘on the nose’.

Lemma 23. The forgetful functor F:coMon.(C) — C is a strict (and, hence, strong) symmetric
monoidal functor (F,mg4,g,my).

Given that we have an adjunction, basic category theory [53, Page 134] tells us that there is a
comonad induced on C.

Proposition 23. Given a Lafont category, there is a comonad (FG, Fng, €) induced on C.

In fact, we can prove that this comonad is a monoidal comonad.
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Proposition 24. Given a Lafont category, the induced comonad (FG, Fng,€) is a monoidal
comonad (FG, Fng,e,ma,B,my).

Proof. Take the following morphisms

e®e : FG(A)®FG(B) -+ A®B
idr : I—=>1

Then by definition of an adjunction we have that the following diagrams commute.

fll

FG(A)®FG(B) —~ FG(A®B) I FG(I)

€ N\ €

eRe

A®B I

Moreover we know that the morphisms f' and f" are unique and so we shall call them my4 g and
my respectively. It is worth pointing out that these morphisms are also comonoid morphisms. First
we shall check the naturality of my4 g, given two morphisms f: A — C and g: B — D, this implies
the following required equality.

ma,B; FG(f®g9) = FG(f)®FG(g);me,p

By the definition of an adjunction, we know that for all morphisms h: F'A — B there exists a unique
morphism k: FA — FG(B) such that the following diagram commutes.

FA—". Fo(B)

B

We shall take as h the morphism (FG(f)QFG(g); eQ¢): FG(A)®FG(B) — C®D and the two sides
in the equality above as candidates for k. First we have to check that they satisfy the diagram.
Considering the first candidate:

ma,B; FG(f®g);€

m4,B; € f®g
eQe€; f®g
FG(f)®FG(g);e®e

Considering the second candidate:
FG(f)®@FG(g);me,pie = FG(f)®FG(g);e®e

We can see that they are both valid candidates for k, but as % is unique by definition, we conclude
that the candidates are equal, and thus the naturality equation holds.

Now we shall check that F'G is a symmetric monoidal functor. Recalling Definition 25, this
amounts to requiring four equalities to hold and we shall take each in turn. First consider the
equality for A.

mr®idrgay; mr,a; FG(A) = Apg(a)

Again, we verify this using the definition of an adjunction. We take as h the morphism
(Arg(a); €): I®FG(A) — A and the two sides in the above equality as candidates for k. Check-
ing the first candidate:
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mr®id; m; FG(A);e = mi®id;m;e A
= mRid; eRe; A
= myQid; eRid; id®e; A
= id®e A
= A€

Checking the second candidate is trivial. Thus as they are both valid candidates, and the uniqueness
of the adjunction tells us that they must be equal. The equality for p holds similarly and is omitted.
Next we consider the associativity isomorphism a. ‘

mQid;m; FG(a) = «;id®m;m

Again we verify this using the definition of an adjunction. We take as h the morphism
((e®e)®¢; a): (FG(A)®FG(B))QFG(C) - A®(B®C) and the two sides in the above equality as
candidates for k. Checking the first candidate:

mid; m; FG(a); ¢ m®id; m;€; @
mMEid; R¢€; o

m®id; e®id; id®¢; a
(e®e)®id; id®e; o
(e®Re)®€; a

Checking the second candidate:

a;id@m;m;e = o«;id®m;eRe

«; id®m; id®e; eRid
o;1d®(eQe); e®id
= o;e®(e®e)

= (eQe)®€;

Thus they are both valid candidates and the uniqueness of the adjunction tells us that they must
be equal. Finally we consider the equality for the symmetry isomorphism +.

ma B FG(y) = 7;mpa

Again we verify this using the definition of an adjunction. We take h to be the morphism
(e®€;7): FG(A)QFG(B) — B®A and the two sides in the above equality as candidates for k.
Checking the first candidate: :

m; FG(7);e = miey
= €Y
Checking the second candidate:
Timie = 7;€Re
= €€y

Thus they are both valid candidates and the uniqueness of the adjunction tells us that they must
be equal.

Now we have to check that € is a monoidal natural transformation. Recalling Definition 27 this
amounts to requiring that two diagrams commute. These diagrams are as follows.

my

FG(A)®FG(B) P48 Fa(asB) I FG(I)
€Q¢€ € \ €
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Both these diagrams commute trivially by definition of an adjunction. Finally we shall check that
Fne is a monoidal natural transformation which amounts to two equalities. Firstly, we require the
equality:

ma,B;Fng = Fne®Fng; mpea),res); FG(my,B)

We shall verify this using the definition of an adjunction and take m4 g as h, and the two sides in
the above equality as candidates for k. Checking the first candidate:

m; Fngie = m
Checking the second candidate:
Fng®Fng;m; FG(m);e = Fng®Fne;m;e;m
Fne®Fng; e®e;m

= m

Thus they are both valid candidates and the uniqueness of the adjunction tells us that they must
be equal. The second equality is:

mr; Fne = mp; FG(my)

We verify this using the definition of an adjunction and take my for h and the two sides in the above
equality as candidates for k. Checking the first candidate:

mp; Fngie = my
Checking the second candidate:
mr; FG(mr);e = mpemy
= mI

Thus they are both valid candidates and the uniqueness of the adjunction tells us that they are
equal. Thus we are done. | |

Let us briefly consider the comonoid structures. We know that G maps an object A to the ‘free’
comonoid (GA,d4,ea). Let us consider the structure (FG(A),d4,e4) where we have the following
definitions.
def

da £ F(da)imgaca

e4 def F(ea); myp
We have from Lemma 23 that F is a strict, symmetric monoidal functor, and so both m4 g and my
are identities. It is then easy to see the following.

Lemma 24. The structure (FG(A),da,e4) is a commutative comonoid.

Proof. By construction (Omitted). |
Lemma 25. Given a Lafont category, C, it is the case that eq: FG(A) — I and da4: FG(A) —
FG(A)®FG(A) are monoidal natural transformations.

Proof. The fact that they are monoidal is given by the fact that both m4 g and m; are monoidal
morphisms by definition. For d to be a natural transformation, the following diagram must commute.
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FG(f)

FG(4) FG(B)
F(da) F(dg)
F(GApGA) — L CI8G) | bapecR)

- -

FG(A)®FG(A) FETRFET FG(B)éFq(B)

The upper square commutes since Gf is a comonoid morphism for all morphisms f. The lower
square commutes by naturality of m. For e to be a natural transformation the following diagram
must commute.

FG(4) Felh) FG(B)
Flea) F(ep)
F:I FI
my i
I I

The upper square commutes since Gf is a comonoid morphism for all morphisms f. The lower
square commutes trivially. |

Lemma 26. Given a Lafont category, C, it is the case that e4: FG(A) — I and d4: FG(4) —
FG(A)®FG(A) are also coalgebra morphisms.

Proof. Requiring that e4: FG(A) — I is a coalgebra morphism amounts to the following equality.

eas;mp = Fnga; FG(ea)

As in the previous proof, we shall verify this using the definition of an adjunction and take e4 as h
and the two sides of the above equality as candidates for k. Checking the first candidate:

eq;mrie = €4
Checking the second candidate:

Fng; FG(ea);e Fng;€ea

= €4

Thus they are both valid candidates and the uniqueness of the adjunction tells us that they are
equal.

Requiring that d4: FG(A) - FG(A)®FG(A) is a coalgebra morphism amounts to the following
equality.
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Fnga; FG(da) = da;Fnga®Fnca; mMrg(a),ra(a)

We verify this using the definition of an adjunction and take d4 as h and the two morphisms in the
above equality as candidates for k. Checking the first candidate:

Fng; FG(d);e Fng;e;d

= d
Checking the second candidate:

d; Fnag®Fng; m;e d; Fng®Fng; e®e

d

Thus they are both valid candidates and the uniqueness of the adjunction tells us that they are
equal.
|

Lemma 27. Given a Lafont category, C, if f:(FG(A),Fng) = (FG(B),Fng) is a coalgebra
morphism, then it is also a comonoid morphism.

Proof. Assuming that f is a coalgebra morphism amounts to the following diagram commuting.

Fe(a) 218 paraa))

f FG(f)
FG(B) 5= FG(FG(B))

If f is a comonoid morphism then two diagrams must commute. Firstly:

FG(A) ! FG(B)
Fna (1) Fna
FG(FG(4)) 20 FG(FG(B))

Flea) (2 Flerc(a))(3) Flera(m) (4)  |F(en)
s Fi it £
my! mz! m; ! my!
I 1l I I

Square (1) commutes by assumption. Squares (2) and (4) commute by the fact that 7 is a comonoid
morphism. Square (3) commutes by the fact that Gf is a comonoid morphism for all morphisms f.
The lower squares all commute trivially. The second diagram is as follows.
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FG(A) FG(B)
\{:a ) FV
FG(FG(A)) FGU) » FG(FG(B))
F(dg) (2) \F(dpc,;) (3) F(dFGB)‘ (4) F(dg)
F(GA®GA) M» F(GFGAQGFGA) M» F(GFGBQGFGB) M F(G};@GB)

m—1 (5) lm—l (6) m— 1\ (7) m~1

FG(FG(A)®FG(FG(A)) MF"_‘Q FG(FG(B))®FG(FG(B))

Fng®Fng (8) Fng®Fng
eQe e®e
Y

FG(A)QFG(A) o7 » FG(B)®FG(B)

Square (1) commutes by assumption. Squares (2) and (4) commute by the fact that 7 is a comonoid
morphism. Square (3) commutes by the fact that G(f) is a comonoid morphism for all morphisms
f. Squares (5), (6) and (7) commute by naturality of m~! and finally square (8) commutes by
naturality of e. |

Thus we can now state precisely the relationship between a Lafont category and a Linear category.
Theorem 28. Every Lafont category is a Linear category.
Proof. By Proposition 24 and Lemmas 25, 26 and 27. ]

We can show that a Lafont category is a sound model for the LTC-theory.

Theorem 29. A Lafont category, C, is a model for the LTC-theory (£, .4).

8 Translations

In Chapter 2 we saw how the exponential connective (!) via the Girard translation gives ILL the
logical strength of IL. It is well known (see, for example, the book by Lambek and Scott [52]) that a
categorical model of IL is a cartesian closed category (CCC). As we have modelled the exponential
as a comonad (with particular structure) we would therefore expect this to generate a CCC in some
way. In fact we have already seen how the comonad along with the so-called Seely isomorphisms
in a Linear category ensures that the co-Kleisli construction yields a CCC. For completeness let us
repeat that proposition.

Proposition 25. Given a Linear category, C, the co-Kleisli category, G, is cartesian closed.

Basic éategory theory [52, Corollary 6.9] shows that the co-Kleéisli category is related to the category
of coalgebras in the following way.

Lemma 28. The co-Kleisli category is equivalent to the full subcategory of the category of coalge-
bras consisting of all free coalgebras.

Thus we have the following situation, where C is a Linear category.
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U

G

We shall consider the category of coalgebras in more detail, as well as a certain subcategory which
was first identified by Hyland [15].

Proposition 26. Given a monoidal comonad, (!,€,8, m A,8,my), onaSMC C, then C' is a symmetric
monoidal category.

Proof. The unit of this SMC is the coalgebra (I,m;). Given two coalgebras (4,h4) and (B, hp)
their tensor product is defined to be

def

(A,ha)®' (B,hg) = (A®B,(ha®hp;ma,p)).
It is easy to verify that this is a coalgebra. Checking that the category of coalgebras is a SMC is
relatively simple and omitted. |

It is interesting to note in the above proof the essential use of the monoidal structure of the
comonad and also the fact that given two free coalgebras (14,d4) and (1B, §g), their tensor product
(IAQ!B, (6®d; m4,g)) is not necessarily a free coalgebra.

The next obvious question is whether a symmetric monoidal closed category induces a closed
structure on the category of coalgebras. We find that this is not quite the case although we can
isolate those cases where it is true.

Proposition 27. Given a monoidal comonad (!,&,6,m4,8,ms) on a SMCC C, then within the
category of coalgebras, C', the free coalgebras (!4, §) have an internal hom.

Proof. We shall show that

(B,hp)—'(14,84) ¥ ((B—0A),85-04),

is an internal hom. This can be checked by simple analysis of the aLdjunction F 4 G between C
and C, where the forgetful functor F' forgets the coalgebra structure, and the functor G maps any
object A to the free coalgebra (14,84). By definition the following bijection holds.

(A, ha) 5 GB = (1B, 65)

F(Ahs) = A3 B
Hence the following sequence of bijéctions shows that the free coalgebras have an internal hom.
(C,hc) — ((B—oA),d) in C
C — B—oA inC
C®B — A inC

(C®B, (ho®hp;m)) — (I4,0) in C

We can now consider some properties of the category of coalgebras for a Linear category.
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Proposition 28. Given a Linear category C and consider its category of coalgebras, C'. The tensor
product of any two coalgebras (A4,h4) and (B, hp) is actually a cartesian product.

Proof. We recall from Proposition 26 that the tensor product of the two coalgebras (A, h) and
(B, hp) is defined as (A®B, (ha®hp;ma,p)). Proposition 12 shows that in the category of coalge-
bras every coalgebra has a monoidal structure given by the two natural transformations d' and e'.
These natural transformations can be used to define projection and diagonal morphisms, viz.

fot ¥ idi®e;pa: ARB - A

snd! ¥ e'®idg; Aa: ARB — B

A g A AQA.

Propositions 13 and 15 show that €' and d' are coalgebra morphisms and it is trivial to see that the
projection and diagonal are also coalgebra morphisms. '

Let us check the proposed cartesian structure. Take a coalgebra (A,hs: A —!A) such that
f:(A,ha) — (B,hp) and g: (A, h4) = (C,h¢) are coalgebra morphisms. We can take as a mor-
phism from (A4,h4) to (B®C, (hg®hc;mpc)) the composite A'; f®g. For this composite to be
a coalgebra morphism the following diagram must commute (recalling that d' is defined as the
composite ha;d4;e®e).

A ha 1A
ha ha
14 d !!:4
da d
1Agta 020 NARUA — A4 114c14)
EQE le®le l(e®e)
AgA a®ha | AL — ™A 1 4g 4)
feg FG(f)eFG(g) |(f®9)
B&C . | AgIB = l(4@B)

The upper square commutes by definition of h4 being a coalgebra structure map. The upper
middle square commutes as d is a coalgebra morphism. The left lower middle square commutes
by Proposition 14 (the fact that (ha;d4) is a cofork of §®4;le®le and e®e; ha®ha). The right
lower middle square commutes by naturality of m. The left lower square commutes as f and g are
coalgebra morphisms by assumption and the right lower square commutes by naturality of m.

For there to be a cartesian structure we require the following diagram to commute.
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We shall consider only the left hand square as the right hand one is similar. Expanding out the
definitions of A' and fst', gives the following diagram

A

A

B

A
/2
A A 1A
E
—1
(1) p da
(2)
LA®T J9824 | 4014
-1 e®id e®id
P ERE
(3)
Y
B AQIA ARA
o A8 < iger A% qgn 49
(4) feid (5) folg (6) feg
4
Bl ! BRC
o POl <iges B®'C taang B®

Square (1) commutes by naturality of p~!. Triangle (2) commutes by the definition of a commutative
comonoid (Definition 31). Triangle (3) does not commute but holds from an earlier cofork equality
(Proposition 11). Square (4) commutes by naturality of p, square (5) by naturality of e and square

(6) by g being a coalgebra morphism. The other squares commute trivially.

Lemma 29. Given a Linear category C and consider its category of coalgebras, C'. The coalgebra

(I, my) is the terminal object and the morphism e': A — I is the terminal morphism.

Proof. Recall that ¢! & ha;ea. Assuming that there is another terminal morphism f: A — I,
which as it is a coalgebra morphism must also be a comonoid morphism, and so make the following

diagram commute.
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Thus the following holds.

e = f;é
= fimjge Def
= f;id e is monoidal
= f

Proposition 27 shows that internal homs exists for all the free coalgebras. Proposition 28 shows that
in the category of coalgebras for a linear category the tensor product is actually a cartesian product.
Thus all the free coalgebras are exponentiable, i.e. have internal homs with respect to the cartesian
structure. It is not just the free coalgebras which are exponentiable. Take two exponentiable
coalgebras (C, h¢) and (D, hp) and form their product (Proposition 28 gives that the product is
equivalent to the tensor product). We take as the internal hom of the product of these coalgebras

(B’ hB)_O!((Ca hc)&!(D, h'D)) o ((B1 h’B)_O!(Ca hC’))&!((B’ hB)_O!(D; hD));

for all coalgebras (B, hp). Then the product of two exponentiable coalgebras is also an exponentiable
coalgebra by the following reasoning.

C'(A®B,C&D)

C (A®B,C)&C (A®B, D)
C'(A, B—C)&C' (A, B—oD)
C' (A, (B—C)&(B—oD))
C' (A, B—oC&D)

The following subcategory was first identified by Hyland [15].

Theorem 30. (Hyland) The full subcategory of exponentiable objects, Exp(C'), of the category
of coalgebras of a Linear category C forms a CCC containing the category of free coalgebras.

Thus we have the following situation where C is a Linear category.

(C!
4

C Exp(C')

We have considered two particular subcategories of the category of coalgebras which are cartesian
closed, a natural question is to ask which conditions are necessary to make the whole category
cartesian closed.

Definition 47. A pair of morphisms f,g: A — B is said to be a coreflezive pair if there exists a
morphism k: B = A such that f;k=id4 = g; k.

Proposition 29. In the category of coalgebras for a Linear category, C', the morphism h¢ is an
equalizer of the (coreflexive) pair (lh¢,d¢), i.e.
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the
A Zhe,
(C, he) — (IC,6¢) (NC, b,c)
dc

Proof. The pair (lh¢;dc) is a coreflexive pair as lh¢g;lec = idi¢ = d¢; lec. The morphism he is a
cofork of the pair (h¢,d) by definition of a coalgebra. Assume that there exists another coalgebra
morphism f:(B,hg) = (IC,d¢) such that f;lhe = f;0c. Hence the following holds.

fide = fithe
fidcsec = filhesec
f = Ffilheiac
f = (fiec)ih

Thus given any f which is also a cofork of the pair (1h,4d), there is a morphism, k(= f;e¢), such
that k; he = f. It is easy to see that k is unique and it is a coalgebra morphism by the following
reasoning.

(fiec)ihe filhcie
fidc;ec
f
fideslec
hg;!f;lec
kg;!(f;ec)

I

Theorem 31. (Hyland) Given a Linear category C and consider its category of coalgebras C'.
This category is cartesian closed if it has equalizers of coreflexive pairs.

Proof. (Sketch) The problematic part of this theorem is showing that an internal hom exists between
any two coalgebras. Recalling from Lemma 27 that internal homs exist for all free coalgebras (where

(B,hp)—'(1C,6¢) def ({(B—C),6p—oc)) and taking the coreflexive pair from Proposition 29, there
is the following equalizer diagram.

((B, hp)—'-)(thc)

(D, hp) — (B, hp)—o'(1C, 6c) (B, hg)~o'(1C, bic)
' (B, h5)—'—)(3c)
K,
. l
(Aa hA)

Taking a coalgebra morphism f:A®B — C, we form the morphism (ha;!Cur(f))}:4 —
(B,hg)—'(!1C,6c). It is simple to see that this is a cofork for the coreflexive pair
(((B,hg)—'=)("hc), ((B, hg)~o'=)(6c)). Then by the equalizer assumption there is a unique mor-
phism k: (4,h4) — (D, hp). :

In the opposite direction, taking a coalgebra morphism g: (A4,hs) — (D,hp), one can form
the morphism (g®idp; a®idp;idyp—oc)®hp;m;!App): A®B —!C. It is routine to see that this is
a cofork for the (coreflexive) pair ('he,d¢). From Proposition 29 there is then a unique coalgebra
morphism j: AQB — C.

It is routine to see that the two operations described above form a bijection, i.e.

f:(A®B) = C
FfA—=D )
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Hence (D, hp) can be taken as the internal hom (B, hg)—o'(C, hg). ]

Jacobs [45] has also considered this construction but he takes a different candidate for the internal
hom which requires the stronger condition that there are equalizers for all parallel pairs of morphisms
in C.

We shall now consider the réle of coproducts. We have assumed that a Linear category, C, has
coproducts and so we shall consider whether the three candidate CCCs have a coproduct structure
induced on them.

Seely [69] demonstrated that the co-Kleisli category € does not have coproducts if C does. He
pointed out that there are the following bijections.

G (4,0C) C(B,C)
C(I4,0) C(IB, C)
C('A®!B, C)

We might be tempted to insist that !(A @ B) = !A®!B (i.e. make the coproduct of two free coal-
gebras isomorphic to a free coalgebra) which would certainly entail that the co-Kleisli category has
coproducts but as it is not logically the case that !(A @ B) + !A@!B, this would seem to be too
strong a condition.

However it is possible to identify a weak coproduct structure in C;.

Lemma 30. Given two free coalgebras (14,84) and (I1B,dp), we define their coproduct to be

(I(lA®!B), 6, 4¢:5). We define the injection morphisms to be inl' % § 4; linl: A —!(1A®!B) and inr' &

0p;linr: !B —!(!A®!B), which are coalgebra morphisms. Given two (free) coalgebra morphisms
f:1A =1C and g¢:!B —!C, then the morphism (I[f, g];lec): 1(lA®!B) —!C is a (free) coalgebra
morphism and makes a coproduct diagram commute.

Proof. That the morphism (I[f, g]; lec) is a coalgebra morphism amounts to the following diagram.

(14!B) 2428 1(1401B)
'[£, 9] (£, g]
ne % me
lec leg
IC > nc

Both squares commute by naturality of §. The fact that the injection morphisms are coalgebra
morphisms is trivial and omitted. The relevant coproduct diagram is of the form:

I(1A®!B)
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Let us consider the left hand triangle. This commutes by the following equational reasoning.

O;linlI[f,gl;le = &!f;le
f;0;le  fis a coalgebra morphism

f

The role of coproducts in Hyland’s subcategory is slightly more problematic. It is not the case that
it has coproducts, nor weak coproducts. This would seem to suggest that a further subcategory of
coalgebras could be defined, which consists of those coalgebras which not only have internal homs
with respect to the cartesian structure, but also have a (possibly weak) coproduct structure. This
remains future work.

Let us consider the coproducts in the category of coalgebras.

Lemma 31. If (4, h4) and (B, hp) are coalgebras, then (A® B, [(h4; linl), (hp; linr)]) is a coalgebra.
Proof. We require two diagrams to commute. The first diagram is as follows.

[(ha;linl), (hp;linr)]

A®B (Ae B)
[(ha;tinl), (h; linr)] [(Ra; tinl), (hg; linr)]
(A® B) (Ao B)

]

This diagram commutes by the following equational reasoning,.

[(hA,'ml) (hg;linn)]; [(ha;tinl), (hp;linr)]

[(ha;linl;![(ha;tinl), (Rp;linr)]), (hs;linr; 1[(ha; linl), (hp; linr)])]
[(hA1'(hA"'n|)) (th (thlmr))]

[(ha;tha;tinl), (hp;hg; Ninr)]

[(ha; 6; Ninl), (hp; d; Ninr)]

[(ha;linl; 6), (hg; linr; 6)]

[(ha;linl), (hp;linr)]; 6

I I |

The second diagram is as follows.

Ao B [(ha;linl), (hp;linr)]

'(A® B)

AN e

A®B

This diagram commutes by the following equational reasoning.

[(ha tinl), (b inn)lse = [(hastinkse), (s line; )]
[(ha;e;inl), (hp;e;inr)]
[inl,inr]

idaes

We can easily see that the following is true.

Lemma 32. The morphisms inl: A —+ A® B and inr: B -+ A & B are coalgebra morphisms.
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Let us now consider the morphism [f, g] where f and g are coalgebra morphisms.

Lemma 33. Given two coalgebra morphisms f: A - C and g: B — C, then [f,g A® B —+ Cisa
coalgebra morphism.

Proof. We require the following diagram to commute.

'[f, g]

I(A® B) IC
[(hA; !inl), (hB; !inr)] hc
A®B C

[/, 9]
We shall prove this equationally.

[(ha; linl), (hp; linr)); 1[£, g]

[(ha;in; ![£, g]), (hB; line; 1[ £, g])]
[(ha;!f), (hB;'9)]
[(f;hc), (g5 he)]

[f5 g]; hC

In fact we can identify the initial object and initial morphism.

Lemma 34. Given a SMC, C, with a monoidal comonad and coproducts, then (f, L,¢) is a coalge-
bra.

Lemma 35. Given a Linear category C and consider its category of coalgebras, C'. The coalgebra
(f, L,g) is the initial object and the morphism L 4:f — A is the initial morphism.

Proof. Assume that we have another morphism g4:f — A. As it is a coalgebra morphism the
following diagram must commute.

f—9 .4
_L!f ha
If 14
'g
Then we have
gha = Lyglg
giha = Lia .
gihasea = Liajea
g = 1la

Proposition 30. Given a Linear categdry C (with coproducts) then the category of coalgebras C'
has coproducts.



Chapter 5
Conclusions and Further Work

In this chapter we summarize the work presented in this thesis. We then present and compare
an alternative natural deduction formulation proposed by Troelstra [76]. We also briefly introduce
classical linear logic (CLL) and consider some of its features. We then conclude by considering
some immediate further work arising from this thesis.

1 Summary of Thesis

In Chapter 2 we presented the proof theory of ILL. We took the sequent calculus of Girard and gave
a detailed proof of cut elimination. We then saw how this implied a simple proof of the subformula
property. We then derived a natural deduction formulation, observing that our formulation was
closed under substitution. We also saw how we have a number of choices with regards to the
additive connectives. We then gave the G-reductions. The subformula property was considered and
shown to hold provided a number of new reductions, the commuting conversions, were added. We
then showed how an axiomatic formulation can be derived from the natural deduction formulation.
Functions were given to map deductions from one formulation to another. Finally we considered
the translation of Girard, which translates deductions in IL into deductions in ILL.

In Chapter 3 we saw how we could apply the Curry-Howard correspondence to the natural
deduction formulation to derive a term assignment system for ILL. We also considered how to derive
a term assignment system given a sequent calculus formulation. We derived a linear combinatory
logic, by applying a Curry-Howard correspondence to the axiomatic formulation from the previous
chapter. The various methods of proof reduction from Chapter 2 were analysed at the level of terms
to suggest term reduction rules. We then considered the S-reduction rules and showed how the
reduction system is both strongly normalizing and confluent. We also considered how the linear
term calculus could be ‘compiled’ into linear combinators. Finally we gave Girard’s translation at
the level of terms.

In Chapter 4 we reviewed the terminology of equational logic. We took the term assignment
system and the S-reduction rules as an equational theory and then analysed it categorically. This
analysis not only resulted in suggesting certain categorical structures, but also in suggesting some
new term equalities (some of which we had seen in Chapter 3). We then defined a model for ILL, a
Linear category, and considered some of its properties. Alternative models by Seely and Lafont were
then studied and compared. Surprisingly Seely’s model was shown to be unsound as it does not
model some term equalities with equal morphisms. We showed how Seely’s model could be seen in a
more abstract setting and how this suggested an alternative definition which lead to a sound model,
which was shown to yield the structure of a Linear category. Lafont’s model was studied and also
shown to yield the structure of a Linear category. Finally we considered a categorical equivalent of
Girard’s translation using a construction due to Hyland.

2 An Alternative Natural Deduction Presentation

As we saw in Chapter 2, the natural deduction formulation of the Promotion rule is slightly unusual
as it not only includes a check of all the free assumptions but also introduces many parasitic formulae,
the consequence of which is the need for an extra commuting conversion. We might ask whether
there is a simpler formulation. Prawitz [61] considered formulating certain modal logics in a natural
deduction system. As we have remarked before, the rules for the necessity modality (O) are the same
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as Promotion and Dereliction. Troelstra [76] has subsequently taken Prawitz’s ideas and applied
them to ILL.

The idea for the alternative formulation of the Promotion rule is that we relax the restriction
that all the open assumptions are of the form !A4;, to one which says that we can find a complete
set of assumptions of the form !A; which could have subsequently had deductions substituted in for
them.! In tree-form this amounts to the rule (where the complete set of assumptions are in bold
face)

Ay A,

1Ay -+ lAp

— Promotion’.
'B

In term form this rule is of the form

I1,...,Tno M[Z:=N]:B  where # = FV(M) and T'; > Nj:14; for some A;

- Promotion’.
Iy,...,Ppobang(M[Z := N]):1B

Troelstra has shown that there is an equivalence between this formulation and that presented in
Chapter 2, in that there exist mappings from one to the other and vice versa. As Troelstra points out
an immediate advantage of this formulation is that the commuting conversions previously required
for the Promotion rule are not needed in this formulation (the conversion is mapped to an identity on
derivations). However, returning to the term system there do appear to be problems. For example,
consider the following derivation in this new formulation

MA
—— Dereliction

1) 14
)

~~ " Dereliction
A

Dereliction

— Promotion’.
1A

The term assigned to this deduction is
x: 1A > bang(derelict(derelict(derelict(z)))): | A.

The problem is determining whether the assumption which has been substituted for is (1) or (2) in
the above proof, or in other words, whether the above term is morally of the form

bang(derelict(derelict(z2)))[z := derelict(z)]

or
bang(derelict(z))[z := derelict(derelict(z))].

Of course, in the formulation presented in this thesis, these alternatives represent two distinct
derivations, viz.

[1A4]
—— Dereliction
mA !
—— Dereliction — Dereliction
NA A
Promotion

14

IThis complete set of assumptions is called a basis by Troelstra [76].
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and
mA4
—— Dereliction
HA [14]
— Dereliction —— Dereliction
14 A
Promotion,

1A
which are assigned the (distinct) terms
z: 1A > promote derelict(z) for z in derelict(derelict(z)): 1A

and -
z: 11 A > promote derelict(derelict(z)) for z in derelict(z): LA.

The alternative formulation essentially collapses these two derivations into one. Let us consider the
consequences of this with respect to the categorical model. The two terms above are modelled by
the morphisms

eua;ia;lena;lea:MA 514

and
ENATEIA, (5,4; !EA: mAa —)!A,

respectively. If we insist that these morphisms are equal, we arrive at the equality

enaslea = enajea.

Precomposing with the morphism & 4 gives

lea = e4. (5.1)

We have seen on page 131 that this equality is sufficient to make the comonad idempotent.?
A final problem is with the relationship between the alternative definitions of a normal form.
One particular term equality (from Figure 4.5) which we derived from the categorical model is

- - Comonad.
z:1A > promote z for y in derelict(y) = z: 1A
The corresponding term equality in the alternative formulation is
Comonad'.

z:1A > bang(derelict(z)) = z: 14
However, consider the term
z: 1A > promote derelict(z) for y in y: 14,
which is in normal form. This corresponds to the term
z: 1A > bang(derelict(z)): I A,

in the new formulation, which is not in normal form, as the Comonad’ rule applies, and so it is
rewritten to the term z:!!A > z: 1A, (Again, analysing this categorically will lead to an idempotent
comonad). So there appears to be a mismatch between the respective notions of normal form.

Thus, despite the proof theoretical advantage of this alternative formulation (the removal of the
commuting conversions for the Promotion rule), we can identify immediately three problems with
this alternative formulation with respect to the approach we have taken in this thesis.

2In a slightly different context, Wadler [79] has also pointed out how a similar syntax implies an idempotent
comonad.
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1. Terms do not uniquely encode deductions, but rather represent sets of deductions. Lincoln
and Mitchell [55] have also considered a term calculus based on linear logic where this is the
case.

2. A corresponding notion of normal form does not appear to be straightforward to define.

3. Categorically, the term syntax suggests an idempotent comonad. Nearly all models of ILL do
not have this feature. (Filinski’s proposal [28] is the only example of which I am aware which
has an idempotent comonad.)

3 Classical Linear Logic

This thesis has concentrated solely on the intuitionistic fragment of linear logic. Of course, there is
a classical version of linear logic (CLL). Here derivations are of the form I' - A, i.e. where we have
more than one conclusion. In addition there are some new connectives and units. For completeness
we shall give the (two-sided) sequent calculus formulation in Figure 5.1.

The exciting feature of CLL is that it is a constructive logic and it has the logical power of
classical logic. Thus if we extend the translation procedure from Chapter 2 by

(nA)° ' 14°—of,
then the equivalence can be formalized as follows.

Proposition 31. (Girard) If F¢r T' + A then Forp IT° - A°.

One particular feature of note is linear negation (—)*. In particular it obeys the same kind of laws
as classical negation. It can be characterized as follows.

Definition 48.

A—oB % Alxp
4ht = 4
(AgB)t = Al® Bt
(ABB)L = AleB:
(A®B): = AlgBt
(A4B): = Alg@B:
(A = 74t
(P4 = 14t
= 1
L = t

Clearly CLL is a symmetric logic, in that a sequent T’ + A is equivalent to the sequent 'L, A.
We can then give a succint presentation of CLL as a one-sided sequent calculus in Figure 5.2.

Presenting these rules in a graphical way leads to a formulation known as Proof Nets [31]. It
seems that proof nets are the natural deduction for CLL; Abramsky [1] gives a term assignment
for proof nets and gives an execution technique inspired by Berry and Boudol’s (highly parallel)
Chemical Abstract Machine [17]. It remains future work to devise a more traditional [63] natural
deduction formulation of CLL.

Categorically, most models proposed for CLL are extensions of Seely’s model for ILL to
*-autonomous categories [68, 9]. It would seem likely that the problems identified with Seely’s
model in Chapter 4 would apply to these models. It should be the case that extending a Linear
category with a dualizing object gives a model of CLL, although this has not been checked in detail.
It would be interesting to see if an analysis such as that used in Chapter 4 would give rise to a similar
categorical model. A particularly interesting class of models is given by various categories of games.
It would appear that there are close connections between CLL and game theory [2]. Indeed this
connection has been used (along with the Girard translation) to give fully abstract semantics for
sequential computation [3, 44]. Clearly this is an extremely exciting area for future work.
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Identity Pl | A, Al A, F2 [ o Az ut
Ar A4 I',To = A1, A
Fl,A,B,I‘g A Fl—Al,A,B,AQ
Ezchange, Ezchangen
Fl,B,A,FQ A T |—A1,B,A,A2
'rA
—(t — (£ — (L
Trea™  Frea®™ I &) T L8
T'rA
- — (I —(Tr
F,IFA(IE) I—I(R) I‘I—T,A( )
F,A,B A T I—A,Al Ty I—B,Az
——— (®r) (®r)
I A®B + A T'1,I's - A®B, A1, A,
I I—A,Al Fg,B I—Az F,A I—B,A
—OL) —_— _OR)
Fl,A—OB,Fg | Al,Az r I—A—OB,A
TLAr A (&en) IBrA (&) ' -4A I‘I—B,A&)
TLAB A~ Y T A&BrA" - T — A&B,A *
TVLAr A I,BrA ) '+ AA ( ) I' - BA ( )
—_— (Br- — (Dr-
T,A®B F A 2 TvraeBa Y TrdeBa
I‘l,AI—Al Fz,B I—A2 FI—A,B,A
(%) ———— (%)
I‘l,rz,Aqu '-AI,A2 FI—A@B,A
I'-A4A L LArA (i)
[LAt A ' A+ A
T'rA Weakeni F'e-A Weaken
———— Weakenin ——— Weaken
TIA A e T 24,A IR
TVAJIA - A T-74,74,A
———— Contractiong ——— Contractiong
TVJAr- A T'+-74,A
LAr A F'r-4A
——— Dereliction, ——— Derelictiong
TVAr A I' -74,A
TA - T7A ' A7A
—— Promotiong ———— Promotiong
IV7A - 2A ' - 14,7A
Figure 5.1: Two-Sided Sequent Calculus Formulation of CLL
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—— 1 {dentity Bl s bt 484 Ezchange
H AL A - T,B,4,A I
—T,4 AN A I T
Cut - 1
- F,A =1 Lo F; L
T, A +AB —IT,AB
T, A A®B —I,ABB
T A +I,B T A —I',B
D1 —— D2
- I', A&B I A® B +IA®B
T +HI,74,74
——  Weakening ———— Contraction
1,74 —I,74
T A T A
Dereliction ———  Promotion
FI,74 14
Figure 5.2: One-Sided Sequent Calculus Formulation of CLL

4 Further Work

There are many areas for further work arising from this thesis. In this section we shall consider
some of them.

4.1 Further Categorical Analysis

Although the categorical analysis of Chapter 4 is thorough, there are still a number of interesting
leads to follow. In particular further work is needed on finding a suitable subcategory of coalgebras
which is cartesian closed and has coproducts.

4.2 Applications to Functional Programming

There are essentially two approaches to using linear logic for functional programming. The first is
to consider a functional language which is based on the linear term calculus in the same way that
existing functional languages are based on the A-calculus. Some proposals have been made [57, 20]
although it is probably fair to say that more theoretical work is needed.

Lafont [46] showed how an abstract machine based on linear logic needed no garbage collector.
However, it should be noted that this depends on an implementation based on copying, whereas most
implementations use sharing. It is not clear if linear logic can be used to give a logical foundation
for sharing techniques. The second use of linear logic is to translate functional languages into the
linear term calculus and use some of the fine grain information to suggest possible optimizations.
This translation is essentially that presented in Chapter 3. However, that translation involves a
large number of exponentials. It is then desirable to minimize the number of exponentials used in
the translation. Some preliminary results exist [18, 24] on translating functional languages using a
minimal number of exponentials, but it remains to be seen whether this technique will yield more
efficient functional language implementations. '

There is still work remaining concerning the correct notion of canonical form for the linear term
calculus. When implementing a functional language, we introduce an operational semantics, which
consists of a relation, written ‘’, between terms and canonical forms. Normally these operational
semantics correspond to the S-reduction rules which are applied using a particular strategy (e.g. call-



§4. Further Work 185

by-value or call-by-name) until a particular form of term is reached. It is not instantly clear whether
this can be quite so simply applied for the linear term calculus. Certainly the rules employed by
others [1, 57, 55] do not seem to have this property. For example, consider the rule for the discard
constructor [1]

N{c
discard M inN | ¢

There is an additional problem with the explicit discard and copy constructors, as we noted in
the proof of strong normalization; once one of these constructors is on the ‘outside’ of a term, it
never disappears. However, we certainly do not want these term constructors to get in the way of
evaluation. Consider the reduction sequence

Discard.

MN ~} (discard Pin Az: A.Q)R.

At this stage the term is in S-normal form, but we clearly would like to apply a commuting conversion
to allow the subsequent reduction sequence

(discard P in Az: A.Q)R ~ discard P in (Az: A.Q)R ~»4 discard Pin Q[z := R] ~+} S.

This suggests that actually we should implement some of the commuting conversions within the
operational semantics. Exactly how this would take shape remains future work. It is also interesting
to note that the commuting conversions for the copy constructor are reminiscent of some of the
manipulations performed during an optimal reduction strategy [5]. Again this is another area for
future work.

4.3 Quantifiers

We have avoided completely the question of quantifiers for ILL. Proof theoretically these correspond
to the following rules (with the traditional restriction on the Vg and 3 rules).

I'Ale/B] - B V) A v
TYBAV-B - T e vad R
T,A+ B T - Ale/f]
A1 et
T aadr s o TRET R

At the level of terms, such a system can be adapted to give a Linear System F [1]. A thorough
investigation of this refinement of System F remains future work. In particular it would be interesting
to see if the refinement of the connectives offers useful new representations of inductive datatypes [34,
§11.5).

Seely [69] proposed modelling the quantifiers by moving to an indexed category. Ambler [4]
has also considered various categorical models for (exponential free) linear logic with first order
quantifiers.

4.4 Intuitionistic Modal Logics

The techniques developed in this thesis apply to a whole range of logics which have modalities. As
we mentioned before the rules of Dereliction and Promotion correspond to the modality rules for
S4-like modalities. A study of the necessity modality for intuitionistic S4 has been performed by
the author and de Paiva [19]. Studies of other modal logics remains future work.?

From a slightly different perspective, the author with de Paiva and Benton [13] have shown how
the computational A-calculus of Moggi [58] corresponds via the Curry Howard correspondence to
a logic with a slightly unusual (at least from a traditional modal viewpoint) possibility modality.
In particular this work has highlighted the logical status of the axioms of the computational A-
calculus. From a categorical perspective, Benton [11] has been investigating relationships between
the computational A-calculus and the linear term calculus.

31t should be noted that the field of intuitionistic modal logics is relatively unexplored, although Simpson [70] has
carried out a recent study.
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