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Abstract

In this thesis, we study linear type-theories and their semantics. We present a
general framework for such type-theories, and prove certain decidability properties
of its equality. We also present intuitionistic linear logic and Milner’s action calculi
as instances of the framework, and use our results to show decidability of their
respective equality judgements.

Firstly, we motivate our development by giving a split-context logic and type-
theory, called dual intuitionistic linear logic (DILL), which is equivalent at the
level of term equality to the familiar type-theory derived from intuitionistic linear
logic (ILL). We give a semantics for the type-theory DILL, and prove soundness
and completeness for it; we can then deduce these results for the type-theory ILL
by virtue of our translation.

Secondly, we generalise DILL to obtain a general logic, type-theory and se-
mantics based on an arbitrary set of operators, or general natural deduction rules.
We again prove soundness and completeness results, augmented in this case by
an initiality result. We introduce Milner’s action calculi, and present example
instances of our framework which are isomorphic to them. We extend this iso-
morphism to three significant higher-order variants of the action calculi, having
functional properties, and compare the induced semantics for these action calculi
with those given previously.

Thirdly, motivated by these functional extensions, we define higher-order in-
stances of our general framework, which are equipped with functional structure,
proceeding as before to give logic, type-theory and semantics. We show that the
logic and type-theory DILL arise as a higher-order instance of our general frame-
work. We then define the higher-order extension of any instance of our framework,
and use a Yoneda lemma argument to show that the obvious embedding from an
instance into its higher-order extension is conservative. This has the corollary
that the embeddings from the action calculi into the higher-order action calculi
are all conservative, extending a result of Milner.

Finally, we introduce relations, a syntax derived from proof-nets, for our gen-
eral framework, and use them to show that certain instances of our framework,
including some higher-order instances, have decidable equality judgements. This
immediately shows that the equalities of DILL, ILL, the action calculi and the

higher-order action calculi are decidable.
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Chapter 1

Introduction

The central concept in this thesis is that of linearity. We can say that linearity
is an attribute of systems in which unrestricted duplication of computations or
information is not allowed. There are many practical situations in which this is
the case—computations with side effects, where duplicating the computation also
duplicates the side-effect, manipulating large data-structures, where a duplication
may bear an unacceptable computational cost, or simply efficient implementations
where duplicating computation is to be avoided except where necessary. Areas as
diverse as optimal A-calculus implementations, the study of process calculi and
denotational semantics can all utilise linearity in this broad sense.

Although such systems have been studied for many years, a new and striking
development occurred when Girard introduced linear logic [Gir87]. Unlike con-
ventional intuitionistic and classical logics, linear logic is built on the underlying
idea that assumptions should be treated linearly, which is to say that an assump-
tion should not be used twice in a deduction. Starting from this basis, Girard
built a complete classical linear logic, which, just as in the conventional case, has
both minimal and intuitionistic fragments.

Since the introduction of linear logic, many researchers have used it as an un-
derlying logic for systems which exhibit linearity in our general sense, for example
in the study of optimal A-calculus reductions [GAL92a], in the analysis of imple-
mentation issues such as garbage collection, references and others [Wad90, GH90]
and to control interference in imperative languages [OTPT95]. It has become the
logic of choice for such applications in much the same way as conventional logic
underpins a huge range of theory in computer science. In the case of conventional
logics, one large section of applications are those which are based on conventional
intuitionistic logic as a typing system for a syntax of some sort. A variety of sys-
tems can be typed in this way, and the general principles underlying such typings

are well understood.



In this thesis, we present a first step towards a similar unifying programme for
systems with linearity. We give a general operator theory, logic, and type-theory
over a linear underlying structure, and show how it can be used to present a
number of typing systems exhibiting linearity. We also give a semantics for our
theory, and prove some general results about it.

As an introduction, we give a motivating summary in a simple setting, provide
brief tutorials and summaries of related work on the concepts we work with, and
then outline the work contained in the thesis. A chapter summary can be found
in section 1.4.

We assume a basic understanding of elementary intuitionistic logic, its type
theory, simple category theory, and the various relationships of a familiar triangle,

particularly including the Curry-Howard correspondence between logic and type-

theory:
Logic
[GLT89] [Lam89, Sol90]
Type Theory W Category Theory [Mac71]

1.1 Motivating Sketch

Consider the typed A-calculus. Although it forms the basis of many developments
in computer science, from functional programming languages to foundational se-
mantics, it is very frequently augmented with additional constructs, for example
those for pairing, sums, or other data types, or that for recursion. In the case
of each such extension the definition of terms must be extended, and new typing
rules given, and as a result of these extensions, many simple definitions and res-
ults must be at least rechecked. Such a procedure not only repeats work, but also
guarantees that many slightly differing presentations of each alternative calculus
exist, each with its own development. We might try to avoid this by using a

general theory of operators, due to Aczel [Acz80, Acz78].

Minimal Intuitionistic Logic

We start by considering minimal intuitionistic logic over a given set of formulae or

proposition letters (ranged over by A, B...) and given by the abstract grammar:

Az=peP|A—- A
)



with the rules:

IAF B 'FA—-B TFA
TF A= B A T B (App)

where the turnstile - is a relation holding between sets of formulae (denoted
['A...) and formulae. We call the axiom rule, along with the (admissible) cut

and weakening rules:

I'~A T,AFB
TFB

I'tB

the structural rules of the logic. Note that the rules for the arrow connective occur
as an introduction-elimination pair (or 1/E-pair); the abstraction introduces the
— and the application rule eliminates it. Such I/E-pairs are characteristic of
natural deduction.

Now there are many possible ways to strengthen this logic, by adding new
connectives and rules for those connectives. Let us try to give a general schema for
such natural deduction rules. As a first attempt, we might say that an arbitrary
rule, given a number of deductions I' F A; for + = 1...r, gives us a deduction
I' = B for some new conclusion B:

A, ... THA,
I'-B

This is a reasonable attempt, as all but one of the rules of minimal intuitionistic
logic are instances of this schema, as are the rules for pairing amongst others.
However, the abstraction rule is not; this is because an assumption is discharged
in this rule. Given a deduction I', A = B, we end up with a deduction in which A
is no longer an assumption. Hence we could refine our schema; given a number of
deductions I'; A; = A; for ¢ = 1...7, we have a deduction I' = B in which all the
assumptions A; for each ¢« = 1...r have been discharged. This gives a general

rule:

TALFA ... TAF A,
T'FB

Now all the rules of minimal intuitionistic logic and many others arise as instances
of this schema.

It is important to note, however, that some do not, because of implicit or ex-
plicit side-conditions. One common situation in which a side-condition is imposed

is when a modality is used; for example in the presence of a unary connective [,
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we might have an introduction rule:

r-A
'-0A

only where each formula in I" has the form B for some B.
Another (apparent!) possible behaviour which is not captured by our rule
schema is that where an assumption is introduced in a deduction, as for example

in an alternative formulation of the —-elimination rule:

I'-A-B
T,AF B

Although rules of this form are not instances of our rule schema, in the presence
of the structural rules we can show that they are interderivable with the instances
of our rule schema. In the case of this alternative rule for —, the appropriate
instance is exactly the normal —-elimination rule.

Given our general description of a natural deduction rule, we can see that
any particular instance is characterised by the number 7, the sets of formulae A;
which are discharged, the conclusions A; and the final conclusion B’. We might

then write all this information as the arity of the rule:

(A)B1 ... (A)B,
B/

where the set of elements in the sequence A is A; for each i = 1...7. As an
example, consider the sequent-style presentation of the natural deduction rule for

choice:
I'AvB T''AFC T,BEC

re=c

(VE)

where formulae A and B are discharged from the assumptions. This would then

have the arity:
OVAvB (AC (B)C
C

We can characterise any extension of minimal intuitionistic logic with rules of
this general form by giving just the basic formulae, and the arities of the rules.
Together, we call these two bits of information a signature for the logic. In fact,
as we shall see, the most important feature of minimal intuitionistic logic is not
the rules for the connective —, but rather the admissible structural rules. Given
these structural rules, we can express the underlying behaviour of any connective

such as — in the arity of its rules.



Using the definition of proofs in a logic with general rules, we can also define
a sensible notion of equivalence between proofs based on eliminating certain re-
dundant proof sequences. For example, in minimal logic, any proof which ends:
IAFB

'rA THFA—- B
I'-B

should be equivalent to the proof obtained from the admissible cut rule applied
to the deductions I' - A and I'; A = B. We could extend such a notion of proof-
equivalence to the extensions of minimal logic with instances of our rule schema
by allowing arbitrary equivalences over proofs of the extended logic. However,
this is more easily done in the framework of the type-theory we will present in

the next subsection.

The Typed M-calculus

We now recall that via the Curry-Howard correspondence, proofs of minimal logic

can be represented by the typed A-calculus, using the annotations:

Me:AFx:A (A)

FFowArd— B A TFtu B (App)

Moreover, in the example of the previous subsection, the (V — E) rule is often

annotated with a casesy p c-construct

''Ft:AvB Tz:AFuw:C T,y:BFuv:B
I'-casesypctof zinworyinv:C

which acts as a choice operator. In general, we can give an annotation for an

instance of our rule schema having arity

(A)B1 ... (A)B,
B/

in an extension of the typed A-calculus by adding a term construct O((Z)t, ... , (Z)t)

with the introduction rule

U,#: A Ft:By ...1, %A Ft,:B,
'+ O((fl)th s >(fr)tr):B/

In this way we can build a typed A-calculus over a signature of formulae and

rules with associated arities. Many common extensions of typed A-calculus arise

8



as instances of this, including pairing constructs, choice constructs and recursion
operators.

Having defined a typing system based on the logic having as rules arbitrary
instances of our rule schema, we can give a notion of equality judgement over
such a typing system. An equality judgement takes the form I' - ¢t = u: A for
terms I' - t: A and I' - u: A, and asserts that the proofs denoted by the terms
t and u are equivalent. Equality judgements are commonly built inductively as
congruences over axiomatic equalities which arise from proof equivalences. These

often take one of the general forms:

1= B
K 1
where the I and E denote the introduction and elimination rules for a particular
connective. We shall call these respectively the - and n-equivalences for a given
connective. They give rise respectively to (- and n-equalities on the proof terms.

In minimal logic, the 8- and n-equivalences for the — connective are:
F.o-AFt B Ie:Art:B T'z:AFx:A

TrwAid—B D rrua (- B) Lx:AF to:B
I'F (A\x:At)u:B I'FXx:A(tx):A— B

Me:AFt:B T'Fu:A
I'Ft{u/z}:B

(= E)
(= 1)

(Cut) I'+t:A— B

under the condition on the second of these that x does not occur free in t (and
where t{u/x} stands for the substitution of u for z in t).

The equivalences then yield the familiar Sn-equalities of the — type:
(B) T (A\e:At)u=t{u/xz}:B (n) I'FAz:A.(tx) =t:A — B (z not free in ¢)

We can extend the equality judgement in the case of logics built on general
instances of our rule schema by allowing arbitrary axiomatic equality judgements

over terms of the general term calculus over the logics.

Cartesian Closed Categories

We turn to the question of semantics. It is well-known that minimal intuitionistic
logic has models which are cartesian closed categories. In these, a proof I' - A
is modelled as a morphism [I'] — [A], with a suitable interpretation of the basic

types. We can see that any rule of the logic takes a certain number of morphisms
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from the appropriate hom-sets, and returns another. Being more precise, given a

rule having arity .
(A)B1 ... (A,)B,
B/

to interpret it in a c.c.c. C we would require for each possible context I' a function

ar: [[ c(Ir] <[4, [BI) — C(IT]. [BT)

i=1...r

This is sufficient to give a sound interpretation of the operator theory we have
described. However, when we extend this interpretation to the type theory, a
complication arises. Consider the choice operator casess g we have already
introduced:

I't-casesppctof xinuoryinv:C

If I' contains just the typing z’: A’, and we have a proof _ F t': A", we would

expect the typing
_F (casesapctof xinworyinv){t/z'}:C
to be modelled by the composition
[-F A o ([ A" F t: AV B, [« A 2 A w:C), [2": A", y: BE v:C)

where a,. 4 is the function interpreting the choice construct. However, the term

(casesa gt of zinworyinv){t'/z'} is precisely
casesy pc (tH{t'/2'}) of x in (u{t'/2'}) or y in (v{t'/x'})
and so we would expect this term to be interpreted as
a_(f;[e" A Ft:Av B], f;[«" A z: A w:.C], f; [z A, y: B+ v:C])

where f = [_F t": A']. Clearly, though, we would wish these two interpretations
to be equal. This is achieved by imposing the condition that a4 be the instance

at [A’] of a natural transformation
e( [AV B]) x ¢(_ x [A], [€]) x ¢(_ x [BL [C]) — (., [C])

Further, we can then model an equality judgement over general axiomatic
equalities as a c.c.c. such that the interpretation of the terms is sound with
respect to the axiomatic equalities.

We might summarise the situation presented here in a familiar form as follows:

10



Minimal Logic with
arbitrary rules

N

Type Theory  with Cartesian ' Closed
S Category with natural
binding operators }
transformations

1.2 Background

We aim to extend the account of the previous section by starting with a linear lo-
gic, A-calculus and semantics. First, however, we need to recall some background

material in a number of different areas touched on in the previous section.

Linear Logic

Linear logic was introduced by Girard in 1987 [Gir87], and is a resource logic
in which contraction and weakening are allowed only on certain formulae, those
labelled with the connective !.

Consider what we might call minimal intuitionistic linear logic, which is the

simple logic with formulae
A=peP|A—-A

and rules

[LAFB I'-A AFA-—B
IFA—p A I,A+ B (App)

where the turnstile - is now a relation holding between multisets of formulae and

formulae. We call the axiom rule, together with the admissible cut rule

I'~A A AFB
TAFB

(Cut)

the structural rules of this logic. Note that weakening is no longer admissible.
In fact, there are two obvious differences between this minimal intuitionistic

linear logic and our presentation of minimal intuitionistic logic in the previous

section. The first of these occurs in the (Az) rules; in the linear logic, we are only

allowed to assume the one formula which is deduced, whereas in minimal logic we
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can also make any number of other assumptions. The second is more pervasive,
but is seen particularly in comparing the rules for application in the two logics.
In the linear logic, each proof uses a separate multiset of assumptions and the
multiset union of these proves the conclusion. Hence we are able to measure the
number of uses of an assumption in a derivation by the number of times it appears
in the multiset of assumptions. On the other hand, in minimal logic the same
assumptions are used to prove both premises and the conclusion, and therefore
we have no information about how the assumptions are used, if at all. However,
this new way of handling contexts also has more wide-ranging effects. One could
present minimal logic equivalently with the elimination rule for the arrow given
in the linear logic. Hence the differences between these two logic are all implicit
in those between the structural rules. The importance of such rules in logics has
been studied: for a general overview, see [Avr94|, and in the particular case of
those considered here, see [Lam89, Lam90a, Sza75].

We now add to this minimal linear logic rules for the exponential, as presented

for example in [Abr93]. Now the formulae are given by:
A=peP|A—-A|lA

where given a multiset of formulae I' = {A;,... , A, }, we write !I" as shorthand
for the multiset of formulae {!A;,... ,!A,}, and the rules are augmented with the

promotion, dereliction, copy and discard rules:

TFA T A
irria (From I a (Per)
I'HA AJAJAE B 'H'A AFB .
T,AF B (Copy) rAarp  (Dis)

Of these, the copy and discard rules allow us to duplicate or discard assump-
tions of the form ! A for some A. Although these rules complicate the situation, the
promotion and dereliction rules can be seen as an I/E-pair for the !-connective.
Altogether, these connectives and rules allow us to encode minimal logic into
intuitionistic linear logic using the translation given by (A — B) — (A — B).

Other connectives in the intuitionistic fragment of linear logic are the binary
tensor, ®, the nullary unit, I (which acts as a unit for the tensor), the binary
product, & (sometimes written x) and the binary coproduct, @. In this thesis, we
will focus on the multiplicative fragment of intuitionistic linear logic, which has
all these connectives except the product and coproduct (the additive connectives).
Extending techniques used in the study of the multiplicative fragment to treat

the additives is known to be non-trivial, and this is also the case for our work.
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Although we will work exclusively with intuitionistic linear logic, we briefly
present the corresponding classical linear logic, which has sequents I' = A, and
two important new connectives, linear negation (_)* (originally presented as a
defined connective except on the atomic propositions) and the ‘par’ connective,

written %. This has the introduction (or right) rule

I'A B A
TFAYB,A

It turns out that % is the de Morgan dual of ®, and that in this logic A — B
can be defined A*%B.
This logic is of more than passing interest to us because of its position as
a predecessor of the system LU [Gir93| introduced by Girard in 1993. LU has
a number of interesting features, but the most relevant to our study is its use
of a split context. In LU, a general sequent has the form I'; A = A’; TV, where
the positions occupied by the I', I are known as intuitionistic zones and those
occupied by the A, A" are linear zones. Hence the above sequent should be read
(roughly): “using formulae I' intuitionistically and formulae A linearly, we can
prove formulae A’ linearly or formulae I" intuitionistically”. Although LU is
essentially a classical logic, it contains as subsystems minimal logic, classical logic,
intuitionistic linear logic and classical linear logic, and we will take advantage in
particular of the fact that it contains intuitionistic linear logic as a subsystem to
present an alternative formulation of that logic. We will sketch this later in this
introduction, but for now it is interesting to note that the structural rules of LU
include (amongst others) admissible weakening in both intuitionistic zones, and
two flavours of cut:
AT TAARAT
;ARALT

[y Ax = AL AT Ty A AR ALTY
F;Al,Agf_All,AIQ;F/

(I-Cut) (L-Cut)

The presence of zones adds complexity to the structural rules, and this complexity
will be crucial in capturing the interaction between linear and intuitionistic types

and computations.

Linear Term Calculi

The first stage in assigning terms to proofs in a natural deduction formulation
of intuitionistic linear logic is to consider the minimal intuitionistic linear logic
defined above. Just as the minimal intuitionistic logic can be annotated with the
typed A-calculus, the minimal intuitionistic linear logic can be annotated with a

linear typed A-calculus, and this was done by a number of people, mostly along

13



the lines of [Abr93]. Most of these systems also went on to annotate the I/E-pair
for the tensor connective in what has since become the standard way:

AiEt:A AsHu:B (@I) A Ft:A® B A, x:Ay:BFu:C
AL, AFt®u:A® B A, Agklet z®y:A® B betinu:C

(DE)

From now on we may omit type annotations in terms, where they can be recon-
structed from derivations. It should be noted that in some accounts, which include
those of Abramsky [Abr93] and Wadler [Wad93| the syntax let ¢t be  ® y in v and
slight variants of it were used instead of that given here. The term construct t®w is
self-explanatory, and the term construct let z ® y be t in u is a pattern-matching
constructor which can be thought of as decoding its argument ¢ into two parts
which are then substituted for the bound variables x and y in its argument u.

As in minimal logic, we can give an equality judgement which is a congruence
over axiomatic equalities corresponding to proof-equivalences. The - and 7-
equivalences for the ® connective are easily given, and they generate (- and

n-axiomatic equality judgements as follows:

(B) THletz®@y bet®@uinv=uv{t,u/z,y}:C
() PFletz®@ybetinz®y=t:A® B

Unlike minimal logic, however, when we consider the whole equality judgement
on terms corresponding to proof equivalence and normalisation, the term calculus
as presented so far already has one particular drawback which is inherent in much
work on linear logic. Whereas in the type-theory arising from minimal logic with
no additional rules, the equality judgement is simply based on the familiar §7-
equality of the typed A-calculus, in the case of linear logic equalities arise which
are not - or n-equalities, the so-called “commuting conversions”. For example,

consider the following proofs:

I,A-r B® B FQ,B,B’,AI—C(®E) I'y,B,B,AFC (1)
.15, AFC (1) I +FB®B FQ,B,B’I—A—oC(®E)
Fl,rgl_A—OC Fl,rgl_A—OC

where the proof I'y, A+ B ® B’ is obtained from the proof I'y H B ® B’ by weak-
ening. The difference between these two proofs arises because we have used the
two essentially independent rules in two different orders. However, semantically
and intuitively, it is sensible to ask that they be equivalent. This gives us the

axiomatic equality:

F'EXxlety®y betinu=Ilety®y betin \v.u:A — C
14



which holds under appropriate free and bound variable conditions. There are a
variety of such proof equivalences and corresponding axiomatic equalities. Cat-
egorically, these equalities are soundly modelled by virtue of the interaction of
the ®-functor with composition.

Another way of thinking of them is to recall the intuitive reading given above of
the let -® constructor as a pattern matching substitution. Then it should have the
usual properties of substitution, for example commuting with other substitutions
and term structure, under suitable free variable conditions. A similar situation

arises in a more familiar setting; if we consider the terms:
['F casesyar p—c t of x in (A\y.u) or 2" in (\y.v):B— C

and

I'F Ay.(casesqactof zinuoraz’ inv):B— C

it seems very plausible that they be equal, since the functions they describe are
intuitively the same. However, such an equality is not derivable from the gn-
equalities of the construct, and hence must be added as an axiomatic equality.

Given term annotations for this system, the most difficult problem remaining
is the annotation of the intuitionistic rules for the connective !. A first attempt,
by Abramsky [Abr93], simply annotated the key promotion rule:

't A

Tri a4 (Lrom)

where I is a sequence of typings x; :!A4; ...z, :!A,. However, Wadler [Wad92| and
Mitchell and Lincoln [LM92] noticed that there was a technical problem with this
presentation, because of the failure of a linear substitution lemma (given a typing
judgement A F ¢: A and one A, x: A F u: B, there should be a typing judgement
A, A"+ uft/z}:B). This is connected to the fact that the !-connective does not
have a “real” natural deduction presentation, since it has four rules rather than
an I/E-pair.

In order to avoid the problem, Benton, Bierman, dePaiva and Hyland gave
a syntax [BBAPH93b, BBAPH93a| which changed the form of each rule except
(Der) by adding an element of substitution for each of the fresh assumptions

(each of A in the case of Prom). This gave the rule

Azl_MZ'Az (221?") .’13'12!141,... ,.’L‘TI!Arl_NIB
A"+ promote M for & in N :|B

Promotion

Benton proved strong normalisation for the § — cc fragment of the equality of

this system [Ben95b]. We present this system in full in chapter 2. However, this
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system is complex, notably in its equality judgement. Since the !-connective does
not have an I/E-pair in the logic, it is not immediately clear what its axiomatic
equalities should be, and in fact there are a large number of axiomatic equalities
involving the term constructs associated with it.

Considering classical logics, although Abramsky [Abr93| gave an annotation
for classical linear logic, it had been thought that term calculi were not the most
appropriate presentation of the proofs of classical linear logic, partly because of
the huge number of proof equivalences induced by the possibility of selecting more
than one formula on the right of the turnstile as the primary formula of a rule.
Hyland and dePaiva [HdP93| gave a system of term assignment for a linear logic
with multiple conclusions, having the par constructor, which also exhibited these
characteristic equivalences.

A more significant development occurred when Parigot presented a system of
term assignment for classical logic [Par92, Par93] which has since been adapted
by Bierman [Bie96b, Bie96a] to give a linear form. The main feature of Parigot’s
system and its linear derivatives is that there is an identified formula on the right
which is always the active formula in introduction rules, and there are explicit
structural rules allowing the exchange of this identified formula with another
formula on the right, thereby recapturing the power of classical logic.

As yet there have been no attempts to give a syntax for the proofs of the unified
logic LU. However, a preliminary linear version of the logical framework [HHP93]
based on a natural deduction presentation of its intuitionistic fragment was given
in [MPP92], based on a logic having sequents of the form I'; A = A. This present-
ation independently inspired the annotations of [Plo93b] and [Wad93], and the
linear logical frameworks of Pfenning and Cervesato [CP96, Pfe94] and Ishtiaq
and Pym [IP]. We will sketch the annotation of [Plo93b] in the next section, and
present a full development in chapters 2 and 3 of this thesis. This work was done
in the academic year 1994-1995, published initially in [Bar96].

Meanwhile, Benton has given [Ben95a, Ben94] a type-theory in this style for
a general categorical model which encompasses the monoidal adjunction models
of intuitionistic linear logic, and Benton and Wadler [BW96] have used this type-
theory to relate the computational A-calculus, due to Moggi [Mog91], to linear
logic.

Systems with split contexts have also proved popular in the logic program-
ming community. A system similar to those mentioned above was presented
by Miller [Mil94a, HM94] again building on the work of Miller, Plotkin and
Pym [MPP92], and another by Harland and Pym [PH94, HPWO96].
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Proof nets

Although term calculi are a popular syntax for the proofs of many kinds of lo-
gics, mostly intuitionistic, Girard’s original presentation of linear logic [Gir87]
employed an alternative graphical syntax, that of proof nets. These are essen-
tially graphs in which edges, labelled with formulae, represent assumptions and
conclusions occuring in a derivation, and nodes, labelled with rule names, rep-
resent the application of the various rules. The main advantage of this approach
is that rules are not applied globally, as a term construct is applied to a whole
term, but only apply to the edges labelled with the formulae involved in the rule
application.

In the intuitionistic case, therefore, proof nets have the distinct advantage
over term-calculi that two proofs which differ by a proof equivalence which would
induce a commuting conversion on terms are assigned the same proof net. Further,
since the #n-equalities which hold between proofs are essentially local in the proof-

net representation, we can decide them using a local rewrite system.

r WLA

A

Figure 1.1: A Proof Net

To see how proof nets work, let us consider the translation from a term calculus
for a split-context linear logic to proof nets for that logic, due to the author. We
represent the proof net corresponding to a deduction I'; A = A as in figure 1.1,
where a wire with a stroke through it represents a number of wires, the dashed
wires labelled with I' represent the intuitionistic assumptions and the plain wires
labelled with A represent the linear assumptions.

We can see how proof nets avoid commuting conversions by considering the
translation of terms into proof nets via a translation ®. Consider the action
of ® on the tensor introduction term I'; A - ¢ ® u: A ® B, which can be seen in
figure 1.2. In this proof net, we can see that the edges representing the conclusions
of the two subterms ¢ and u are connected to a node for the rule instance ®1I,

and a new trailing edge representing the conclusion of the whole term is added.
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ACB

Figure 1.2: Tensor Introduction

Also, notice the treatment of the intuitionistic assumptions. Since both subterms
are typed using the same set of intuitionistic assumptions I', we need to duplicate
each assumption in I' to provide one copy for each sub-proof. This behaviour will
be repeated for the translation of any rule with two premises.

Now consider the tensor elimination rule. The derivation
AFletz®ybetinu:C

is mapped by ® to the proof net in figure 1.3. Again, we copy the intuitionistic

&

A@B xX:A y:B
D(u)

C

Figure 1.3: Tensor Elimination

assumptions, once for each sub-net, but in this case, the new node which is added
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to represent the ®FE rule is only connected to the edges labelled by x: A, y: B
and A® B. Hence, the trailing edge representing the conclusion of the term is the
same trailing edge representing the conclusion of the sub-term w. This property
of the proof-net representation of the @ F rule accounts for the fact that terms
equal via commuting conversions due to ® F' are mapped to equal proof nets, as
the reader may verify by drawing some sample proof nets. At this point it is
worth noting that although proof nets do remove the proof-equivalences due to
commuting conversions, those which arise in connection with the linear analogue
of V and its corresponding cases constructor do not map to equalities in the same

way. The proper treatment of the additives is an ongoing research area.

| |
® ®

. =

Figure 1.4: Tensor (-n-rewrites

Now, we can give rewrites capturing the gn-equality for the ®-construct as
seen in figure 1.4. These should be read as saying that any proof net containing
the redex as a subnet rewrites to the proof net having that redex replaced by
the reduct. It is obvious just from the form of this presentation that these are
local. It is worth noting that the n-rewrite is given the form of an expansion,
rather than the more familiar contraction. This is technically in order to make
the rewrite confluent, but is also motivated by work of Ghani [Gha95].

Since their introduction, proof-net systems have been given for most, if not all,
linear logics, for example [GAL92b, Gir96]. Beyond these, graphical forms based
on proof nets have been used in a number of areas. For example, the nets of [CS97,
BCS95], used in categorical coherence reasoning, are very close neighbours of proof
nets for intuitionistic linear logic, for example as given in [DR89]. More generally,
Lafont has defined interaction nets [Laf90, Laf95], which are a general graphical
syntax based on proof nets extended with arbitrary node types. This development
is similar to our addition of general rules to minimal logic, and allows interaction
nets to apply to a wide range of computational situations.

Possibly the most far-reaching impact of proof nets has been on the optimal

A-reduction problem [Lév80, Wad71] in the untyped A-calculus. In defining an
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efficient evaluation strategy for A-terms, it quickly becomes obvious that, for
example, in a term such as (Az.xx)((Az.y)z) we should first reduce the application
((Az.y)z), since this will otherwise be reduced twice, one in each copy replacing
an x in xzx. The optimal A-reduction problem is to efficiently mechanise the
strategy for deciding which rewrite is appropriate at each stage. There is no
simple solution, but Lamping [Lam90b] gave a graphical method based upon a
system of A-graphs with added connectives. Gonthier, Abadi and Lévy [GAL92a]
then showed that this extra structure corresponded in the typed case to that of
proof nets for intuitionistic linear logic, and that the required reduction strategy
could be explained systematically under this interpretation. Mackie [Mac94] also

investigated implementation issues for A-calculus using graphical frameworks.

Action Calculi

Action calculi were first presented by Milner in [Mil93c|; the definitive reference
is [Mil96]. They can be understood as a structural framework equipped with
general operator rules determined by arities similar to those of binding operators.
Originally designed to allow a uniform presentation of various process calculi in
order to compare them, action calculi are powerful enough to represent a wide
range of interesting systems. A particular action calculus is determined by a
signature, which in Milner’s presentation [Mil96] consists of a set of prime arities,
similar to basic types in a term calculus, and a set of operators having arities
built over those prime arities, called controls. Given a signature, actions, similar
to terms, are constructed, themselves having arities which are analogous to the
types assigned to terms in a type-theory. However, in contrast to the situation in
a type theory, actions are constructed combinatorially from the internal language
of a symmetric monoidal category with certain other constructors (in something of
the sense of Curien’s categorical combinators [Cur86, Cur85]). In this framework,
variables, which are called names, are reserved for a purpose analogous to that of
variables in the intuitionistic term calculus, with the linearity springing directly
from the categorical language. In fact, Gardner [Gar95] has shown that each
action calculus is equivalent to a closed action calculus which does not have free
names.

A significant amount of theory supports action calculi. They are equipped
with normal forms, called molecular forms. These, interestingly, can be given
in a graphical form, as action graphs, which are related to proof nets. They
have a semantics, which has been steadily refined since Milner’s original paper
introduced action structures [Mil93c|. Control structures [MMP95], which are
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categories with naming structure, were followed by a fibrational equivalent not
requiring naming structure, due to Hermida and Power [HP95]. This was proved
equivalent by Power [Pow96] to an alternative formulation, which is closely related
to the structural fragment of models of linear logic. Minor variants of these models
were used in the work of Gardner et al. [HG, BGHP97].

A higher-order extension of the action calculus was given by Milner in [Mil94b,
Mil93a], and a reflexive extension in [Mil94c|, providing a facility for recursion.
Normal (molecular) forms [Mil93b] exist for these extensions, although not for
their combination. Hasegawa and Gardner have related the higher-order extension

of action calculi to Moggi’'s computational A-calculus [HG].

Categorical Semantics

We now introduce and motivate the semantics we will use to model linear logic.
The models we will consider are based on linear-non-linear models. These are
pairs of categories (C,S) such that C is a cartesian closed category (CCC, or
CC category) and S is a symmetric monoidal closed category (SMCC, or SMC

category) and there is a monoidal adjunction between them:

F
C 1 S
G

The intention behind the construction is that the normal power of intuition-
istic logic, arising from the exponential, should be modelled in the CCC, with the
intuitionistic linear logic being as usual modelled in the SMCC. This idea emerged
in 1993 from discussions between a number of people, including Plotkin, Benton
and Hyland. However, it was only during further work by Benton [Ben95a] and
Bierman [Bie95] that the details became clear, and in particular that it was ne-
cessary to impose the requirement that the adjunction be monoidal. In [Ben94]
there is an extensive comparison between these models and the previously pro-
posed models [BBAPH93b]. In fact, although Benton required that the cartesian
category be closed, this is not essential for our purposes, and we take the more
general definition.

Let us consider the intuition behind this in a little more detail. Imagine that
the category C is a category of total functions, and that the category S is a
category of ‘computations’, or processes—we are deliberately being vague about
the precise nature of this, but we certainly mean to allow the possibility of non-
termination or non-functional behaviour of other kinds. Note that the category of

total functions must be cartesian: there can only be one function from any type
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to the unit type, that which returns the unique element of the unit type; and,
further, the function f; (g, h), which evaluates f and uses the result in g and h
respectively, must be the same as the function (f; g, f; h) which evaluates f twice
in evaluating the functions f; g and f;h.

By contrast, the category of computations cannot be cartesian, at least be-
cause there are potentially many computations returning no result. These might
include nonterminating computations, processes which interact with the user, or
ones which have other side-effects. Also, it is not the case that doing a computa-
tion once and using the result as the input to two other computations is the same
as doing the first computation twice, once for each computation. This equality
will fail, for example, if the first computation has any side effects.

Now consider the action of the functors in our intuitive model. The functor F
takes functions to computations, intuitively saying that all functions can be com-
puted, or that functions are a subset of processes. This is a natural requirement
on any notion of computation. The existence of the functor GG then corresponds to
a kind of completeness; it says that for each computation or process, there must
be a function simulating it on a suitable representation of its input. The adjunc-
tion F' - G specifies that there must exist natural transformations F'G = Id and
Id = GF. The first of these then implies that we can reconstruct a computation
from the function representing it, and the second that from a function we can
construct a function representing its computation.

Not all candidate notions of total function and computation satisfy the above
intuitive representability and completeness conditions. Partly for this reason, we
will later be considering an important fragment of this model, which we might call
the structural fragment. This consists of a cartesian category C, a (not necessarily
closed) symmetric monoidal category S and a strong monoidal functor F': C — S

(which may not have an adjoint):

F

C S

Now in order for notions of total function and computation intuitively to provide
a model of this fragment, we require only that functions yield computations, or
equivalently can be computed by processes.

The basic components of this model are all very familiar to category the-
orists, and substantially predated the introduction of linear logic; for example,
the definitions of symmetric monoidal category (also tensor category), cartesian
closed category and monoidal adjunction can all be found in [Mac71]. One major

area of research in category theory is the study of coherence problems for various
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types of categories. In particular, coherence in monoidal categories has been the
subject of much study, for example in [KM72, KL80, Mac71, Sol90].

The coherence problem for a class of categories is the problem of deciding
which diagrams (made up from elementary natural transformations present in
each instance of the class) commute in every category in the class. One clas-
sical result due to MacLane [Mac71, Mac63] is that in (symmetric) monoidal
categories, every such diagram commutes. However, the situation is not uni-
formly this simple; in the case of symmetric monoidal closed categories, we do
not have that every diagram made out of the elementary natural transformations
commutes [KMT72]. For these, there is a famous counter-example which we will
present in chapter 8. The theories of monoidal categories and cartesian categories
have further been clarified by work on general classes of categorical structure by
Kelly, Power and Robinson [BKP89, PR94].

One interesting approach to such problems uses syntactic methods. Consider-
ing the case of cartesian closed categories, we know that a category built from the
terms of typed A-calculus (the term category) is complete for the class of cartesian
closed categories, which is to say that any equality between elementary natural
transformations holds in every cartesian closed category if and only if it holds
in the term category. Since the equality of arrows in the term category is based
on the equality judgement of the typed A-calculus, to decide this is to solve the
coherence problem for cartesian closed categories. More generally, to decide the
equality on any accurate representation of the proofs of minimal logic is to solve
this coherence problem. Along these lines, in [MRA93|, Mackie, Romédn and Ab-
ramsky used a type theory for multiplicative linear logic to approach the problem
of coherence for symmetric monoidal closed categories. Another natural question
is whether proof nets help in the solution of coherence problems, as they are an
efficient representation of proofs, and indeed, Seely et al. [CS97, BCST96] have
adapted proof-net technology for the ® — Z¥-fragment of classical linear logic to
this end.

Since the advent of linear logic, its models have been of major interest.
Barr [Bar91] initially gave a semantics for the ® — L fragment of classical linear
logic in his x-autonomous categories, which have a symmetric monoidal structure
with a dualising object [Bar79] (again substantially predating linear logic itself).
Then Seely [See89] and the group at Cambridge [Bie95, Ben95a, BBAPH93a]
developed the underlying ideas for different fragments of the full logic.

For the purposes of this thesis, we are particularly interested in the work of
Day [Day70b, Day73, Day70a] on the Yoneda embedding of a category C into its
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presheaf category Set®”. He showed that given a symmetric monoidal category,
the presheaf category is symmetric monoidal closed, and the Yoneda embedding
functor is symmetric monoidal. The analogous result holds for cartesian categor-
ies. We will use these results to generate a model of multiplicative intuitionistic
linear logic from one of the structural fragment, so obtaining conservative exten-

sion results.

1.3 Development

Having motivated our approach, and surveyed the relevant background material,
we now give an overview of the original work in this thesis.

We start by presenting, in chapter 2, the reformulation of intuitionistic linear
logic based on LU which was mentioned in the previous section. Known con-
sequently as DILL, dual intuitionistic linear logic has sequents of the general form
A A, where I' is a set of intuitionistic assumptions, and A is a multiset of
linear assumptions.

The basic axioms are:

rAra A mgpa (A)
which, together with the admissible rules:
IAFB
T AAF B VVeak)
I_FA F,A;AI—B([_Cut) AT FHA F;AQ,AI—B(L_Cut)

T,AF B TA,As - B

make up the structural rules of the logic. As might be expected from our previous
discussion of the relationship between the structural rules and those for the con-
nectives, in rules having two premises the intuitionistic contexts are shared and
the linear contexts are kept separate; for example, consider the tensor I/E-pair:

ATFA T AEB ol AFA®RB TA,,ABEC
F,Al,Agl_A(@B ( ) F,Al,Agl_C

(®F)

Now, the rules for the !-connective are presented as an I/E-pair, in conventional
natural deduction fashion:

Ii_FA 7 ATHA TVA A EB

Y

(1B)

The rules of the logic, and particularly this I/E-pair for the !-connective, make

the proof structure much simpler than that of intuitionistic linear logic in its
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conventional presentation. One characterising proof equivalence of the logic is as

follows:
VA AEB

T, AAFB
In the same way as we did above for minimal logic, we proceed in chapter 2
to give a type-theory in which the rules of the logic become typing rules, using
the Curry-Howard correspondence. We build this type theory over a signature of
primitive types and constants, and given a typing judgement I'; A - t: A we have
that variables typed in [' may occur many times (or not at all) free in ¢, whereas
variables typed in A must occur exactly once free in t. The variables typed in I’
must be disjoint from those typed in A. The most significant difference between
this type theory and that due to [BBAPH93b], presented above, occurs in the
treatment of the !-connective and its rules. The straightforward term assignment
I _Ft:A (1) A EEA F,x:A;Algl—u:B

I _Hit:lA A, Ay let lx be tinu:B

(‘E)

allows us to prove the two substitution lemmas corresponding to the cut rules.
Further, the - and n-equivalences for the !-connective arising from its presenta-

tion with an I/E-pair generate - and n-axiomatic equalities for it:
(B) I Ak let lx be !t inu=u{t/z}:A (n) IAFletlzbetinle=t:1A

This is in contrast to the complex treatment of the connective forced in the case
of the single-context linear logic presented above.

We then complete the linear version of the familiar triangle by giving, in
chapter 3, a categorical semantics for the type-theory of DILL, which is based on
the adjunction model of linear logic described earlier. We show that the type
theory is sound and complete with respect to these models in the standard way,
using a term model construction.

Now, just as we sketched the construction of a general theory of operators over
the structural fragment of minimal logic, it is profitable to consider a general
theory of rules and hence operators built on the structural fragment of DILL,
but with one slight alteration. Instead of assuming that there is just one set of
primitive propositions, as in DILL, we assume two sets; a set of primitive linear
propositions (or types) and a set of primitive intuitionistic propositions (or types).
We further assume that any primitive intuitionistic type is also a primitive linear
type. In this definition, we are intuitively saying that some linear types are in
fact value types, for example natural numbers or booleans, elements of which can

be copied.
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We construct this logic in chapter 4; a sequent has the general form I'; A = A
where I' is a set of primitive intuitionistic propositions, A is a multiset of primitive
linear propositions, and A is a primitive linear proposition. Because we have
replaced the set of primitive propositions of DILL with two sets, the new logic has

another structural rule, the I-L-rule, which holds for any intuitionistic proposition
Q:
F, Al, AQ FA

(I-L)

We build a theory of general operators on this structural foundation, and proceed
to annotate it in chapter 4, as we did for minimal logic. Considering equivalence
between proofs in this two-zoned setting raises substantial naturality issues, which
we discuss at length before presenting the equality judgement of the type-theory.
We parameterise this equality judgement over a set of axiomatic equalities, giving
us an expressive theory of binding operators in the setting of a linear type-theory,
which we call general linear type-theory.

We then consider the categorical semantics of this general framework, using
natural transformations, in chapter 5. The basis of the model is the structural
fragment of models of linear logic mentioned above.

Having developed the theory of this general linear type theory, it is helpful to
consider an example, and in fact we provide a set of examples by showing that
each instance of Milner’s (static) action calculi, presented earlier, is equivalent
to an instance of our general type theory in which the controls correspond to
binding operators of a certain restricted form. In chapter 6, we first define action
calculi and show the equivalence to instances of our theory, and then go on to
consider three higher-order extensions of action calculi, one of which is due to
Milner [Mil94b], one of which is largely folklore, and one of which is due to
the author. We show that these extensions, and various structure-preserving
translations which exist between them, correspond to extensions of the type-
theories corresponding to action calculi and translations between them in our
theory. Finally in chapter 6, we consider the semantics for action calculi inherited
from that of the instances of our general theory, and compare it to the semantics
of action calculi given by Power [Pow96].

Inspired by the generality of the higher-order extensions of action calculi, in
chapter 7 we define higher-order general linear type theories, which are a subset
of general linear type-theories having operators and equalities based on those of
linear logic for the —, ® and ! connectives. We can then define the higher-order
extension of a given instance of our theory as that theory with the connectives,

operators and the corresponding equalities ‘freely’” added. It is not immediately
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clear that this addition does not yield a trivial structure (as is the case with some
extensions of action calculi, see [Mil94b]), but we are able via the semantics to
use a presheaf construction to show that the obvious embedding of a theory into
its higher-order extension is conservative. As a corollary, this shows the same
conservativity property for the morphisms of action calculi described earlier.

We complete our development in chapters 8 and 9 by considering decidability
issues for the type-theories and equalities we have introduced. Historically, decid-
ing equality judgements in linear type-theories has been complex, because of the
commuting conversions mentioned earlier, and because of confluence problems
with the reductive orientation of the axiomatic equalities. The situation is much
clearer in the case of proof nets, since it is not complicated by the commuting
conversions.

We might, therefore, consider a system of proof nets for our general linear
type-theory. However, to define such a graphical system and prove the delicate
results on its rewrites would be cumbersome. Hence we present a system of
relations, which are non-graphical analogues of proof nets for general linear type-
theories. It is worth noting that the proof nets which we use for intuition can be
formally presented, and in fact that this has been done by the author [Bar] for a
closely-related system of proof nets for the logic DILL.

A proof net labelling a derivation of I'; A = A corresponds to a relation D
relating variables & of type I', i of type A to a variable z of type A. Each
proof-rule corresponds to a primitive relation, and cut is modelled by a multiary
relational composition. Let us take, for example, the proof net (for DILL) in
figure 1.3.

This corresponds to the term
1" A®Cly:BElet 11 @ xa be 2/ in 11 ® (y ® 13): A® (B® C)
and the relation
R(2',y,2) =321:A,22:C,y BRC.(2 =21 QY ) AN (Y =y @ 12) A (11 @ 0 = 1)
If we were then to abstract y from this, to give the term
1A CH A y:Bletzy @ za be 2’ in 1 @ (y @ 22):B — (A® (B® ()
this would have the relation

S, 2"y =Vy:B.3z:(A® (B® (C)).(2'y = 2) AN R(2,y, 2)
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Figure 1.5:

Just as we have that commuting conversion proof equivalences correspond to
equalities on the proof nets, we can see that the commuting-conversion equivalent

form of this proof (constructed as on page 14), which has the term
st AR Chlet 1y @ 2o be 2’ in (A\y:B.ary ® (y®a2)):B — (A® (B® C))
has a relation

S'(Z 2"y =31 A 29:C(x1 @ 10 = 2') A
Vy:B.3z:(A® (B (C)),y:BRC.Zy=2)AN Y =yQa) AN (z=21Y)

which is the same as S(2’,2) up to certain obvious syntactic manipulations of
the quantifiers.

Using these relations, we can give a syntactic representation of the proofs
of our general linear type-theory. We can then define rewrites on them which
are confluent and strongly normalising, such that two relations have the same
normal form under rewriting if and only if they correspond to terms which are
judged equal in an instance of the type-theory over an empty axiom set. We call
such an instance pure. This strongly-normalising rewrite then provides a decision
procedure for any pure instance of our general linear type-theory.

Furthermore, this result immediately provides a complete solution to the co-

herence problem for the structural fragment of linear logic. Via our completeness
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result, a diagram commutes in all models of any suitable pure instance if and
only if it does in the term-model, and checking this amounts to checking a term
equality in the pure instance, which is therefore decidable.

However, it must be said that there are few useful systems which arise as pure
instances of our general linear type theory; in order to present systems for action
calculi and linear logic we have had to incorporate extra axiomatic equalities,
which mean that our decidability result no longer applies. We proceed, therefore,
to extend the system of relations and rewrites to the higher-order case. We define
pure higher-order instances to be instances of our higher-order general linear type
theory over an empty axiom set. We then give relations and rewrites on them
which again are confluent and normalising, and such that two relations have the
same normal form if and only if they correspond to terms which are judged equal
in the pure higher-order instance of the type-theory. As before, this provides a
decision procedure for such pure higher-order instances, and this time provides a
complete solution to the coherence problem for models of our higher-order general
linear type-theory, in the same way as before.

This result is more substantial. It has as corollaries the decidability of the
equality of all the action calculi fragments studied (by virtue of our conservativity
results), the decidability of the equality judgement in the type theory of DILL,
and hence the decidability of the equality judgement in the ‘Cambridge’ type
theory [BBAPH93b]. We should also note that Ghani [Gha96] independently
decided the Bn — cc equality of DILL(C), working within the term syntax and
using expansionary 7-rewrites.

Finally, we note that the system of relations and rewrites for a pure instance
of our general linear type-theory embeds soundly and fully into the system of
relations and rewrites for the higher-order extension of the pure instance. In
this way we obtain a syntactic conservativity proof for conservativity on pure

instances, a subcase of the problem solved semantically in chapter 7.

1.4 Chapter Summary

Having introduced our approach, and the main concepts involved, we summarise

the contents of the rest of this thesis.

2) An Alternative Formulation of ILL This chapter introduces our altern-
ative formulation of intuitionistic linear logic built over sequents I'; A - A.
Having given the alternative logic, we give the derived type theory and some

useful results, and then proceed to show that the type theory is equivalent
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to the familiar Cambridge type theory [BBAPH93b| over ILL, up to provable
equality.

3) The Semantics of DILL In this chapter, we give a semantics for the type
theory based on DILL, and show it to be sound and complete by the con-
struction of a term model. We also consider the relation between the models
we have chosen and another influential notion of model, first stated for the

Cambridge type theory.

4) Linear Type Theories In this chapter, we move away from linear logic. We
present a generalisation of Aczel’s binding operators, and then introduce
a general linear logic over the structural rules of DILL, which incorporates
rules derived from these binding operators. We then give the type-theory
Lin(O, A) based on this logic.

5) The Semantics of Lin(O, A) In this chapter we develop a semantics of the
generalised type-theory presented in the previous chapter. This is based

around the structural fragment of the models of ILL.

6) Action Calculi and Extensions In this chapter we introduce Milner’s ac-
tion calculi and show how they can also be viewed as instances of our general
linear type theory. We also show the same for various higher-order exten-
sions of action calculi, including that given by Milner himself. Further, we
consider the semantics induced by our semantics for the general linear type

theory.

7) Higher-Order Extensions In this chapter we introduce higher-order type
theories in general, give the canonical higher-order extension of a general
linear type theory, inspired by linear logic, and use a categorical argument
to show that the embedding of any general linear type-theory into its higher-
order extension is conservative. We then consider various implications of
this result for the theory of action calculi. We also introduce an instance of

the higher-order type theory which is equivalent to the system DILL(C).

8) Normal Forms for Lin(O, A) In this chapter, we introduce relations, our
syntax for proofs based on proof nets. We show that using a rewrite and
an equality on relations, we can give a system which is equivalent to the

familiar general linear type-theory under a restricted derivable equality.

9) Normal Forms and Decidability This chapter extends the results of the
previous chapter by showing that the full provable equality of any pure in-
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stance of our general linear type theory is equivalent to a rewrite over and
equality on relations. We further show that this rewrite is strongly nor-
malising, and the equality is decidable, thereby showing that the provable
equality judgement of the general linear type-theory with empty axiom set
is decidable. This result is then extended by giving rewrites for the higher-
order type-theories which decide the axiomatic equality of the higher-order

theory without arbitrary axioms.

10) Conclusion We discuss the implications of this work, future directions and
questions raised, in particular discussing classical linear logics, enriching
our general linear type-theory with a rewrite, and applications to process

calculi.

1.5 Historical Notes

The work in chapters 2 and 3 is based on a talk [Plo93b] and unpublished
notes [Plo93a] by Gordon Plotkin, whilst the work on action calculi, higher-
order action calculi and conservativity in chapters 6 and 7 is a reformulation of
work done in collaboration with Philippa Gardner, Gordon Plotkin and Masahito
Hasegawa in [BGHP97].
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Chapter 2

An Alternative Formulation of
ILL

We introduce an alternative natural deduction formulation of ILL, dual intuition-
istic linear logic (henceforth DILL), in which we use two kinds of assumptions,
linear and intuitionistic. The exponential is introduced with rules allowing a de-
duction of a formula !A from a formula A when no linear assumptions have been
used, and eliminated by allowing a conclusion ! A to substitute for an intuitionistic
assumption A.

When we express this natural deduction formulation in a sequent style, the
general form of a sequent is I'; A F A, which is interpreted as meaning that
from intuitionistic assumptions in I' and linear assumptions in A we can deduce
A. This splitting of the context leads to an extra intuitionistic axiom form, but
the remainder of the rules are very similar to their counterparts in the natural
deduction formulation of ILL.

Having outlined the form of the logic, we can see that it is easy to give a
term assignment calculus. The introduction and elimination rules for ! are reflec-
ted in two new term constructs, an introduction construct !¢ and an elimination
construct let !z be u in ¢, together forming a constructor-destructor pair.

In this chapter, we first present the logic DILL, and then give the type theory
based upon it. We then present the type theory ILLand show its relation to the
type theory based on DILL.

2.1 The Logic DILL

In order to present the logic, we assume a base set Py of primitive propositions,

ranged over by [, k..., and then define formulae, ranged over by A, B,C'...:

Au=1€eP,|T|A®A|A—A|lA
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Now we define an logical context to be a pair of a set of formulae and a multiset
of formulae, where we overload comma for the (set/multiset) union and _ for the
empty (set/multiset). We will write such a pair as I'; A, where the I' is the
intuitionistic part and A is the linear part.

We now assume a set C of formulae, the primitive assumptions. These are
assumptions which we may use in a deduction with no further justification. We

give the rules of the logic over Py, and C, which we call D(Pp, C).

DEeFINITION 2.1.1 (LocicaL RuLes or D(P,, C))
We say that a sequent I'; A = A can be derived for a formula A in D(Py, C) if it

can be shown using the following rules:
(Int — Ax) T, A;_F A (Lin— Az) T AF A
(Ass) I'; - A (A€ Q)

(I-DT;_ 1 AL, A A (I - E)
ATFA T AEB ATFA®B T5A,ABEC
FALAFAeE (@71 TALA - C (® - E)

IMAAF B (<o 1) ATFA—oB F;AQI—A( E)
I’AFA B A, A, F B
T A DA HA T,A; A0 B
?7 '_ Y ) Y '_

As remarked in the introduction, we have replaced the four rules involving the
I-connective in the original form of ILL with the introduction-elimination pair seen
above. The contraction and weakening rules previously used are now derivable
by virtue of the fact that we allow contraction and weakening in the intuitionistic

side of the context.

The Structural Rules

We can now give three structural rules for this logic: we have intuitionistic weak-
ening and two flavours of cut, one intuitionistic and one linear.

I'AFB

m Weakemng

F;Al,Agl_B

A T A AFB
IAFB

(L — Cut) (I — Cut)
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These three structural rules can be shown to be admissible, by which we mean
that given a derivation of the premise of each rule, we can construct a derivation

of its conclusion. Further, using these structural rules we can prove the lemma:

LEMMA 2.1.2 (L-TRANSFER)
The following structural rule is admissible:

A AFB
T A,AF B

We now go on to state a number of defining equivalences for the connectives,
which characterise their behaviour. One of the main motivations for this logic is

the equivalence for ! presented here:

LEMMA 2.1.3 (I-EQUIVALENCE)

In the presence of the structural rules, the two-way proof rule:
A AR B
IA;AFB
is equivalent to the (! — I), (! — E) pair introduced earlier, in the sense that in a

system having the structural rules we would be able to derive the same sequents

using the two way proof rule as we could with the introduction-elimination pair.

Proof If we have the two-way proof rule and the cut rules, then we can derive
' —1I:

S1AHA
I;_ I—Ff;l_ l_ﬁjl_ HA (I - Cut)
Further, we can derive | — E:
A, A+ B
. | ]
S v o

Going the other way, it is easy to derive both directions of the equivalence
given the (! — I), (! — E) pair. The forward direction follows from one use of I-E,
and the other direction is an instance of linear cut and weakening:

A, A T,'AAFB
A, _HA T A'AAFB
IA;AFB

We give similar results for the other connectives:
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LEMMA 2.1.4 (EQUIVALENCES)

In the presence of the structural rules:

A TEC
e The two-way proof rule IL,A’:FC is equivalent to the I — I, I — E pair.
NAJA BEC
Th f rule = i ival h -1, —-F
° e two way proof rule TAABLC 1s equivalent to the ® Y
pair.
IMAFA—B . )
e The two way proof rule TAALD is equivalent to the —o —1, —0 —F

pair.

These are all proved in a similar way to that for !.

2.2 The Type Theory DILL(C)

We can now annotate the assumptions with variables, and obtain a type-theory
from our logic. The types of the type theory (over primitive types Pp) are precisely
the formulae of the logic (over primitive propositions Py ). We assume a countably
infinite set of variables X ranged over by z,y ... (which will be ubiquitous in this
thesis), and we now assume a set of constants C ranged over by c..., each of
which has a type of DILL. We write c¢: A to indicate that the constant ¢ has the
type A. We refer to the pair (Pp,C) as a DILL-signature , and let C... range
over DILL-signatures. We will also assume that C = (P.,C), C' = (P},(’) and

similarly.

DEFINITION 2.2.1 (PRE-TERMS)

We define pre-terms, ranged over by t,u ..., as follows:

tu= z|c:Al x|letxbetint|t®t|letz®@r:Ax Abetint
| Ax: At | tt |1t | letlz:Abetint

Having given pre-terms with type annotations, we omit them where possible
for brevity. We define the usual capture-avoiding substitution t{u/z}, and also
use a simultaneous form t{u/z}, where ¢ is a sequence of pre-terms and Z is a
sequence of variables. In pre-terms, let z ® y be t in u binds x and y in u, Ax.t
binds z in ¢, and let !z be ¢ in v binds x in u. We will identify pre-terms up to
a-equivalence on bound variables. The multiset of free variables of a pre-term ¢,

written FV(t), is defined inductively, where the mixed complement M — S for M
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a multiset and S a set removes all copies of anything in S from M:

FV(z) = {z}
FV(c) =10
FV(x) =10
FV(let % be w in t) = FV(u) UFV(t)
FV(t ® u) = FV(t) UFV(u)
FV(let z ® y be win t) = FV(u) U (FV(t) — {x,y})
FV(Az.t) = FV(t) — {z}
FV(tu) = FV(t) UFV(u)
FV(let !z be win t) = FV(u) U (FV(t) — {x})
FV(!t) = FV(t)

Now we recall from appendix A the definitions of typing and (dual) typing
context along with their auxiliary definitions, for the variable set X and the set
of types of DILL.

We will now give a type theory with judgements of the form I'; A + ¢: A,
where I'; A is a typing context, ¢ is a pre-term and A is a type (or formula of the
logic). We call this type-theory DILL(C).

In order to give the typing rules of DILL(C), we recall the merge relation
A = A1#A,, read as A is a merge of A; and A,, from appendix A.

DEFINITION 2.2.2 (THE TYPING JUDGEMENT OF DILL(C))
The rules for deriving typing judgements I'; A = ¢: A are as follows, where A’ =
Al#AQ:
(Int — Az) T, 2: A, Tg; - Fa: A (Lin — Az) Ty z: AF x: A
(Ass) T _F c: A

A R T A utA

I-1T;_Fx:1 I1-F
(I=DT; -k ( ) T A Flet = be £ in uid
(® I)F;All—t:A Ak u:B (@ E)F;Alf—u:AQ@B I A, Ayy:BEE:C
DA FtQu:A® B ;A Fletz®@y:A® B bewin t:C
A x:A-t:B A TFu:A— B Ty At A
(— 1) . . . (— E) A/ .
AR (Ax:At):(A— B) A" (ut):B
; : AT FulA Tia:A; At B
(!—I) F,_f—tA ('—E) ; 1/u T .2
;- Flit:lA IA'"Flet !z !Abewint:B
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DEFINITION 2.2.3 (TERM)

A T;A term t of type A in DILL(C) for some typing context I'; A and type A
is a pre-term such that I'; A F ¢: A is a valid typing judgement. We will often
indicate that a pre-term t is a I'; A term of type A by writing I'; A F¢: A, or omit

the context and typing where it is clear.

We now say that for a term I'; A - ¢: A, a variable € FV(t) is an intuition-
istic free variable of t if it occurs in occurs in dom(I"), and = € FV(t) is a linear

free variable of t if it occurs in dom(A).

LEMMA 2.2.4 (TYPING PROPERTIES)
We have the following in the type system DILL(C):

Free Variables I If I'; A | ¢: A, then the underlying set of the multiset FV(?) is
a subset of dom(I") Udom(A).

Free Variables II If I'; A z: A ¢: B, then « occurs precisely once in FV(t).
Strengthening If ' 2: A; AF ¢:B and « € FV(t), then I'; A - ¢:B.
I-Transfer If I Ajx:A-t:B, then I', x: A; A+ t:B.

Unique Derivation Given a I'; A term ¢ of type A, there is a unique derivation
of the typing judgement I'; A +¢: A.

The proofs of these properties are straightforward. Given the unique deriv-
ation lemma, we will interchangeably refer to terms and derivations of typing
judgements.

We now present some admissible annotated structural rules, where A’ =
A#Ns.

Ly:B,x: A T"=t:C AL y:Bye: A Ay = t:C

F,.’L‘IA,yIB,F/l_tIC ([_ExCh) F;Alg.’IZ‘IAay:B,AQFtIC (L—E.’L‘Ch)
INAFRE:B Iz A y:A;, A+t B
Iz A;AFt:B (Weak) I,z:A;AF t{z/y}:B (Cont)

IoFuA Tt A;AREB
A Ft{u/z}:B

ATFuA T A x:AFt:B
A F t{u/x}:B

(I — Cut) (L — Cut)
These are shown to be admissible easily- notably, the linear exchange is shown
by virtue of the merging we have incorporated into the typing rules. We outline
the proof of the linear cut lemma. The proof proceeds by induction on the
structure of ¢, and we consider only a few example cases in the proof; the rest are

similar.
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Proof: Note that since x: A is a linear typing,  must occur precisely once in

FV(t), by our lemma.

e If tisy then y is x, since x is free in y, and hence the required sequent is

the second premise.

e If ¢ is \y: B.t/ then by considering the unique derivation, it must end:

AL 2 Ayjy:BEY:C
AL 2 AR (M\y:Bt'):B — C

By the induction hypothesis on the premise, we now have:

[ AL Aoy :BEE{Y Jy,u/x}:C

where 3/ is a fresh variable not occuring in Ay, and the required sequent

follows by abstraction (up to a-conversion).
o Iftislet ly:C be t; in 5 then we know that we have a derivation:

A6 :IC Ty:C ATt B
F, Al F let 'yC be tl in t2:B

where Ay = AJ#A7 and z: A occurs in either A} or AY. In either case
we can use the induction hypothesis to obtain the result required, possibly

using a-conversion as before.

We now need to define a notion of (term-)contexts, where these may be linear
(ie, use their ‘argument’ linearly) or intuitionistic (ie, use their argument inside
a l-construct).

We define a general pre-contezt, written C[], as follows:

Cl]=_|let xbe C[]int|let xbetin C[]|txC[]|C[]®t]|
let r@x be C[]int|letz @z betin Cl]| Ax.C[]|C[]t]|tC[]|
IC[] ]| let !z be C[] in ¢ | let lx be t in C[]

It is easily shown there will be precisely one occurrence of the symbol _ in every
pre-context. We extend the definition of free variable multiset to pre-contexts
FV(C[]) in the obvious way by saying FV(_) = ().

DEFINITION 2.2.5 (INSTANTIATION OF PRE-CONTEXTS)
Define C'[t] for a given pre-context C[.] and pre-term ¢ to be the pre-context C|]
with the unique occurrence of the symbol _ replaced by t. We can easily show by

induction over contexts that C|[t] is a pre-term.
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DEFINITION 2.2.6 (CONTEXT)
AT, A, A-T"; A, B context is a pre-context C'[] such that for any term I'; A - ¢:
A, we have a derivation of the judgement I'; A" - C[t]: B.

Although this definition is not constructive, it can be formulated in an equi-
valent but much more lengthy constructive form, using a system of judgements
of the form I A FC : T A, A—T"; A’, B. For the pre-contexts we will claim are

contexts, it will be easy to see that the definition above is satisfied.

DEFINITION 2.2.7 (LINEAR AND BINDING CONTEXTS)

We say that a context is linear if it does not contain the clause !C[]. Further, a
context binds a variable z if the context is constructed with the use of a clause
instance let x ® y be t in C[], let y @ x be t in C[], Az.C[] or let !z be ¢ in C[].

Now we can define our contextual equality judgement.

DEFINITION 2.2.8 (THE EQUALITY JUDGEMENT)

We say that two terms I'; A F ¢: A and I'; A F w: A are provably equal of type
A in an environment I'; A, written I'; A F ¢t = u: A, if their equality is provable
using the following rules:

AREA ARt=t"A AR =t""A T;Abt=u:A
AFt=t:A ARt=1"A AFu=t:A
AFt=u:A
I'';A'F CJt] = Clul:B
where C[]is a I'; A, A-I"; A’ B-context.

(B) (n)

IAFletxbexint=1t:A IAFlet xbetinx=t:1
AR let x ®@y be up @ ug in t = t{uy/x,uz/y}: A IAFletz®@ybetinzy=tA® B

LAF Az At)u=t{u/z}:A AR A A(te) =t:A— B

where x is not free in ¢

AR letlz:Abe luint =t{u/z}:A [AFletlz:Abetinle =t:14

In these, C' is supposed to be a linear context.
[ AF let x be tin Clu] = Cllet * be ¢ in u]: A
AFletz®@ybetin Clulj=Clletz®y betinul:A

[SAFlet lz be tin Clu]l = Cllet o be ¢ in ul: A
where C[_] does not bind z or contain it free
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These commuting conversions are the equality judgements which correspond to
the trivial proof permutations which exist in linear logics. In other presentations
of term calculi for ILL, the proof permutations are expressed as a large number

of primitive typed equality judgements such as:
DAFletz®@ybetinu Qug=u; @ (let x @y betinuy):A® B

where x,y are not free in u.

These many individual typed equalities all occur as examples of one of our
commuting conversion schemas. For example, the typed equality above would be
an instance of our second commuting conversion axiom, where the context C' is
VR
NoOTE 2.2.9 (COMMUTING CONVERSIONS OF | — F)

Notice that the restriction on the context in the !-commuting conversion, means

that it does not have as an instance the following equality judgement:
y 1A;_Hl(let lx be y in x) = let lx be y in lz: A

This cannot be motivated from the proof structure of linear logic, and it corres-

ponds to imposing an extra requirement on models (idempotency of the comonad
D.
From now on, we will assume that whenever we write ¢ = wu, there exists an

appropriate equality judgement I'; A -t = u: A.

Equivalences

We can now prove a lemma extending our results on equivalences to the typed
case.
LEMMA 2.2.10 (EQUIVALENCES)
o If A x: 1 F t: A, then IA F t{x/x}: A, and if A F w: A, then
[z:I,A - let * be z in u: A, where x is fresh. Further, these maps are

inverse up to provable term equality.

o f A x1:A,xg:BFt:C,then ITAJy: A® B F letxy ®ag beyint:C
where y is fresh, and if [ AJy: A® B F w:C, then I''Ajz1: A, 29: B
u{xr1 ®x2/y}:C where z1 and x5 are fresh. Further, these maps are inverse

up to provable term equality.

e f A Ft:A — B, then I7Ajz: A F tx: B where z is fresh, and if
AJz: A w:B, then I A F Ar: Au: A — B. Further, these maps are

inverse up to provable term equality.
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o If Iz NAJA F t: B, then I'y: A; A F t{ly/x}: B where y is fresh, and if
Doy: A; A F w: B, then I';x (1A, A+ let ly be 2 in w: B where x is fresh.

Further, these maps are inverse up to provable term equality.

It is interesting to note that we could use these equivalences to define the
term equality. If we consider the typing system without any notion of equality
judgement, and read the equivalences above as isomorphisms on proofs, they say
the following:

Proofs I'; A, z: I+ ¢: A are isomorphic to proofs I'; A, z: T F let % be z in t{x/x}: A
Proofs I'; A F u: A are isomorphic to proofs I'; At let * be x in u: A

Proofs I'; A, x1: A, x9: B = t:C' are isomorphic to proofs
Az Ajze:BElet e @y bez®y in t:C
Proofs I'; A, y: A® B = u:C are isomorphic to proofs
A y:A® BElet 21 @ x9 be y in uw{z1 ® xo/y}:C

Proofs I'; A, z: A+ t: B are isomorphic to proofs I'; A, z: A+ (Az.t)x: B
Proofs I'; A - u: A —o B are isomorphic to proofs I'; A - \z.(uz): A — B

Proofs I', x: A; A+ t: B are isomorphic to proofs I', x: A; A+ let lz be lx in t: B
Proofs I'; y :1A, A F u: B are isomorphic to proofs
Iy A AF let 1z be y in u{lz/y}:B

Now the alternative equality judgement with the symmetric, transitivity, re-
flexivity and congruence rules already defined, with the addition of two cut rules:

A FuwA oA A Ht=t"B T FuA oA AFt=t:B

A Ft{u/z} =t'{u/z}:B DA Ft{u/x} =t'{u/z}:B

(where A" = A1#A,) and with the axiomatic equalities induced by the proof

isomorphisms listed above is equivalent in strength to the equality judgement
first defined.

A Definable Intuitionistic Function Space

We now briefly present a definable extension to the logic and term calculus given
above. In order to make the syntax more usable, we show how we can define the
types and terms associated with an intuitionistic arrow type purely in terms of

the structures we already have.

DEFINITION 2.2.11 (THE INTUITIONISTIC ARROW)

Types Define the type A — B in our new system as the type !A — B.

Terms Define the intuitionistic abstraction and application term constructs as
follows (where we use v for the abstraction, and y is fresh):

vyr:At = Ay:lAlet!lz 1A beyint
tu = t('u)
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Now we have the following lemma:

LEMMA 2.2.12 (TYPING AND EQUALITY RULES FOR —)

The following introduction and elimination rules are admissible in DILL(C):

Mz A;AFE:B 7 MAFt:A— B T FuA
T;AF yo:At:A—B ;A" tu:B

— —F

The following equality judgements are admissible in DILL(C):
DA (ye:At)yu=tu/x]:A  TiAbErx:A(te)=t:A— B

Clearly we can erase the typings from the introduction and elimination rules to
obtain admissible introduction and elimination rules for — in the logic DILL(C).
This construct and its associated terms and equalities can by virtue of this
lemma be used without changing the development to follow. Other definitions
of this function space are possible via more complex embeddings of intuitionistic

logic into linear logic; for example see Benton [BW96] or Schellinx [Sch94].

2.3 The Type Theory ILL(C)

We present the type-theory based on ILL due to Benton et al. [BBAPH93b|, with
two amendments. Firstly, we build the type theory over a dill-signature, in the
analogous way to DILL, and secondly we have adapted the presentation of the
equality in op. cit. using contexts to express the commuting conversions, and
giving an equality judgement. For brevity we do not present the logic; this can
be found in [BBAPHI3b)].

We assume the same set X of variables as used in DILL(C). The types of
ILL(C) are exactly those of DILL(C). Given this, we define pre-terms, ranged over
by M, N ... as follows:

M=z |c:A| = |letxbe Min M| MM |letz®@x:A® Abe M in M |
Az:A.M | MM | promote M for 2 1A ...z :!Aiin M |
derelict(M) | copy M for x,x :!Ain M | discard M in M

As before, we will omit type information in pre-terms where convenient. Following

Benton et al., we use the form (discard M in N) to abbreviate
(discard M in ... in discard M, in N)
We also use (copy M for 7,7 in N) to abbreviate

(copy M for z1,y1 in ... copy M, for x,,y, in N)
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We now summarise the binding behaviour of the pre-terms: the pre-terms
let t ®y be M in N and copy M for z,y in N bind x and y in N; the pre-term
Ax. M binds x in M and the pre-term promote M for X in N bind each of the #
in N. Again, we will require a standard capture-avoiding notion of substitution
M{N/xz}, and its simultaneous counterpart t{u/z}.

Now we define an ILL typing context as a single typing context over the variable
set X and the types of DILL(C). We give the contextual typing judgement A
M : A as follows:

DEFINITION 2.3.1 (THE TYPING JUDGEMENT)
The rules for deriving judgements A = M: A are as follows, where A" = A1#A,
and A" = Ay# .. HA,:

(Lin — Azx) x:AF x:A (Ass) _F c:A

All_MI[ AQ"NA
A’ let x be M in N: A

(I—1)_F %I (I —E)

AEM:A AyFHN:B AFN:A® B As,x:Ay:BF M:C

7 —
@D =yt ireonaen  © B AT eropAeBbe Ninl.C
(—o 1) Ax:AFM:B P> AMFM:A—-oB AyFN:A
A+ (A\z:AM):(A— B) (— £) A+ (MN):B
A FEMIA A+ N:B AEDM:IA

(Weak) (Der)

A’ discard M in N:B A+ derelict(M): A

ArFEMINA Agx!Ay!AFN:B
A" copy M as z,y in N:B

Contraction

1=1.r Azl_Mz'Az .’1}’12!141,... ,I’Ti!ATl_NIB
A"+ promote M for & in N :|B

Promotion

DEFINITION 2.3.2 (TERM)
We define a A term ¢ of type A in ILL(C) to be a pre-term ¢ of ILL(C) such that
we can derive the typing judgement A - ¢:A.

We can now give admissible exchange and linear cut rules.

43



DEFINITION 2.3.3 (PRE-CONTEXTS)
We define pre-contexts for ILL(C) inductively as follows:

Cl]:=_|let xbe C[]int|let xbetin C[]|txC[]|C[]®t]|
let r@x be C[]int|letz®@ax betin C[]|Ax.C[]|C[]t]|tC[]|
promote M, C[], M, for £ in N | promote M for & in C[]
copy C[] for z,y in N | copy M for =,y in C[]derelict(C[])
discard C[] in N | discard M in C[]

We define the instantiation of a pre-context C|[] with a pre-term M again to
be the pre-context with the unique occurrence of the symbol _ replaced by the
pre-term M. We say that any pre-context constructed with no instance of the

schema promote M for Z in C[] is linear.

DEFINITION 2.3.4 (CONTEXT)
We define a A, A-A’, B’ context to be a pre-context C|[_] such that for any term
AFt:A we have A"+ CJt]: B.

Again, this definition of contexts is not inductive, but as in the case of contexts

for DILL(C), it could easily be equivalently given inductively.

DEFINITION 2.3.5 (THE EQUALITY JUDGEMENT)
We define a contextual equality judgement A = M = N:A, where M and N are
A terms of type A, by the following rules (where for brevity we write M = N for

AFM=N:A):
The Congruence Rules
AEM:A AEM=M:A AEM=M":A AFM=N:A
AFM=M:A AFM=M"A AFN=M:A
AFt=u:A
A"+ C[t] = Clu|:B
where C[] is a A, A-A’, B-context.
The Basic Equalities
let « be xin M =M (2.1)
let « be M in =M (2.2)
let x @y be My ® My in N = N{M;/x, Ms/y} (2.3)
let r @y be M inz®y=M (2.4)
(Ax.M)N = M{N/x} (2.5)
Ar.(Mz) =M (2.6)
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The Commuting Conversions For linear C ],

let * be M in C[N] = CJlet *x be M in N]| (2.7)
let z ®y be M in C[N] = Cllet x ®y be M in N] (2.8)
discard M in C[N] = C|[discard M in N] (2.9)
copy M for z,y in C[N] = C|copy M for z,y in N]| (2.10)
The Exponential Equalities
derelict (promote M for  in N) = N{M/Z} (1)
discard (promote M for & in N) in N’ = discard M in N’ (2)
promote M for x in derelict (z) = M (3)
copy M for z,y in N = copy M for y,x in N (4)
copy M for z,y in (discard z in N) = N{M/y} (5)
copy M for x,y in copy y for 2’,3' in N = copy M for y,y in copy y for z, 2’ in N
(6)

promote M, M for #', # = discard M’ in (promote M for Z in N) (7)
in (discard 2’ in V)

copy (promote M for Z in N) = copy M for @1, & in N'{p1.p2/y1, v} (8)
for y1, 92 in N’

(where p; = promote #; for ¥ in N and ps = promote Zy for & in N)

promote M’, M for 2/, & = copy M’ for Y1, yh in p3 (9)
in (copy 2’ for y1,y2 in N)

(where p3 = promote M, Yy, yh for Z,y1, y2 in N)
promote (promote 7 for 1 in M), ijo = promote yi, ¥ for y3, To in N{ps/2’'}  (10)
for x’/, T in N

(where py = promote ¢35 for Z1 in M)

2.4 Relating DILL and ILL

We now show that DILL is essentially equivalent to ILL at the level of the respect-
ive type-theories, by which we mean firstly that we can give a translation from
DILL(C) to the type-theory ILL(C), and one in the reverse direction, such that
two terms are equal in ILL(C) if and only if their images are equal in DILL(C)and
secondly that we can give a translation from the terms of DILL(C) derivable with
no intuitionistic assumptions, ; A - t: A, to the terms of ILL(C). Wherever num-

bers are used to refer to particular equalities of ILL(C), those numbers are as
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given in section 2.3. Of course these translations easily yield translations on the
logics DILL and ILL.

In the following, we will use the abbreviation (let !Z be # in t) to indicate the
term

let 'z; be uy in...let !z, be u, int

in DILL(C). We use the turnstile k() to indicate the typing and equality
judgements of ILL(C) and similarly the turnstile Fpy () to indicate those of
DILL(C) where the distinction is unclear.

We will define two translations, ® taking ILL(C) to DILL(C), and ¥ taking
DILL(C) to ILL(C). These translations will be the identity on types.

LEMMA 2.4.1 (PROPERTIES OF THE TRANSLATIONS)
The following are properties of ® and W:

1. If A l_ILL((C) MIA, then - A l_DILL(C) CI)(M)A

2. If .’L'llAl ce .’L'TIAT; A l_DILL((C) UIA, then T1 I!Al PN P I!Ar, A l_ILL((C) \Ilf(u)
A

3. If A l_ILL((C) M = NIA, then - A l_DILL(C) CI)(M) = @(N)A

4. If €I Al R S Ar; A l_DILL((C) t = u: A, then T I!Al R S Ar, A l_ILL((C)

5 If A l_ILL((C) M:A, then A l_ILL((C) ‘IJE(CI)(M)) =M:A
6. If - A l_DILL((C) tIA, then - A l_DILL((C) q)(‘ljs(t)) = tA

Given these lemmas, we can prove:

THEOREM 1 (EQUIVALENCE)
1. A l_ILL(C) M = N:Aiff - A l_DILL((C) CI)(M) = @(N)A

2. - A l_DILL(C) t=u:Aiff A l_ILL((C) ‘Ijs(t) = ‘I/E(U)A

Proof The two proofs are almost identical. Consider the first case. We already

have the implication
A |_||_|_((C) M=N:A lmphes - A |_D|LL(<C) @(M) = Q)(N)A

Now assume _; A Fpy ) (M) = ®(N) : A. By lemma 2.4.1 (4), we have that
ARy Ye(®(M)) = W (P(NV)): A, but we also have by lemma 2.4.1 (5) that
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A P Ye(®(M)) = M: A, and hence the other direction of the implication
holds.
The proof of the second case uses the analogous results in lemma 2.4.1 (3)
and 2.4.1 (6) O
We now proceed to give the details of the translations, and prove lemma 2.4.1,

thereby showing that the results of theorem 1 hold.

From Intuitionistic Linear Logic to DILL
Now we can define the translation ® from the intuitionistic linear type theory
ILL(C) to DILL(C).

DEFINITION 2.4.2 (THE TRANSLATION @)
On Types we define ® to be the identity.

On Pre-Terms we define ® as follows:

() = x
(c) = c
(%) = *
O(let * be M in N) = let * be ®(M) in (N)
(M ® N) = P(M) ® ®(N)
O(let r®@y be M in N) = let + ® y be (M) in &(N)
O(Az. M) = Ax.D(M)
O(MN) - O(M)D(N)
®(discard M in N) = let 121 be ®(M) in &(N)
O(copy M for x,y in N) = let!xy be (M) in &(N)['z1/x,y]
O (derelict(M)) = let lz; be ®(M) in 2
®(promote M for Zin N) = let I# be ®(M) in |(®(N)[1# /7))

where in the last four rules x; is a fresh variable from X.

Now we need to prove the lemma.

LEMMA 2.4.1 (1) [fA l_ILL((C) MIA, then _,A l_DILL(C) CI)(M)A

Proof This proof is by induction over the structure of the term ¢t. We give a

summary proof only.

Axiom Instance: In this case, we have v: A F x: A, so that the translation is
sa:AF x: A which is derivable.

Assumption and Unit-I In these cases there is almost nothing to show, as
the corresponding typing rules in DILL(C) are analogous. We note the

requirement that we have the same constants in each type theory.
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®-Introduction: We present this case as an example of the simple cases not

involving the exponential. We have the derivation

All_MIA AQ"NB
AFM®N:A® B

(®—=1)

where A = A1#As.

By the inductive hypothesis, we have _; A; - ®(M): A, and _; Ay = $(N):
A, so we have ;A F &(M) ®@ ®(N): A® B via the ®-introduction rule of
DILL(C). But (M ® N) = ®(M) ® ®(N), so we are done.

®-E,—o-I and —o-E: Again these rules in ILL(C) are exactly parallelled in DILL(C).

Weakening Rule: In this case, we have the derivation

AQ"M'A All_NB
A+ discard M in N:B

where A = A1#As.

By intuitionistic weakening and our inductive hypothesis, in DILL(C) we
have z1: A; Ay = ®(N): B. Now one application of our -E rule gives
us ;A F let lzy be ®(M) in ®(N): B, but ®(discard M in N) is precisely
let 121 be ®(M) in &(N).

Contraction: In this case, we have the derivation in ILL(C):

ArFEM:IA Asyz!Ay'AFN:B
A+ copy M for x,y in N:B

where A = A1#As.

Now by the inductive hypothesis, in DILL(C) we have the derivations:
SATFEO(M) A

and
S5 Agx Ay lAE O(N):B

But now, using the substitution lemmas of DILL(C) and the !-[,E pair, we

have the following derivation:

S AFlet lzy be @(M) in @(N){!z1/x,y}:B

which proves the case.
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Dereliction: In this case we have the derivation

AFM:IA
A+ derelict M : A

in ILL(C). Using the inductive hypothesis, we have in DILL(C) that

SAFO(M) A
so using one instance of -E and an intuitionistic axiom, we have
S AFlet lzy be (M) inzq:A
as required.

Promotion Rule: The derivation here is
1=1.r Azl_Mz'Az I’l'AlI'r'AT'_NB
A F promote M for Zin N:B

where A = Ay# ... #A,.

By the substitution lemma and the inductive hypothesis, we have y; : A1 ...y, :
Ay o ®(N){!y/7}: B. Hence, by the promotion rule of DILL(C), we have

yi: Ayt A CHFIO(N){y/2} B

We also have by induction _; A; = ®(M;) :1A; for each ¢ = 1..r. Hence, by r

applications of the !-E rule, we have

LA F let i be ®(M) in 1&(N){1j/Z}:B

This is precisely what is given in the translations. 0

We now give one auxiliary lemma:

LEMMA 2.4.3
We have that for terms Ay, z: AF M:B and Ay = N: A of ILL(C),

SAFO(M{N/z})=D(M){P(N)/x}:B
where A = A1#As.

This is easily proved by induction over the first term, M, and we leave it to
the reader.

We now prove the lemma on derivable equality judgements.

LEMMA 2.4.1 (3) [fA l_ILL((C) M = NIA, then _,A l_DILL((C) CI)(M) = @(N)A
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Proof This is proved by induction over the derivation of the derivable equality
judgement A = M = N:A in ILL(C). First we consider all the one-step de-
rivations, ie axioms. However, since there are a large number of these, most of
which are identical to those already given in DILL(C), we give the proof only for
the substantially different ones, that is the exponential axioms. It is routine for
the other equality axioms and the reflexivity, symmetry and transitivity rules.
In the following, we show it for the exponential axioms based on the numbering
given in the definition of the equality judgement of ILL(C). We omit contexts
and types for equality judgements in this proof for brevity, as they will always be

reconstructible from those present in the relevant axiomatic equality.
1): In this case, the image of the left-hand side is
let 1y be (let 12 be ®(M) in 1&(N){1Z/Z}) in y
This is equivalent by a commuting conversion (since w and z; are fresh) to
let 12 be ®(1) in (let ly be |B(N){12/Z} in y)

However, (let ly be |®(N){!Z/Z} in y) = ®(N){!Z/7}. Hence the image of
the left-hand side of the equality is
let Iz be ®(M) in (®(N){!Z/7})

—

But now by commuting conversions and n-equality, this is equal to ®(N){®(M)/Z},
which is the image of the right-hand side of the equality.

2): In this case, the image of the left-hand side is:
let 1y be (let Iz be ®(M) in 1O(N){1Z/Z}) in B(N)
This is equivalent by a commuting conversion (since y and z; are fresh) to
let 12 be ®(A) in (let ly be IB(N){1Z/Z} in B(N))

We know, however, that y does not occur in ®(N’), as it is fresh, so this is
equal to let 12 be CI>(7V[) in ®(N'), which is precisely the image of the right-
hand side.

3): In this case, the image of the left-hand side is:
let 1y be ®(M) in !(let !z be ly in z2)

which is f-equal to
let 1y be ®(M) inly
which is n-equal to the image of the right-hand side.
50



4): In this case, the image of the left-hand side is:
let Iz be (M) in ®(N){!z/z,y}

which is easily seen to be the image of the right-hand side by analogous

reasoning.

5): In this case the image of the left-hand side is
let Iz be (M) in (let 2/ be z in ®(N)){!z/z,y}
which is equal to
let Iz be ®(M) in (let 12’ be !z in ®(N)){!z/y}
but by one (-equality this is
let Iz be (M) in P(N){!z/y}

so we can now see that via commuting conversions and an n-equality this
is ®(N){P(M)/y}, which is the image of the right-hand side.

6): In this case the left hand side of the equality has image
let Iz be ®(M) in (let 12/ be y in D(N){!2'/2',y'}){!z/x,y}
but this is equal to
let Iz be (M) in (let 12" be !z in ®(N){!2'/a',y/'}){!z/x}
However, by a (3-equality this is equal to
let Iz be (M) in (N){!z/z, ¢/, 2"}

and by a similar process we can see that the image of the right-hand side is

also equal to this term.

7): In this case, the image of the left-hand side is:
let 12/,12 be CID(M’),CID(M) in !(let 12" be 2’ in ®(N)){!2',12/z', ¥}
which is

let 12/,1Z be ®(M"), ®(M) in !(let 12" be 12/ in ®(N)){17/z}
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which is f-equal to
let 12/,1Z be ®(M"), (M) in (S(N)){,12/2", &}
This is
let 12/ be ®(M’) in (let 12 be ®(M) in |®(N){,12/2", Z})
but we know that 2" does not occur in ®(N), so this is
let 12" be ®(M’') in (let |2 be @(7\/[) in [&(N){!Z/Z})
which is the image of the right-hand side.
8): In this case, the image of the left-hand side is:

let 12" be (let |2’ be @(7\/[) in [&(N){!12/Z}) in (N2 /y1, y2}
This is equivalent, again by a commuting conversion, to

let 12 be @(7\4) in (let 12" be 1O(N){!2/Z} in (N ){!2" /11, y2})
Now this is S-equal to

let 1z be ®(M) in (10(N){1®(N){12/Z} /y1, y2})

But [®(N){!O(N"){!2/x}/y1,y2} is B-equal to

1D(N){let 127 be 1Zin \®(N"){12" )@} /i1, y2}
And this in turn is the same as

1(N){(let 17 be @/ in 1B(N') {127 /7}), (let 127 be o in 1&(N"){17/Z}) i, ya}1Z/ a7, 27"}
which is
O(N{(promote 2/ for 7 in N'), (promote 2" for 7 in N’)/yl,yQ}{!Z/Q?’ﬂ/})
Therefore, the image of the left-hand side is

let 127 be (M) in
(P(N{(promote 2/ for x in N'), (promote 2" for x in N’)/yLyQ}{!J//J}?J/}))

But this is precisely the image of the right-hand side, so we are done.
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9): In this case, the image of the left-hand side is:
let 12/,12 be CID(M’),CID(M) in I(let 12" be 12" in ®(N){!2"/y1,y2}){!2/Z}
This is
let 12/,12 be CID(M’),CID(M) in I(let 12" be 12" in ®(N){!2" /1, y2}{!Z/Z})
which is J-equal to
let 12’12 be CI)(M’),CID(j\/[) in (®(N){!2 Jyr, y2}{2/Z})
and this is equal to
let 12" be ®(M') in (let |2 be CI)(?V[) in (O(N){!2/y1, y2}{!Z/Z}))
But this is n-equal to the translation of the right-hand side.
10): The image of the left-hand side of this equality is
let 12/, 127 be (let 127 be iy in |O(M)[127 /7)), 7 in 1B(N){12/, 12" /!, 5}
By commuting conversions this is equal to
let 127 be 77, in (let 12,127 be |&(M){127 /&, }, 0 in |O(N){12'1,12" /2!, &5)})
This then is n-equal to
let 127 be 7, in (let 127 be iy in \®(N){ID(M){127 /&, }, 12" /2!, Ty })
This is abbreviated to
let 127 127 be 71, , s in (\O(N){1D(M){127)#,},\ 2" [a! | T))
But by an n-equality this is equal to
let 127 127 be 41, s in (1O(N){(let 127 be 127 in \&(M){127 |2, }), 12" Ja!, T5})
and this can be written as
let 1277 127 be 71, if» in (1®(N){(let 127 be 1Zin \&(M) {127 /7, }) /' W12 127 | 2, 7o}

But now this is the image of the right-hand side.
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From DILL(C) to ILL(C)

For each term of DILL(C) z1:Ay...2,: A;A F t: A we give a term z7 :
TAy .o AL A E Ug(t): Ain ILL(C).

DEFINITION 2.4.4 (THE TRANSLATION V)
On Types define ¥ as the identity.

On Terms define ¥ as follows:

i s it 70
U;(c) = discard ¢/ in ¢
Wy (*) = discard ¢/ in *
Uy (let * be t in u) = copy ¥ for 41,y in (let * be Wy, (t{y1/y}) in Vg, (u{1/y}))
Uy(t @ u) = copy ¢ for g1, 9> in Wy, ({1 /¥}) ® Vg, (u{t/y})
Uy(let 21 ® a9 be tin u) = copy ¥ for 41, %> in py
where p; = let 1 @ x5 be Uy, (t{11/y}) in Vg, (u{v2/7})
Uy ()\x t) = Ax.Wy(t)
Wy(tu) = copy ¥ for 1, 9 in Wy (t{51/y}) Vg, (u{y2/y})
U;(!t) = promote ¥ for y1 in Wy, (t{y1/y})
Uy(let 1z be ¢ in u) = copy ¥ for 41, 1 in Woo(u{yo/y}){ Vs (t{v1/y})/x}

where 7, and 1> are vectors of fresh variables.

We first make an abbreviation; given a sequence of types A=A ... A, we will
write |4 for 14, ...4,. Similarly, given a sequence of typings I' = z1: A; ...z,
A,, we will write !T" for x11A; ...z, 1A,.

LEMMA 2.4.1 (2) [f F, A l_DILL((C) tIA, then 'F,A l_ILL((C) ‘yg(t)A
Proof This is proved by induction over the first derivation. We leave most of

this proof, as it is routine, but we consider the tensor introduction as a sample

case, and also the rules for ! as they are significantly different.

Tensor Introduction We have in this case that there is a deduction in DILL(C)

AT FuwA T A 0B
NAFu®v:A® B
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where A = A1#A,. By the inductive hypothesis we have that there exist

derivations in ILL(C) (using some a-conversion, and assuming that I' = ¥

6):

g1 \COAF U (u{ai/7)):A® B
and

g5 AC, Ay - Uy (v{y/i}):A® B

Now we have by the tensor introduction in ILL(C)
7 1,0 10 A Wy (u{4i /7)) © W (v{9/3}): A® B
But by a sequence of copies, we can now obtain:
I, Ak copy ¢/ for yi, 92 in Wy (u{yi/y}) @ Yy (v{y2/y}): A® B

which is precisely the image of the tensor. In fact, the technique of modelling
the shared intuitionistic context with repeated contractions accounts for all
of the copy constructs in the definition of W.

!-Introduction In this case, we have the following deduction in DILL(C):

I _Ft:A
I _Flt:lA

By the inductive hypothesis, we have a derivation in ILL(C)(using some

a-conversion)
y B (HY /7)) A
where I' = ¢/ :B. Now by one use of promotion, we have
! 7 for o/ in U= (t{y /7}) -
II" = promote y for y in 5 (t{y'/y}) 1A
which is precisely the image of !t.

-Elimination In this case, we have the following derivation in DILL(C).

A FEA Tox:A; Ao u:B
AR let !z betinu:B

where A = Aj#A,. Hence again by the inductive hypothesis we have the

following derivations in ILL(C) (using some a-conversion:
gi OO AL F W (H{ /7)) 1A
where [' = gzé, and

o :!5,x HA A Wy (ulya/y}): B
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Now by the admissible cut rule in ILL(C) we have

gi 1C, g AC, A F Uy (u{yp/TH Y (Hyi /7)) /2 }: B

Now by the familiar series of contractions, we have

T, A+ copy ¢/ for yi, g2 in Wy (u{y2/G){ Wy (H{y1/4})/2}: B
O
We now give auxiliary lemmas relating intuitionistic and linear substitutions
in DILL(C) to substitution in ILL(C).

LEMMA 2.4.5 (LINEAR SUBSTITUTION)

If we consider the substitution:

F; Al, r:A l_DILL((C) t:B F; AQ l_DILL((C) u:A
F, Al, AQ l_DILL((C) t[U/.’L'] :B

where ' = g;é, then
Wy(t[u/x]) = copy i for yi,yo in Wy (H{yi/TH{ W (u) g {y2/7}/2}

LEMMA 2.4.6 (INTUITIONISTIC SUBSTITUTION)

If we consider the substitution:

F, .’L'A, A l_DILL((C) t:B F, _ l_DILL((C) u:A
F, A l_DILL((C) t[U/.’L'] :B

where I' = §:C, then we have that

Wy(tlu/x]) = copy ¥ for yi, 42 in Wy; - (t{y1/y}){promote ys for y3 in Wy; (u{ys/y})/x}

These are both routine inductions over the structure of the first term, and are
left to the reader.

Now we can prove the equality lemma:

LEMMA 2.4.1.4 [f F,A l_DILL((C) t = UIA, then 'F,A l_ILL((C) ‘yg(t) = \I’g(u)A
where I' = yjﬁ
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Proof This is proved again by induction over the length of the derivation of
equality in DILL(C). We consider only the exponential equalities, as it is easy but
time-consuming to show that the other components of the equality rule system

over DILL(C) correspond to equalities on ILL(C).

-6 This equality is:
IyAFlet le be luin v =v{u/z}:A

The image of the left-hand side of this is:

copy ¢ for yi, 42 in Wy; (v[y1/y])[promote g5 for gz in Wy (ulys/y]/x])

assuming that I' = ¢ C. But this is just the image of intuitionistic substi-
tution in ILL(C).

1-n This equality is
AR let!lz betinle =t1A

The image of the left-hand side is
copy ¢ for 41, y3 in (discard y3 in promote x for 2" in derelict 2’ ){Uy; (t{yi/y})/x}

assuming that I' = §: B. By equality (5) of ILL(C) we have that this is
precisely

copy ¥ for yi, 3 in (discard y3 in Uy (t{v1/y}))

However, using equality (7) this is just W ()

Commuting Conversions are dealt with easily, as they translate to the com-

muting conversions in ILL(C). O

LEMMA 2.4.1.5 For any term A Fypcy M:A of ILL, A Fupcy Ve(P(M)) =4
M.

Proof We note first that the translation @ is effectively the identity on terms
other than those containing the exponential constructors. Moreover, since ®
translates sequents to sequents derivable from no intuitionistic assumptions, ap-
plying ¥ to these sequents gives the identity (as we need no copy or discard
constructs). Hence we know that W(®(¢)) is the identity except perhaps on terms
involving the exponential constructors.

We prove that the translation satisfies the property above by consideration of

the structure of t. We consider only the exponential cases.
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derelict: In this case, we have that M has the form derelict(N), and hence that
®(M) has the form let !z be ®(N) in z. This must have the following de-
rivation in DILL(C):

22 Ak 22 A AR O(N) A
S AFlet !z be ®(N)in z: A

The translation U takes this derivation to
z :JAF derelict (2):A AF \Il<>(CI>(N)) 1A
W(A) I derelict (2){W(P(N))/z}:A

which is derelict(V.(P(u))), but this is fn-equal to derelict (u) by the in-
ductive hypothesis.

discard: In this case, M has the form discard N in N, so that (M) is let |z be ®(N) in O(N').
This must have the following derivation in DILL(C):

SATFEO(N) A 2z A Ak O(N'):B
LA let 1z be () in B(N): B

where A = A1#A,. U applied to this derivation gives the following:

2 A, Ay discard z in Uo(B(N')): B Ay - T(O(N)) 14
A discard z in (U-(®(N)){U.(®(N))/2}:B

but since z does not occur in ®(N') and hence in W, (P(N')), this is precisely
discard W (P(N)) in (V. (P(N'))) which is fn-equal to discard N in N’ by
hypothesis.

copy: Here, ®(M) has the form let !z be ®(N) in ®(N'){!z/x,y}, and therefore

has the derivation:

22 A A FO(N){lz/x,y}:B Ay ®(N) 1A
s AFlet Iz be ®(N) in ®(N'){!z/z,y}:B

Under W, this derivation becomes

2z JA; Ay copy z for z,y in W (P(N')):B Ay U (O(N)) 1A
A F copy z for z,y in W (P(N)){V.(P(N))/z}:B

which is copy W (P(N)) for z,y in W (P(N')), which is by hypothesis equal
to copy N for z,y in N, or M.

promote: In this case, M has the form promote N for # in N’. Hence O(M) is
let 17 be ®(N) in |&(N'){12/Z}.
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This has the derivation

Z A _FO(N)IZ/E: B A FO(N;) 1A, (i=1...7)
S AFlet 12 be ®(N) in 1&(N){12/7}:B

where A = A1# ... #A,. When VU is applied, this becomes

Z: 1A+ promote 7 for Zin W (®(N')):B Ak W (B(N,))14; (i=1...7)

A F (promote 2 for ' in W (®(N')){V(DP(N))... V(D(N,))/21...2.}:B

—

but this final term is just promote W.(®(N)) for & in W (P(N')), which is

equal to the original term by induction.

We can prove an analogous lemma for the alternative direction:
LEMMA 2.4.1 )(6) For any term ;A= t:A of DILL(C), ;A F ®(V.(t)) =t: A.

This is easily proved in the same manner as the previous lemma.

Now by virtue of the proof at the beginning of this section, we have the results:
THEOREM 1.1 A l_ILL((C) M=N:A Zﬁ - A l_DILL((C) CI)(M) = @(N)A

THEOREM 1.2 - A l_DILL((C) t=u:A ZﬁA l_ILL((C) ‘ys(t) = ‘IJE(U)A
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Chapter 3

The Semantics of DILL

We now show that DILL(C) can be soundly and completely mapped into a class
of models for linear logic. By this we mean that we can map terms I';A F1¢: A
to morphisms in the model in such a way that the I'; A terms ¢ and u of type A
are judged to be equal I'; A ¢ = : A if and only if the interpretations of the
derivations are equal in every model of the class.

The models we will consider are based on linear-non-linear models, which
were introduced by Benton [Ben95a| and studied by Bierman [Bie95]. These are
pairs of categories (C,S) such that C is a CCC and § is a SMCC and there
is a monoidal adjunction between them. The intention behind the construction
is that the normal power of intuitionistic logic, arising from the exponential,
should be modelled in the CCC, with the intuitionistic linear logic being as usual
modelled in the SMCC. This idea emerged in 1993 from discussions between a
number of people, including Plotkin, Benton and Hyland. However, it was only
during further work by Benton [Ben95a] that the details became clear, and in
particular that it was necessary to impose the requirement that the adjunction be
monoidal. In [Ben94| there is an extensive comparison between these models and
the previously proposed models [BBAPH93b]. In fact, although Benton required
that the cartesian category be closed, this is not essential for our purposes, and

we take the more general definition.

3.1 The Interpretation

We will make extensive use of the primitive categorical definitions in appendix A.2,
and in particular will refer to equations there using their numbers with no further
comment.

The carrier of a DILL(C)-model is a quadruple (C,S, F,G), such that C is a
CC, § is a SMCC and FF 4 G : C — S is a strong monoidal functor. We will
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write un for the unit of the monoidal adjunction, and nu for its counit.

DEFINITION 3.1.1 (DILL(C)-MODEL)

A DILL(C)-model, which we will write L, is a carrier (C,S, F,G) together with
a primitive interpretation function [J§, : P, — obj(S) and a morphism [c]¢ €
S(I, [A]) for each constant c¢: A in C, where the interpretation function is exten-

ded to arbitrary types in the obvious way, as defined shortly.

Where the particular model we are referring to is clear, we may omit the super-
script £ on the interpretation [_]<.

We now make some definitions to simplify the interpretation. For a sequence of
objects in the category S, X=X.. . X, we define ® X to be the left-bracketed
tensor of this sequence, ®X = (..(X; ® X5) ® ... X,) Also, for a sequence of
typings z: fT, we define (7 ff) = 7:A.

Given a DILL(C)-model L over signature (P, C), we now define an interpret-
ation []* which takes the types and typing contexts of DILL(C) to objects in S,
and takes the terms of DILL(C) to morphisms in S.

DEFINITION 3.1.2 (THE INTERPRETATION ON TYPES AND CONTEXTS)
On Types We define []* on types as follows:

1] = [{]p, forl e Py

[l = !
[AB] = [A]l®[B]
[A—B] = [A]l—[B]

4] = FG([A])

On Typing Contexts We extend this firstly to sequences of types by saying
that [A;... A ] = ®([A1] ... [A/]). We then say that for a sequence of typings
A, [A] = [|A]]. We then extend the definition to typing contexts by saying that
for a typing context I'; A, [I'; A] = [!|T], |A]].

We can now define some context-manipulation arrows, using the structure we
have in the model.
Define

permapap (ARB)®@(A®B)— (A A)® (B B
mgeaa; A, ([A] = [A1, Ag] where A = Ay#A,
sepa; A, ([A1, As] — [A1] @ [Ag]

dupr :[{[T] — [T & [T]
splitra,a, a, ([ A] = [T Ay] @ [T Ao where A = Aj#A,

discp :[!|I']] — 1

promp :[I'; _] =![I"; ]
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as follows:

perma g ar g = aa B aep; (ida @ ag}A/’B/); (ida ® (sp.ar ®id[p1));

. =1
(ida ®an,p5); AA,A, BeB)

sepaa,a;  (idpa) @ mgear ar a,); sep;’(Ai’AQ)
it A=x:A Aand Ay = x: A, A
MgeA A A, — sepzaa;  (idpap ® mgeara, a); (idpag @ sepa, ay);
o A a2} (STAL[ar] @ iday ) (sepi, 4 @ iday)isep(a, a)
if A=x:A A"and Ay = x: A, A
id;y HA=A=Ay=_
(sepay,ay @ idpa); agay),[as],14];
idja,] ® sepa/ 4) where A # _and Ay = 2: A, A},
e . it A, —
[A2] 1= -
s | if Ay =
dupr 2.4 ® (F(carn)); m@ﬁB]],G[[B]])S
dUp perm!(F/,m:A),!(F/,m:A),y:!B,y:!B if I' = Fla €T A7 Yy B
r= _ .
ri] ifI'=_

splitr,a,a,,8, = sepir,a; (dupr @ mgea a,,a,); (idirje[r] @ sepa,,a,)

s PErMQr] [T, [A] [A] (Sepﬁm ® SGPEAQ)

discrr 5 @ (F(dgpap);mi—t);riyt T =T, y:B,2:A
discr = { F(dgpap); mi! ifI'=ua:A
id; ifI'=_
promp/ . @ Fungpy) i =1"y:B,2:A
promr = ¢ F'(ungpag) ifI'=ux:A
mi itl'=_

where mxy and mi are the monoidality natural transformations for the functor
FG.

The interpretation will take a term I'; A - ¢: A to an arrow
[T;AFEA]: A — [A]
in the SMCC part of L.

DEFINITION 3.1.3 (THE INTERPRETATION ON SEQUENTS)
First we recall that given a I'; A term ¢ of type A, there is a unique derivation
of the typing judgement I'; A F ¢: A. We now define []* inductively over the

structure of this unique derivation as follows:
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Linear Axiom Here we have:

[Tsz:Atx:A] : [T A] — [A]
= Sep,IT, A; (diSCF & id[[A]]); ri[[A]]
Intuitionistic Axiom Here, we have
[T, x: AT _F x:A] - [T, AT ] — [A]
= Sep(r,aia),1; (SeP(ir) 1ea @ idprry);((discr @ dera) @ discr); lizgay; Fifag

Constant Axiom Here. we have

[T;-F c:A] - [T ] — [A]

=discr; [¢]c

I-introduction Here we have:

[T -t 1] : [T ] — [{]

= discr

I-elimination We need to interpret the derivation

AL FET T Ay utA
A Flet x betinu:A

where A = A1#A,. In this case, we have arrows
[0 A — 1]
g [ As] — [A]
Hence we have
[T; AF let  be tinu:A] : [T A] — [A4]
=splitr a,a,,4,; (f ® g);rifa)

®-introduction The rule is:

AL FEA T AsHuB
NAFt®QuA®B

where A = A1#A,. Using the premises, we already have arrows

[0 A — [A]
g: [T Aq] — [B]
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Hence we have

[MAFt®@uA®B]:[I'A] - [A® B]

=strraa,,a.; (f ®9)

®-Elimination The rule is

A Fu:(A® B) T5Aq,2:A,y:B Ft:C
AFletz®y bewint:C

where A = A1#A,. We have arrows:

f:[0A] — [A® B]
g: [[Fa AQaAaB]] - [[C]]

Hence we have
[T;AFlet x @y be win t:C] :[I'; A] — [C]
=splitr,a.a,.4,; (Id[r;a,] @ f); sep(_!Il‘,AQ),(AQ@B); g

—o-introduction The rule is as follows:

A jz:A-t:B
AR M t:A— B

so we have an arrow:

[0 A A] — [B]
Hence we have
[T;AF Axt:A—o B]:[I'; A] — [A — BJ
:)‘(sep(_!ll,A),A; f)
—o-elimination The rule is:

A Fu(A—B) T A FE:A
A F (ut):B

where A = A1#A,, so we have arrows:
[l A — [A— B]
g: [ Ao — [A]
Hence we have
[ A F (ut):B] : [ A] — [B]
=splitr,a,a,,405 (f ® 9); appa, 5]
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l-introduction The rule is:

I _Ft:A
I _Flt:lA
so we have an arrow:
foIms - — [A]

Hence we have

[T -1 AA] [T ] — [MA]
=promp; F'G(f)

l-elimination The rule is:

A FulA Tie:A; A t:B
AR let!z bewint:B

where A = A1#A,. Hence we have arrows:

£ A — [14]
g9: [T, A; Ag] — [B]

Hence we have

[Ts At let lz be win t:B] : [I; A] — [B]

. -1
= strraag,a.(f ® 'd[[F;AQ]])S SEP) A, (11, A) s MBE(IA,IT,As),IT,(14,42); G

3.2 Soundness

Having given the interpretation function [_]*, we now need to show that the inter-
pretation is sound. That is, we need to demonstrate that the equality judgement
we have given for DILL(C) is respected by the interpretation []* for any model
L.

First we need to prove two technical lemmas, which give the interpretations
of the two substitutions in the model:
LEMMA 3.2.1
If [[5A; Ft:A] = f and [I; Ag,2: A u:B] = g, and A = A1#A,, then

[T A b wlt/a]: B] = splitr a ay 4,3 (id[ra @ f);sepir a) a3 9

LEMMA 3.2.2
If [[5_Ft:A] = f and [I',2: A; AF u:B] = g, then

[T; At uft/x]: B] = splitp a,_a;((promp; FG(f)) ® idpr;ay); adminp a a3 g
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where adminp a4 : [!A] ® [I'; A] — [I', A; A] is defined:
adminp a4 = (id[[!A]] & sep;p,A); (S[[!A]]’[[!F]] ® id[[A]]); (sepﬁm & id[[A]]); SepR%’A)’A

These lemmas are proved by induction over the structure of the first term. The
proofs are again left to the reader, but as an example we prove the intuitionistic
lemma in the case where wu is the term I', x: A; _F 2:A. Clearly, in this case the

result of the substitution {¢/x} is just the term I'; _F ¢: A, so we need to show:

f =splitr___; ((promr; FG(f)) ®idr, 3); adminp, _ 43 separ aa),_;
(sep(!r),m ® id[[_]]); ((diSCF X derA) & diSC_); |i]®[[A]]; ri[[A]]

We can see that adminr _ 4 = spap,pry; sep}ﬂvm, and hence the right-hand side of

this simplifies to

splitr,___; ((promp; FG(f)) & id[[p;_]]); S[1A], [T sep}f!mA; SeP(IT), 1z} (discp®der,4); ri[[A]]

But this is precisely

splitr,__ _; ((promr; FG(f)) ® idqr,_3); (dera @ discr); spap,z; rifag

By the adjunction and the tensor rules, this is

splitr,___; (f ® discr); lipqg
which is
Sp“tp’_’_’_; (id[[p;_]] & diSCF)S ri[[F;_]]; f

But we can prove that splitr__ _; (idjr, j ® discr); ripr, j = idpry, so that the result
holds.

Now we are able to prove soundness by considering the derivation of equality
judgements in DILL(C).

THEOREM 2 (SOUNDNESS)
T Al tu: A then
[T;AFEA] =I5 AFuAf

Proof

I — ¢ In this case, we have

[AFletxbexint=t: A
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The interpretation of the left hand side is the arrow

strr_a; (discr ® g); ripa

but
strr _A; (diSCF & id[[F;A]]) = ri[[_Fl;A]]

so this is just ¢g by naturality of ri.

I —n In this case we have
[AFletxbetins=t:1
The interpretation of the left-hand side of this is the arrow
strra,_; (f @ discr); iy
but by a symmetric equality to that used above we have that this is
ligrsap; (f @ idp); rig

but now since ri; = li; this is just f.

® —n First, note that
[Di2:Ay:BF o ®y:A® B] = strr_a,; ((Ilconip 4; (discr @ idpap); ripay)

& (lCOH!F’B; (diSCF & id[[B]]); ri[[B]]))
= lconir,(a,py; (discr ® idjags)); rijazB]
This means that
[[;AFlet z®y betinz®y] =stro_a; (idpr, @ f); a[[_Fl;_]]’A’B; lconir (am);
(diSCF & idA®B); rl[[A]])
= Strp’_’A; (id[[p;_]] & f), (diSCF & idA®B); riA®B

= strr _A; (diSCF & f), riA®B

=/
!'— (G In this case,

[I; Ak let !z be !t in u: B] =strr_a; ((promp; FG(f)) ® idr;ap); (idpay ® lconir a, );

(Spagpiry © idgag)); (Iconich 4 @ idpa,)); lconyp 4y 2,59

which is just the interpretation of u[t/z].
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A — (3 In this case, assuming that [I5 A, AF¢:B] = f and [['; Ay F u:A] = g,

we have

[T; Ay, Ao b (Az.t)u: B] =strp a,, 4),a,; ()\(Icon(_!%’Al)’A; f) ® g):appay,s)
=strra,.a,; (idra,) © g);leonipa s f

=[I"; Ay, Ag = tu/x]: B]

Congruence These cases are easily shown, firstly because categorical equality
is an equivalence, and secondly since given a context C[.] and a term ¢,
the interpretation of a term having the form C[t] is a term of the internal

language of the category containing a sub-term the interpretation of ¢.

This shows soundness. |

3.3 The Term Model

The first stage in establishing completeness is to define the term model of DILL(C).
It is clear that we will as normal construct the term category to form the SMCC
part of the model, but we will need to use a somewhat more complex construction
to provide the CCC part.

DEFINITION 3.3.1 (THE TERM CATEGORY)
We define the term category Sy for the signature (P, C) as follows:

e The objects of Sy are the types of DILL(C).

o Sr(A, B) = {[(z,t)*P)|;2: A+ t: B}, where we write [(x,t)"5] to denote

)A,B

the equivalence class of (z,t under the equivalence = defined by:

(z, )" = (y,w)*?  if oAt =u{z/y}: B

For now on, we will write [(x,t)]? as [z, t45] for clarity, and omit the type
information where possible. Also, we will assume where necessary that in referring
to [z, t] and [y, u] etc., the pairs (z,t) and (y, u) are chosen from their equivalence
classes in such a way that the variables x and y are distinct, unless they are
explicitly identified.

Now define identities and substitution:
e idy = [z,7]

o [xat]Q [yau] = [xau{t/y}]
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Now it is easily demonstrated that these definitions give a category, given
primitive results on substitution. Further, we certainly have appropriate primitive
interpretation functions [_Jp, : P, — obj(S), given by the identity, and [c]c given
by [z, let % be x in ¢] for each constant ¢ in C. The next step is to show that Sr is
in fact a SMCC. First we define the tensor of two objects A and B as the object
A® B, and on arrows we define the tensor and its associated natural isomorphisms

as follows:

[21,t] ® [x2,u] = [y, let 1 ® 22 be y in t @ ul

ria:l ®@A— A=|y,let 21 ® xo be y in let x be z1 in x2]
lia: AT — A=[y,let 21 ® xo be y in let x be x5 in 4]
aapc = [y1,let x1 ® yo be yy in let 2o @ x5 be Yo in (21 @ 29) ® x3]
A (BC)— (A B)C

SAB - AR B - B® A= [y,letx1®x1 bey in .’13'2®.’L'1]
We can easily now show:

riy = [7, % ® 1]
liy! = [z, 2@ #]
a;}B’C = [yl, let Y2 X T3 be Y1 in let 1 X To be Y2 in r1 & (.’L‘Q & .’L'g)]

-1
SA,B = SB,A

We give the proof of the fact that rig has the inverse given above as an example.
In order to show that the given arrow ri has the inverse [z, * ® x|, there are two

cases to consider. Firstly we consider the composition rig; [z, * ® x|, which is
[y, * @ (let 1 ® x5 be y in let % be 1 in x3)]

Now in DILL(C) we have by two commuting conversions the equality judgement

Syl @A x® (let 1 ® 29 be y in let * be 1 in z9)
=let x1 ® x5 be yin (let * be z1 in %) ® x9: I ® A

and by 7 equalities for ® and I the equality judgement
Sy l@AFletzy @y beyin (let xbexy in*) @ =y:A® A
and hence
[y, * @ (let 1 @ x5 be y in let x be x;1 in z3)] = [y, Y]
as required. Secondly, we consider the composition [z, * ® z|; ria, which is

[z,let 1 ® x2 be x @ x in let * be x1 in x4
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But in DILL(C) we have by ® and I — (-equalities the equality judgement
sx:Ablet 11 ® v be x® x in let x be x1 in 9 = 2: A
so that we have
[z,let 1 ® x2 be x @ x in let * be x;1 in 5] = [z, z]

as required. O
In future we omit the explicit statements of the equality judgements which
justify the equalities between equivalence classes, and merely annotate some of

these equalities with the axiomatic equalities of DILL(C) used to derive them.

® is a Functor

We need to show that the definition given above of the tensor is functorial. This

amounts to showing that identities are preserved:

[z, 2] @ [2/,2'] = [y,letx @2’ beyinz® ']
(by ® —n) = [y, y]
and that composition is preserved. We show this in the second place of the
functor; the proof for the first place is analogous.
[z, 2] @ ([y, t]; [y, u])
= [2/)let 2 @y be 2" in z & (u{t/y'})]
(by ®-ccand §) = [2/,let 2" @y be (let x ® y be 2’ in 2 ® 1) in 2" @ u]
= ([z, 2] @ [y, 1]); ([2", 2" @ [y, u])
We now need to check that the specified natural transformations ri, li, a and

s have the correct properties:

rig There is one diagram to check here for naturality, and two equalities for
isomorphism.
riA; [.’L’, t]
= |y,t{let 2’ ® x be y in let x be 2’ in x/x}]
(by cc) = ly,let 2’ @ = be y in let * be 2’ in ]
(by ccand ® — B) = [y,let y @ y” be let ' @ x be y in 2’ @ ]
in let x be 3 in 3"
= (id1®[x,t]);ri3
This shows the naturality of ri. We previously demonstrated that riy was

an isomorphism.

liy The diagrams in this case are exactly analogous to the above ones, and

hence are omitted.
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aapc We first check naturality for this arrow.

;45,455 ([71,11)] @ [22, 2]) @ [23, 3]
= [y, let z; ® 2’
be let 11 ® y” be 3/ in let y» ® y3 be y" in (11 ® y2) @ Y3
in let To X I3 be 2/ in (tl & tg) & tg]
by cc, a-conv. and ®@ — 3)
Y let x1 ® 2’ be ¢ in let xo ® x5 be 2’ in (t; @ t2) @ ts]
by cc and @ — (3)
et y1 @y
be let 21 ® 2’ be ¥ in let x5 ® x3 be 2" in t; ® (t2 ® t3)
in let y» @ y3 be 3" in (y1 ® y2) ® y3]
= [21,t1] @ ([w2, t2] ® [ws,t3]);aB,,Bs,Bs

— o~ —

The isomorphism is easily seen.
sap We need to show naturality:

[',L.7 t] ® [y7 /U/], sBl,Bg
= [y let 2’ @y belet x @y be y" in t @ ul

iny ® '
(by cc and ® — f3) = [y, let z ® y be y” in u®t]
(by cc, a-conv. and @ — ) = [y, let y® x be let 2’ ® ¢’ be 3" in y @ 2]
inu®t

= SAy, Az [y7 u] ® ['T7 t]

Again, the isomorphism is easily seen.

From now on we will omit the justifications of equality steps for brevity.

Now we need to show that the coherence equalities given earlier hold in Sy. We
check these by number based on the numbering given in appendix A.2. Because
the demonstration for larger equalities consists of equalities between huge terms
of DILL(C), we check here only equalities A.2.2, A.2.3, A.2.5 and A.2.6.

A.2.2

LHS =[y, let 1 ®
be let ¥ ® 2’ be 3/ in let 2’ ® 2" be ¢y in 2’ @ (2" @ =)
in 21 ® (let y1 ® yo be xo in let x be y; in yo)]

[y, let " @ 2" be i/ in let 2’ ® 2" be y" in 2’ @ (let * be 2" in 2”")]

[y, let v @ 2" be i/ in (let 2’ ® 2" be y” in let * be 2" in 2/) ® 2]
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A.2.3

LHS =[y',let x @ y be ¥/ in let x be y in z]

/

=[y',let x @ y be 3/ in let * be y in let % be z in %]
=[y/,let x ® y be ¢/ in let x be z in y]

=RHS

A.2.5 We show this by demonstrating s4 p;sp.a = id.

LHS =[y" let z®y be let 2’ ®y' be y" in y' ® 2’ in y @ 7]

:[y// y//]
A.2.6

LHS =[y",let @y be let 2/ @y be y’ in y @2’ in let * be y in 7]
=[y",let 2’ ® v’ be y” in let * be z’ in ']
=RHS

At this point we have shown that the term category is an s.m. category. It
remains to demonstrate that a suitable candidate exists for the right adjoint of

the tensor.

Closedness of the SMC

We will define the functor —o on types in the obvious way, and on morphisms
[z,t]: A— B, [y,u] : A — B"and [2/,t'] : A® B — C as follows:

[z, 1] — [y,u] : (B — A') = (A — B') = [2, Av: A.(u{(2t) /y})]

AN, t']: A— (B—C)=[2" N :B.(t'{(z" @y)/z'})]
apap: A®(A—oB)— B=|y,letz; @x::(A— B)® A be y in z129]
It is easy to show that these definitions give a functor, and that it is right

adjoint to the tensor, using lemma 2.2.10. Hence the term category Sr is an
SMCC.

Having shown that Sy is a SMCC, and hence forms part of a DILL(C)-model,
we now need to find a suitable candidate for the CCC part of this model.

The Intuitionistic Term category

We now give an explicit construction of a strict cartesian category which we will

show to be adjoint to the term category.
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DEFINITION 3.3.2 (THE INTUITIONISTIC TERM CATEGORY)

We define the intuitionistic term category Cr as follows:
e The objects of Cr are sequences of types of DILL(C).

e Cr(A, B) = {[(f,ﬂ“iéﬂfz A;_Ft;:B; fort; €t}, where we write [(f,ﬂ"ié]

to denote the equivalence class of (Z, 1?)“15{ under the equivalence =¢ defined

by:

(#, D8 =¢ (7, @) P if for all t; € T, T2 4; _F t; = u; {77} : B;

As before, we write [Z,#]45 for [(Z,1)]5 for clarity, omit type information
where possible and assume that the variables # and 7 in the arrows [Z,] [7, ]
are always chosen from the equivalence classes so as to make all the variables in
the concatenation 7y distinct, except where explicitly identified.

Now define identities and substitution:

7, 7]

o idy=1[7,7
o (&1 (7. = 7, a{T/7)]

It is again easy to show that these definitions make C7 into a category. We now
specify the strict cartesian structure on sequences of types to be concatenation,

and on morphisms where [f,ﬂ - A, — B, and [y, ] : Ay — By:

- = —

<[f7ﬂ7 [faﬁb . 14)1 — BlBQ = [f’ ﬁ]
pir:Ar1.. A — A =T, 2]

These definitions make Cr into a strict cartesian category; as an example, we

show the defining equality of the projections:

([Z,t1] .. (2, )Y iy = (2, 1. )5 [, v
:[ 7ti]

8y

It is possible to make this category into a CCC by defining an arrow type
A — B =!A — B, but we do not do this here.
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St is monoidally adjoint to Cr

Now, in order to construct a term model for DILL(C), we need to show that the

categories St and Cr which we have constructed are monoidally adjoint.

NotE 3.3.3 (STRICT TENSOR)
Firstly, since we will be mapping a strict cartesian structure into the category Sr,

we will need to define some new term constructors. Define the tensor of ®t; .. .t,
* ifr=20
®t1,...tr: t1 ifr=1
(®t1...t,—1) ®t, otherwise

Further, we need to define a let term construct to eliminate sequences of variables,

which we again do as follows:

let * be ¢t inu Fr =0
! ifr=1
let ®x1...2, betinu= ult/x]
let z® x, bet

in (let ®x1...2,_1 be zin u) otherwise

Now, assume that I'; A”,f:ffl— u:B, that I'; A" + u’:®ff, and that I'; AL - t: A,
fori=1...r, where A = A, ... A,. Then, using the 3 and 1 equalities of DILL(C),

we can derive equality judgements:

I A let ®F be ®t in u = u{t/7}:B [ A" b let @7 be o in @F = u/:®A
where A = A"#A# ... #A!. Now assume we have a I'1; Ay, A; — T'y; Ag, Ag
linear term context C|[]. Given I'y; A, Z:BFu:Ay, To; A @B and T AV
t;:!B; fori =1...r, where B = By ...B,, we have:

;A let 17 be £in @17 = @i®IA
Lo; A" = Cllet ®Z be t' in u] = let ®% be t' in Clul: Az

where A" = A'# A, and A = Al# .. . #A,.

DEFINITION 3.3.4 (THE FUNCTORS Fr AND Gr)
We define the functors F7 : Cr — Sy and Gp : S — Cr:

Fr(A) = o!A
Fr([Z,1]) = [y, let @&, be y in let |7 be ) in @]

Gr(A) = A
Gr([z,t]) = [2,1]
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We show that these definitions are functorial. It is easy to see that GG preserves
identities and composition, but more tricky for F. To show that it preserves
identities:

Fr(id) = Fe([#, 7))
= [y, let @ be y in let |7 be 7, in ®!7]
= [y, let ®7; be y in @]
= [y.9]
To show that it preserves composition:
Fr([7,1]; [§,4)) = Pr([7, a{t/7}])
= [¢/, let ®F; be 3/ in let |7 be 1 in @!(@{t/y})]
= [¢/,let @) be 3/ in let |7 be &1 in let 15/ be It in ®!]
= [y, let @75
be let ®7, be ¢ in let |7 be 77 in QI
in let ®75 be @5 in let |y be 75 in ®!4]
= Fr([2,1); Fr((g. )
We now need to show that both Fpr and G5 are monoidal functors. This

means we must give natural transformations m§ p : G(A)G(B) — G(A ® B),
mi¢:_— G(I), m} 5 : F(A) ® F(B) — F(AB) and mi" : I — F(.).

mG 5 = vy, 2 @y
mi¢ = [¢, #]

m% 5= [y, let z; ® 25 be ¢/ ]
in let ®y; be x; in let ®7» be x5 in @717

3

mi" = [z, z]
We must now check naturality and certain coherence conditions.
Naturality of m® Assume that f = [z,¢] and that g = [y, u]. Then
LHS = (G(f) x G(g));m“

[wy,tU] [z, 2’ ® Y]
= [ry,t @ u]
[xy,x@y] [y let z @y be ¥ in t ® u]
=m%G(f@yg)
= RHS
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A.2.8) for m"
LHS = [y, let 1 ® x2 be ¢ in let * be x1 in 23]
= [y, let 21 ® x5 be ¥/ in 11 ® x9);

(2, let 1 ® @9 be 2’ in let x be zy in xol; [/, 2]

A.2.9) for m"
LHS = [y, let 1 ® 9 be y' in 22 @ 21];
(2, let x1 ® xq be 2’ ]
in let ®y; be x; in let ®7> be x5 in 17>
= [y, let 21 ® 22 be 3/ in let ®7, be x5 in let @y be 1 in @Y 1Yo
= [y, let 71 ® x5 be ¢/ I;
in let ®7; be z; in let ®7> be x5 in 17>
[.’L’l, let ®flfg be 2/ in ®fgfl]

A.2.8) for m“
LHS = [z, z]
= [z, x@z]; [y, let x ® y be ¥ in let x be x in y]
= [z, xz]; [vy, 2 @ y]; G([y/,let x ® y be ¥ in let x be x in y])
= RHS
A.2.9) for m“
LHS = [zy,yx]; [zy, x @ ]

=
= [zy,y ® ]
= [zy,x @yl; [, let 2 @ y be ¥/ in y ® x]
=[xy, ®@y|;G([z,let z ® y be z in y ® x])
= RHS
We need to establish that there is an adjunction between Sy and Cr. First we
give the counit and unit:
[z,let ly be z iny] =nuy: FGA — A
7,07 =ung: A — GF(A)
Now, consider an arbitrary morphism [z,t] : FA — B in Sy. Define [z, #]* to be
the morphism [y, t{®!y/x}] : A — GB in Cr. But now:
F([z,1]*);nup = [/, let @27 be 3/ in let 15 be «’ in t{®\5/x}]; [z, let ly be z in ]
= [/, let @a' be 3/ in let 1§ be 2 in t{&!§/x}]
=y {y'/=}]
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Therefore the adjunction triangle commutes. Now assume that it does so for
[, u] : A— G B, that is to say
[, let @2 be 3/ in let 1§/ be 2/ in Wu] = [y, t{y'/x}]
This equality implies that
Sy @A F let ®2' be ¢/ in let 15 be 2 in lu = t{y//a}: B
and by substituting ®!y for ¢’ this implies that
7 A, Flu=t{x!y/z}:B

This implies that our choice of [z,t]* is the unique such making the adjunction
triangle commute. Hence we have the required adjunction. We now need to check
that the adjunction is monoidal, ie that the unit and counit of the adjunction are

monoidal natural transformations. In order to check this, we need the maps

mE¢ mif¢ m& and mi¢r:

[, let * be z in 1x] = mi“
I — FGI

G
B

)

[2/,let 11 ® 25 be 2’ in let |2 be x; in let Iz, be x5 in (2] ® 24)] = m{

FGA® FGB — FG(A® B)

We now need to check certain coherence conditions:
A.2.10) for nu
LHS = [2/,let 1 ® x5 be 2’ in let 12 be x; in let la}, be a9 in (2] @ 24)];
[z, let ly be z in y]
= [¢/,let 71 @ 25 be ¥ in let 12} be x1 in let |2, be x5 in 2} ® )]
A.2.11) for nu
LHS = [z,let x be z in lx]; [x,let ly be x in y]

= [z, let * be x in %]
= [z, ]
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A.2.10) for un

LHS = (10, @715

= [@14, (R!7)(®!Z2)]; [ry, let @7 be x in let @75 be y in ®T175)]

A.2.11) for un

LHS = [e, %]
= RHS

We have now demonstrated that Sy is monoidally adjoint to Cr. We now

make the definition:

DEFINITION 3.3.5 (DILL(C) TERM MODEL)

Define the term model of DILL(C) which we will call L1, to be the carrier
(Sr,Cr, Frr, Gr) equipped with the primitive interpretation functions []p, : P, —
obj(S) given by the identity and [c¢]c = [z, let * be x in ¢].

We have by our previous calculations that this is a DILL(C)-model over sig-
nature (P, C).

3.4 Completeness

In order to prove completeness, it now suffices to prove a lemma:

LEMMA 3.4.1
[T 2" At t:A]lz, = [z,let @y be x in let |7 be ¢/ in t] in the SMCC part of

the term model L.

We prove this lemma by induction over the structure of the term. Now com-

pleteness is easy:

THEOREM 3 (SOUNDNESS AND COMPLETENESS)

Suppose we have terms A F t: A and I'; A B u: A, where I' = #: B and
A=7":B" Then T;AFt=u:Aif and only if [[; A F ¢:A]f = [[; A F u: A
in every DILL(C)-model,L.

Proof We have the forward direction of the implication, soundness, proved
earlier. As for the other direction, assume that [[A F ¢t: AJ* = [[5A F u:
AJ¥ for all DILL(C)-models £. Then since Lr is an DILL(C)-model we have by
lemma 3.4.1 that

— =/

[z, let yZ” be x in let |7 be ¥/ in t] = [x,let yZ” be x in let 17" be ¥/ in u]
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and hence we have
2 : @B, B"F let 47" be z in let |7 be fin t = let 7" be z in let |7 be Finu: A

But now it follows that if we substitute @®!2”, 2’ for x in both terms we still have

an equality. However, under this substitution, we have:
[y A F let g2 be (Q2,2") inlet 1 beyint=1:A
and hence
AFt=u: A

as required. O

3.5 ILL and Other Models

Our proof of completeness above has certain easy corollaries. Firstly, since we
have shown that the type theory ILL(C) together with its fn-cc equality is iso-
morphic to a subsystem of DILL(C), with its #n-cc equality, we know that the
models of DILL(C) will be very closely related to models of ILL(C). We give some

results which are easily proved.

LEMMA 3.5.1 (INTERPRETATION FOR ILL(C))
If AFiey M:A, then we have an arrow [ A = ®(M): A] : [A] — [A] in the
SMCC part of any DILL(C)-model.

This is obvious from the form of the maps [] and ®.

COROLLARY 3.1 (SOUNDNESS FOR ILL(C))
If A M = N : A, then the arrows [ A - ®(M):A] and [5 A F O(N): A]
are equal in the SMCC part of any DILL(C)-model.

This follows from the fact that ® preserves equalities, and from the fact that

[] is sound.

COROLLARY 3.2 (SOUNDNESS AND COMPLETENESS FOR ILL(C))
For terms A by () M:A and A by N:A, A M = N : Aif and only if

[5AFOM):A]l=[5AFP(N):A]

in the SMCC part of every DILL(C)-model.
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Proof Clearly by completeness, [;A F ®(M):A] = [5A F O(N):A] iff
SA Fpe (M) = ®(N) A, and this is true iff A= M = N : A by our
translation results.

Hence we have shown that ILL(C) is complete for DILL(C)-models.

Relating DILL(C)-models and Cambridge Models

We now recall that together with the original presentation of ILL(C), in [BBAPH93b],
a categorical model was given based on a SMCC with a comonoidal comonad.
These models were referred to as linear categories, or sometimes as Cambridge
categories. It is natural to ask how this model of linear logic relates to the
DILL(C)-models we have used, and indeed this question has been considered in
detail by Benton in [Ben95a], with respect to his LN L-models. We summarise

two of his results.

LEMMA 3.5.2 ([BEN95A|, COROLLARY 8)
Any LN L-model has as its SMCC part a linear category.

LEMMA 3.5.3 ( [BEN95A], COROLLARY 17)
Any linear category is the SMCC part of at least one LN L-model.

This last lemma is of particular interest because the construction of a suitable
CC part to make the LN L-model can be accomplished in a variety of ways. We
can now prove the following lemma, which neatly confirms the claim made in

[BBAPHY3a):

THEOREM 4 (ILL(C) AND LINEAR CATEGORIES)
For two terms A l_ILL((C) M:A and A l_ILL((C) N:A of “_L((C), A l_ILL((C) M =N :
A iff
[LAF®M):A]F =[5 AF ®(N):AJF
in every DILL(C)-model L.
Proof We have via completeness that [ A F ®(M): Al =[5 A F ®(N): 4],

iff ;A Fpjie (M) = ®(N) : A, and by translation results that this is true iff
Al_ILL((C) M=N:A. O
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Chapter 4

Linear Type Theories

We now present a generalised linear type-theory, which consists of a basic struc-
tural part similar to the structural part of DILL, operator rules for operators in a
given signature, and axiomatic equalities over terms given by a primitive axiom
set. This linear type-theory is general enough to have as instances both DILL(C)

and also all the static action calculi of Milner.

4.1 Introduction

Operators
Historically, many intuitionistic logics and typing systems have been constructed

on the familiar foundation of the intuitionistic axiom I', A = A and cut rule

I'~A T,AFB
T B

including some typing systems which are not based on any other logical struc-
ture. In order to consider such systems, we recall Aczel’s general binding oper-
ators [Acz80]. In an natural deduction formulation, consider the usual rule for
V-elimination:

(4) (B)

C O AVB
C

where formulae A and B are discharged from the assumptions. More generally,
we will allow a general operator rule to take an arbitrary number of proofs as ar-
guments, and to discharge any assumptions from those proofs, giving a deduction
of any formula. A suitable definition of operator along these lines encompasses

all the common introduction and elimination rules of most logics based on these
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structural rules. Now consider annotations of proofs with terms in such a sys-
tem. The type theoretic formulation corresponding to the V-elimination rule
given above involves a “cases construction”:

MNe:AFw.C T,y:BFv:C T'Ht:AVB
[ cases((z:A)u, (y:B)v, t):C

Here, notice that the discharging of assumptions A and B in the operator rule
corresponds via the Curry-Howard correspondence to the binding of the variables
x and y in u and v, the annotations of the corresponding deduction, respectively.
The typing rule for a general such operator is:

U, A Ft:By ... [, A Ft,:B, Dhu:Ch. .. T ug:Cl

—

U FK( & At (B A ug, . ug):B

where each fszz denotes the sequence of distinct variables which are bound in
the 7th component. This general theory can be pushed through into the semantics
as well, yielding a model in which operators are interpreted as natural transform-

ations between the hom-sets representing proofs of the appropriate types.

Linearity

Considering DILL(C) and its properties, we notice that many of the characterising
rules, which in ILL(C) involve the type constructor !, in DILL(C) arise as properties
of the structural rules. Consider the ‘structural fragment’ of the logic DILL(C),

which consists of the following rules:
(Int —Az) VA, _F A (Lin — Ax) T AF A

and the (derivable) cut rules:

F;Al,Agl_B

I FA TLA A FB
IAFB

(L — Cut)

(I — Cut)

We can see within the rules which are admissible in this very restricted system
that we clearly have intuitionistic structure, given by the intuitionistic axiom and
cut rules, and correspondingly linear structure, given by the linear axiom and cut
rules. In the same way as many systems are viewed as intuitionistic by virtue of
the structural rules they have as a basis, many systems are viewed and described
as ‘linear” due to their use of the linear structural rules and context maintenance
disciplines, whilst not being based on the full linear logic. Hence we might well
wish to consider a system of general operators based on the structural fragment
of DILL(C), along the same lines as that described above.
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First, however, there is one more important generalisation to make. When
we consider the logic DILL(C), we see that a sequent I'; A F A is equivalent to
a sequent _;!I'; A F A. This reflects an underlying fact about the logic, which
is that all types are viewed as linear, and the intuitionistic fragment of the lo-
gical system is constructed over the linear types. Now in many applications, for
example Moggi’s computational A-calculus [Mog89], exactly the opposite view is
taken, which is to say that all types are essentially intuitionistic (or value types),
and that the linearly constructed type-system over them is viewed as a a system
of computations. Clearly, in order to account for these equally valid and inter-
changeable views, it makes sense for us to allow both intuitionistic and linear
types. In keeping however with the approach of DILL(C), which is focussed more
on the linearity of a system, we will view intuitionistic types or formulae as a
subset of linear types or formulae.

Therefore, we will take a general sequent I'; A = A in which the formulae in
I’ must be intuitionistic, and those in A, A are linear, although since each intu-
itionistic type is also linear they may be intuitionistic. If we write () for a general
intuitionistic formula and A for a general linear formula, then the structural rules

are as follows:
(Int — Azx) I, Q; - Q (Lin— Az) T AF A

with the (derivable) cut rules:

F;Al,Agl_B

I FQ TI',Q;AFA
AFA

(L — Cut)

(I — Cut)

and the new rule:

F, Al,AQ FA

(F)

Now this new F'-rule is needed because in general, we have another cut-like
operation which allows us to use the image of the intuitionistic structure (weak-
ening and contraction) in the linear part on an intuitionistic type. This was not
needed previously as we had no intuitionistic types.

Given this framework, a general operator will be able to bind arbitrary se-
quences of linear and intuitionistic variables in each of its arguments. It is also
convenient to allow a sequent-style presentation of the operator theory, in which
as well as discharging assumptions (binding variables) an operator instance can
introduce new assumptions (free variables). This generalisation does not change
the expressive power of the system, but is convenient for the representation of the
operators we shall consider. We will discuss this further after the typing system

has been introduced.
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The final amendment which we will make to the straightforward introduction
of operators into this framework is in considering naturality. As can be seen
simply by considering the form of the typing rule for the cases-construct and its
corresponding operator, substitution for any variable in the intuitionistic context
[’ commutes through the application of the operator transparently. This corres-
ponds to the interpretation of operators of this kind as natural transformations
in the semantics. However, in the case where we have two distinct parts to the
typing context, we might ask what the corresponding property is on interpreta-
tion. It turns out that to allow such transparent substitution on the intuitionistic
context is to insist that an operator be natural in the linear category over the
intuitionistic category, and to allow such transparent substitution in the linear
context is to insist that an operator be natural in the linear category over the
linear category.

Considering the operators we will be using, not all of them are linearly nat-
ural in each argument, and so we allow a general operator to have two sets of
arguments, one in which it is only intuitionistically natural and one in which it

is linearly natural as well.

4.2 The Generalised Logic

Firstly, we present the propositions of the logic. We assume two sets M; C My, of
primitive intuitionistic propositions and primitive linear propositions, ranged over
by Q,R... and A, B... respectively. (Note that we have overloaded A, B... to
refer both to formulae of DILL and linear arities; where it is not clear from the
context, we shall explicitly state which reading is intended.) Now a generalised
logical context is a pair consisting of a set of intuitionistic formulae and a multiset
of linear formulae. In the usual way, we write such a pair as I'; A, where I' is the
intuitionistic part, or set of intuitionistic formulae, and A is the linear part, or
multiset of linear formulae.

We also assume two sets O; C O, of operators, ranged over by O. ... To each

of these operators is associated an arity of the form:
(@uA)B, ..., (@sA)B, 5 (GuA)Bi, ..., (QuA)B.
(@//, A’//)B//

where we insist that any operator in O; which we will call intuitionistic, must

have an arity of the form:

(Qu: A)By, ..., (QnA)B,;




Together, the sets My, My, O; and O make up a generalised signature ; we
let such generalised signatures be ranged over by O = (M;, My, O, Op).

The general form of the arity of an operator given above should be read
as saying that the operator O has r arguments in which it is intuitionistically
natural, and s arguments in which it is intuitionistically and linearly natural.
We consider operators which have arguments that they are not linearly natural
in because several operators of interest fall into this category, notably the !-
operator of DILL(C) and the operators of Milner’s action calculi, which all are
only intuitionistically natural. The general form for the arity of an intuitionistic
operator also given above is more restricted because of certain properties we will
require of all such operators, in the equality of the type-theory. The leading
example of an intuitionistic operator is given by the !-introduction of DILL(C),

which in this framework will be an intuitionistic operator of arity:

because intuitively it represents the lifting of a general linear term to be in the
intuitionistic world.

Though the general operator signature is quite complex, it would be possible to
start with a signature containing just intuitionistically natural operators, and to
define these less primitive notions using the equality theory; for example we could
equip a simple type theory with a linearly natural operator by giving it a family
of intuitionistically natural operators and adding certain equality judgements to
the set of axioms of the type theory.

Before proceeding, we introduce some notation. Many operators that we will
introduce have a general arity in which either r or s is zero, or they have no binding
behaviour for a given argument. We will represent this absence of arguments or
binding behaviour by the absence of any marker- for example, the operator ! with
no linearly natural arguments and just one intuitionistically natural argument

with no binding behaviour has arity:

We can now present the logic, which we call Lin(Q).

DEFINITION 4.2.1 (THE Locic LIN(O))

We say that a sequent I'; A = A can be derived, for a linear formula A and a
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generalised logical context I'; A, if this can be shown using the following rules:

(Int —Ax) I, Q; -+ Q (Lin— Az) T A A
F;Al,Agl_A
I,Qu A kB ... I.QnA + B, DA QY .. T5ALF Q)
QAL A FB, ... D,Q:A, A B, TiATEA] . T;ALEAL
;AR B
where A = Ay, ... AL AL ALAT oA and where this last rule may be

used for any operator O € Op, having arity:

— —

(QuANBy, ..., (@QuA)B. ; (QuA)B;, ..., (QyA)B!
(@’//, A’//)B//

where Q" = QY ... Q" and A” = A7 ... A%,

We briefly explain these rules. The axioms are self-explanatory, and familiar
from the presentation of DILL. The F-rule, which resembles a non-conventional
intuitionistic cut, is justified because it is only allowed in the case where the
‘cut’ formula is intuitionistic. For the operator rule, we assume a derivation of
each of the sequents appearing above the line in order to deduce the sequent
below the line. The rule assumes firstly premises for the linearly natural and
the intuitionistically natural arguments of the operator, and secondly premises
demonstrating the propositions which are the fresh inputs of the conclusion of
the operator. These are necessary so that both the appropriate cut rules will be
admissible for the logic, or equivalently to give an adequate notion of substitution

in the type theory.

The Structural rules

Given the operator rule presented above, we have the following three structural

rules, as expected; a weakening rule and linear and intuitionistic cut rules:

IMAEFA
LQAFAVek
A FA T AAEB I FQ TI'Q;AFA
T:A,. A, F B L TAF A

1

These are all admissible. We note that the intuitionistic cut is redundant in
this logical setting since it is a special case of the F-rule. This redundancy will
disappear in the type-theory because these two rules will have different actions

on terms, in general.
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4.3 The Typing System Lin(Q)

Having given this logic, we can now proceed to annotate its contexts and deriva-
tions with variables and terms respectively. We assume the same set of variables
used in DILL(C), X, ranged over as before by z,y ..., and construct pre-terms as

follows:

DEFINITION 4.3.1 (PRE-TERMS)
We define pre-terms over a signature (M, Mr, O, Op), ranged over by v,w. ..

as follows:

vo=z|let x:Q bevinv

-,

| O((f:@; f:ff)v, ce (f:@; f:ff)v; (f:@; f:ff)v, ce (f:@; 7 A)v)(U; )
where we have an operator clause for every operator O € Oy..

We omit typing information in pre-terms where convenient. The binding beha-

viour of the let construct is familiar, and the operator construct
= o = o L — A / /AN /
O((Zv;y1)v1, -+ (D U )ors (T U)W,y -« (B T ws) (VY « ooy Wy e W)

binds the variables 7; and ¢; in v; for all 7 from 1 to r, and the variables 7’; and
¥ in w; respectively for all j = 1...s. We assume the usual capture-avoiding
substitution v{w/z} and we may also use a simultaneous form v{@/Z}.

We can now define the notion of the multiset of free variables of a pre-term v,
which we write FV(v), unambiguously overloading our previous notation. In the
following, we again use the mixed complement M — .S, where M is a multiset and
S is a set, for the multiset resulting when all copies of anything in S are removed
from M.

FV(2) = {o}
FV(let  be v in w) = (FV(w) — {z}) UFV(v)

FV(O((Zy; gi)vr, - -5 (@ G )or; (3 91w, - (T ) ws) (05 0F))
= (UFV(v) = {@ig:}) U (U FV(wy) — {Z77;}) U

i=1...r Jj=1...s

We again recall the definitions of appendix A, and add to them by saying that
a linear typing is a typing of a variable from the set X with a linear type, and
conversely an intuitionistic typing is a typing of a variable with an intuitionistic

type. Then an intuitionistic typing sequence is a sequence of intuitionistic typings,
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and similarly for linear typing sequences. Then a typing context is a pair of an
intuitionistic typing sequence and a linear typing sequence, written as usual as
I'; A where T is the intuitionistic part and A is the linear part.

We now give the typing rules of the generalised type system over a signature

O, which we will refer to again as Lin(O).

DEFINITION 4.3.2 (THE TYPING RULES OF LIN(Q))
We say a typing judgement I'; A - v: A can be derived, for a typing context I'; A,
a pre-term v and a linear type A, when this can be shown using the following

rules:

(I —Azx) T, 2:Q, 1", _F 2:Q (L—Ax) 2 AFa:A

AT Fv:Q 2:Q,T Ay w:A )
A Rlet z:Q be vin w:A ( (where A = A1 #As)

U, i:Qug1: A Foi:By ... T,2.:Q,: 9. A, F v B,
L, 7:Q Ay g Ay Fw: By ..
U7 Qu A i AL - wy: Bl

S

OA FoQ) o0 T AL F QY
OAT FwiAY oo T ALl AL

(0)

Ty A F O(Zy; 1)1, o (T U0 )oes (B 0w, - o (2% G ws) (v, - - vl wy, .. wh,): B

S

where A = Ay# . H#AHFANH# . FHALHFAT . ..A”, and there is an instance of

s’

this last rule for any operator O with arity

(@i A)B1, ..., (G A)B. 5 (Q;ADB;, ..., (QLA)B
(Q’//, A’//)B//

where Q" = QY ... Q" and A” = A7 ... A%,

DEFINITION 4.3.3 (TERM)

For a typing context I'; A and a linear type A, a I'; A-term v having type A of
Lin(O) is a pre-term of Lin(Q) such that we can derive I'; A F v: A. We will often
say “the term I'; A = v:A” meaning “the I'; A term v of type A”.

We now say that, given a typing judgement I'; A - v: A, a variable x € FV(v)
is an ntuitionistic free variable of v if it occurs in dom(I'), and x € FV(v) is an

linear free variable of v if it occurs in dom(A).
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Operators and Natural Deduction

Now that we have presented the basic typing system and shown how operators
are assigned arities, it is worth discussing the process by which a sequent-style
operator rule becomes a natural deduction typing rule. Our presentation of op-
erators as primitives has been sequent-style from the outset, since we allow new
assumptions in the result of an operator. If we were to directly adopt the operator
arity rule as the logical rule for the operator, then in our natural deduction system
a cut into one of these new assumptions would not be eliminable. In fact, this
problem is a generalisation of a problem which historically arose in connection
with the promotion rule of ILL, which was first presented for example in [Abr93]
as: TH A .
IT 1A 27O

In that rule, we intuitively bind all the inputs !I" and introduce fresh ones of the
same types, since this operator is not linearly natural. However, if we take this
rule then it is not possible to eliminate a cut into one of the assumptions. The
solution to this problem as proposed by Benton et al. was to incorporate the
possibility of a cut into any of the assumptions, giving the rule:

A FIBy ... AFIB, By..!B, A
AL A FUA Prom

/

This is precisely the approach we have adopted, incorporating the possibility
of a cut into any new assumption in the output of an operator, and this approach
is the canonical way of turning a sequent system into a natural deduction one.

We choose to work with sequent-style operators partly because they are easier
to work with and also since Milner’s action calculi have a sequent-style approach
inherited from their categorical underpinning.

We can now prove the following typing properties of Lin(Q).

LEMMA 4.3.4 (TYPING PROPERTIES)
We have the following in the system Lin(O):

Free Variables I If I'; A - v: A, then the underlying set of the multiset FV(v)
is a subset of dom(I") Udom(A).

Free Variables II If I';z: A, A v: B, then x occurs precisely once in FV(v).
Strengthening If I, z:Q; A v:B and = ¢ FV(v), then I'; A - v: B.
I-Transfer f I A x:QFv:A then I 2:Q; A v: A.
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Unique Derivation Given a typing context I'; A and a linear type A, for each
['; A term v of type A there is a unique derivation of the typing judgement
[ A Fv:A. Further, given a pre-term v ad a typing context I'; A, there is
at most one A such that v is a I'; A-term of type A.

The proofs of these properties are simple. For example, we prove that every

term has a unique derivation.

Proof We can prove this by induction over the pre-term structure of v. If
the pre-term is a variable, it is clear that there is only one possible derivation,
which will use the intuitionistic or linear axiom depending on where the variable
is typed in the context. If the pre-term is a let-clause, say let x:() be v in w, we
know that all the linear free variables of v and w are typed in A. But then since
each distinct free variable must occur either in v or w, we know that A = A1#A,
where A, is the unique subsequence of A which types precisely the linear free
variables of v and A, is the unique subsequence which types precisely the linear
free variables in w. Now, if we take A = A#AL, where Ay # A and Ay # A,
we can see by our free variable lemma that v will not be a I'; A] — @ term and
w will not be a I'; Al term of type A. Hence the only possible typing derivation
of the let x:Q) be v in w is constructed from the unique derivation of the typings

AT Fo:@Q and TNy Ag Fw: A. If the pre-term is an operator instance

O((fh gl)vla ) (fT; gT)UT; (flla y_,/l)wla SRR (f;a y_ils)ws)(ﬁla w/)

we have precisely the multiary case of the same problem, where we have a unique

— ) =

partition of A into subsequences based on the linear free variables of the wv'w'.
O

The Substitution Rules

We can now give typed versions of the two cut rules given earlier, with some other

typed structural rules:

Dxe:Q,y:R I AR v:A A y:B,e: A N Fo:C

Iy:R QI Ak v:A (I = Bxch) A 2 Ay B, Ao C (L = Exch)
F;AI—UIA F,-T:Q,QIQ;AFU:A
La:Q; A v:A (Weak) Lz Q; A v{z/y}:A (Cont)

IoFw:@ @ AFv:A
A Fo{w/x}:A

ATFw:A T A, x:AFo:B
A Fo{w/x}:B

(I — Cut) (L — Cut)
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where in the linear cut rule, A = Aj#A,. These are all admissible typing
rules. In particular, the linear exchange is admissible by virtue of the merging

that we have incorporated into the ' and O rules.

Constants

It will be convenient to consider a particular class of operators, those with arity
(;)A

for some A € My. An operator O of this form for a given A will have a typing

rule of the form:

I_FOG)G):A
We will refer to such an operator as a constant of arity A, and abbreviate the

term form O(;)(;) as O where convenient.

4.4 The Type Theory Lin(O, A)

We will now present the equality judgement of the type theory. This has two
parts, in a similar way to the typing system. We have the structural equality
judgements for congruence and the F-equality, and we also assume an aziom set
of typed equalities (to capture the behaviour of the operators).

First we need to define the notion of term-context, in order to define congru-

ence. We define a pre-context, written C[], as follows:

Cl] == _|letx be C[]inwv|let z bewvin C[]]|
O((Z; Dyv, ..., (HD)CL, ... (T D)v; (T; D)v, . .., (T 7)0) (0 7)
| O((Z; ZD)v, ..., (T Z)v; (&5 Z)v, ..., (T, 2)C],. .., (& T)v)(7;7)
| O((Z; Z)v, ..., (& Z)v; (Z;2)v, ..., (&) v)(v...Cl]...v;7)
| O((Z; Z)v, ..., (&5 D)v; (T, Z)v, ..., (&5 D)) (Tv...C[]...v)

Now define the instantiation of a pre-context C|[] by a pre-term v, written
Cv], as the pre-context C[] but with the unique occurrence of _ replaced by
the pre-term v. It is easy to show that the instantiation of any pre-context by a

pre-term is a pre-term.

DEFINITION 4.4.1 (TERM CONTEXT)
AT;A—A/T"; A" — B-term context of Lin(Q) is a pre-context C|[_] such that for
any term I'; A F v: A of Lin(0), we have a derivation of the typing judgement
I''; A'F Clo):B.
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As before, this definition of contexts is not inductive, but could be equivalently
presented in an inductive form.

An equality judgement over the typing system Lin(Q) has the form I'; A+ v =
w:A, where v and w are both I'; A-terms of type A.

An axiom set is a set of typed equality judgements. We let A range over axiom

sets. We now define intuitionistic terms:

DEFINITION 4.4.2 (INTUITIONISTIC TERM)

A Ty ~term is intuitionistic if it is an instance of the following inductive definition:
vi=x | O((Z; Do, ..., (T;1)v;)()
for some intuitionistic operator O.

We can now define the derivable equality judgements of the type-theory Lin(Q)

over the axiom set A.

DEFINITION 4.4.3 (THE EQUALITY OF LIN(Q) OVER A)
An equality judgement I'; A v = w: A is derivable if it is present in the axiom

set A or is derivable using the following rules:

ARFv=w:A T Arw=uw"A

(Refl) T; A v =u0:A TAFv—w-:A (T'rans)
AFv=w:A TAFo=w:A
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where C[]isa I'; A — A/T"; A’ — B term-context.

(F — By) AR let x be vinw=w{v/x}:A
where I'; _F v:Q is an intuitionistic term
(F —n) TAFletx bevinz =v:Q
(cc—1) I AF let z be vin (let y be w in w') = let y be (let x be v in w) in w': A

where z is not free in w’ and y is not free in v

(cc—2) A let 2 be vin (let y be w in w') =let y be w in (let 2 be v in w'): A
where x is not free in w and y is not free in v

(cc—3) Ti;AFletxzbewvin O(Z1;41)vi, .. s (Zrs Gr)ves (1 W1, - - 5 (T T ws) (T w] . wly) =
O((Z;7h)vi, - - (@ g )opes (1 ) was -+, (T Y)we) (V3 w] ... (let 2 be v in w)) ... wl,):A

where = does not occur free other than possibly in w)

(cc—4) T;Aklet z bevin O((Z; 1)1, .., (T Gr)ves (B 7)) w1, - -, (T T ws) (V] .. vl ) =
O((Zi;g)vi, - -+ s (@ ) opes (T ) wr, -+ -5 (T Y)ws) (V] .- (let  be vin v)) .. v, w): A

where x does not occur free other than possibly in v;

(cc—5) [y A Flet 2/ be win O(Z1;40)v1, - -+ (T G )vrs (27 gj’i)u{l, ey (2 g we) (W )
O((Z1;91)v1, -« s (Zr; Gr)vps (F; Y w1, o, (T 75) (let  be w in wy), ..., (&% 7 )ws) (W
where 2/ does not occur free other than possibly in v;

We refer to the type-theory with typing system Lin(Q) over axiom set A as
Lin(O, A).

In considering the axioms, the least intuitive are clearly the commuting con-
versions. These can be understood by noting that we allow the let -construct to
commute into any linearly natural argument place of an operator, or into any of
the terms which are incorporated for the free assumptions, as these are not bound

by the operator.

Output Naturality

The notion of output naturality is less important than those of intuitionistic and
linear naturality, but it is still worth defining as it will prove very convenient.
In fact, every operator corresponding to an elimination rule of DILL(C) will be
output-natural, and the equalities in the definition will be precisely the commut-

ing conversions of these operators.

DEFINITION 4.4.4 (OUTPUT-PARAMETERISED FAMILY)
We say that a typing system Lin(Q) has an output-parameterised family of oper-
ators O if O is a set of operators indexed by the set My, and the element of the

93

L) A



set indexed by the type (or proposition) C, written O¢, has arity;

—

(@)1;1[1)1)317"' 7(@7’;;{7’)(37’);(_)/1;14)/1)317"' 7( s— 1?A{9 1)32 17(@5? A;)(C)
(Q’//; A’//)(C«)

where position s is distinguished and s > 1. We will say that the output-

parameterised family has arity:

—

(QU 121)1)317 crt (@T; IIT)(BT’); ( _)/1; 121)/1)317 e (@{9—1; 121?9—1) s—1» (@{9 s)( )
(Q’//;A’//)(_)

DEFINITION 4.4.5 (OUTPUT NATURALITY)
Given a type-theory Lin(@, A), an output-parameterised family O with arity:
(Qu; A)Bi, - (Qr; A)(By); (Q ADBY - (@i AL ) By, (@A) ()
(Q’//;A’//)(_)

is output natural if assuming the following:

e that we have Ffi:@i;gi:ﬁi Fov:Bijfori=1...r

e that we have I', 73 Q Aj, 7 A’ Fw;:Bjfor j =1.

e that we have I'; A, 2" By + w:C,

e that we have I'; A, - w/,: Q% for i’ =1...r', where Q" = Q7...QL,

e and that we have I'; A7 v’ : A7 for j'=1...s', where A = AU AYL
we have the following equality judgement:
Ty A Fw{Op, ((F1; G)ves -« o (Fni G)ons (Fp g0, - (T ) ws) (T 0) /2 }

= Oc((Zi; gh)ves -, (@ G Juns (T ), -, (T g )wiws /2" }) (05 ) :C

where A = Ay# . H#HAHNHNH# . FALHFNFH . F#AY. We let ONat(O, O)
be the set of all such equalities for an operator O in the typing system Lin(Q).

We note here that since any operator which is part of an output-parameterised
set of operators in a given typing system Lin(Q) has at least one linearly-natural
argument (by definition), no such operator can be intuitionistic.

As an example of an output-natural operator, consider the set of operators
given by the ® — L-rule of DILL(C). In this framework, it is an output-natural

operator set of arity:
; GAB)(0)

GA®B)(-)
and the equalities specified by the definition of output-naturality are just the

commuting conversions of this term construct in DILL(C).
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Chapter 5

The Semantics of Lin(Q, A)

We will now give a semantics for the type theory Lin(Q, A). Just as the underlying
structural rules of the logic and type-theory capture the essence of the interaction
between linear and intuitionistic behaviour, we expect the models of the underly-
ing structural rules of the type theory to have just the essential structure required
to model this interaction. In fact, the models we will use for Lin(Q, A) will be
based on a cartesian category interpreting the intuitionistic types, a symmetric
monoidal category interpreting the linear types, and a monoidal functor from the
cartesian category to the symmetric monoidal category. Operators will then be
modelled as natural transformations on hom-sets, and theories will be imposed as
sets of equalities on arrows. Having given this framework, we then get soundness
and completeness results for the models, and further we get an initiality result

for an appropriate category of small models and morphisms.

5.1 The Interpretation

We refer once again to the primitive categorical definitions of appendix A.2, and
their numbered equalities.

The carrier of a Lin(Q)-model is a triple (C,S, F') such that C is a strict
cartesian category, S is a strict symmetric monoidal category and F': C — Sis a

strict monoidal functor.

DEFINITION 5.1.1 (LIN(Q)-INTERPRETATION)

An interpretation of the typing system Lin(Q), which we write G, is a carrier
(C, S, F) together with:

e primitive interpretation functions [_J§) : M; — obj(C) and []§, : M, —
0bj(S) such that for all Q € M; we have [Q]§, = F([Q]f,).
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e for each operator O € O having arity

Qi ABy, ..., (QuA)B. 5 (QuA)B;, ..., (Q,A)B.
(Q//, A’//)B//

a natural transformation

[018, :(xi=1..S(F(2) ® [Qs; A1, [Bilfi,)
(%jm1.sS(F() @ [l ® () ® [4]7, [B]],)
— S(F(2) @ [Q"® (®j-1..5(=) ® [A'), [B'T,)

which is natural independently in each of the s + 1 arguments (=) and
(«1),-.., (), and where the interpretation []Y is extended to arbitrary

contexts in the obvious way, as given shortly,

e for each operator O € O; having arity

(Qi; A)By, ..., (G A)B
()R

a natural transformation

[019, : Xiz1..r S(F(2) @ [@s; A9, [Bil,)
— C(=, [Q"T7)

where the interpretation is again given shortly, such that for all objects X
of C and all arrows f; : F(X)® [Qs; Aij] — [Bi] where i =1...7in S,

[016,(X)(fr,-., f) = FIOI,(X)(fr.- ., )

Where the particular interpretation we are referring to is clear, we will omit
the superscript G on the interpretation function [].
We now proceed to extend the definition of the interpretation function []9 to

terms for an arbitrary model G of Lin(Q).

DEFINITION 5.1.2 (THE INTERPRETATION ON CONTEXTS)

First, for a sequence of linear types A; ... A,, define [A;... 4,]9= A, ®...® A,.
Further, define [Q;...Qs]¢ = Q1 x ... x Q, for a sequence of intuitionistic types
Q1...0Qs. Now, for a pair of a sequence of intuitionistic types and a sequence
of linear types Q; A, define [Q; A]9 = F([Q]9) @ [A]Y. Finally overload these
notations to sequences of typings and typing contexts using the function |_|; for
example, for a generalised typing context I'; A define [I'; A]¢ = [|T'];|A[]¢. Note
that [[; A]Y = [T, A]“.
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We now define some useful arrows:

discy; : [Q] — I
dupl; : [] — 1G] & [4]
mergea, a,a ¢ [A] = [A1] @ [Ag]
mmergex, A A [A] = [Al] ® ... ® [A,]

St Ay ana ¢ [T A] — [T A @ [T Ag]
mStrﬁAl"'.Ar’A . [[F, A]:I — [[F, Al]] ® e ® [[F, AT]]

as follows:
. )
— .
dupg = Flcig).)
id; where A = Ay = Ay = _
idpa] ® mergear a, v Where Ay = 2: A, Al and A = 2: A, A
MErgea, A, A = 3.
Id[[A]] & mergea, A; A’
S[A][Aa.] @ id[[A/Q]] where Ay = x: A, A/2 and A =x:A, A
r id[[A]] ifr=1
mmerge =
8L A MErgea, (As,..,Asis): 1d[a,] ® mmergesAj..As+2 where r = s + 2

Strr A, Apa = dUpp @ mergea, a, a;idiry @ sprpja) @ idjay]

. id[r;a) ifr=1
JYAN PEPRRVAVES L s+1 : _
SEIT AL (Asy. Ay2) 1D A ] @ MSEITIA, A, fr=s+2

DEFINITION 5.1.3 (THE INTERPRETATION ON TERMS)
We will interpret a term I'; A = v: A by induction over the unique derivation of

the typing judgement.

Intuitionistic Axiom In this case, we take
[T, 2:Q,I"; -t 2:Q] = discy ® idjgp @ discpy
Linear Axiom In this case, we take
[T;2:AF 2:A] = discp @ idpg

The F Rule Assuming that [I A1 F v:Q] = f and [I,2:Q; As F w: A] = g,

we take

[[F; AFlet 2z bewvin w:A]] = Stri“,Al,AQ,AQ f & id[[F;AQ]]; S[I].1Q] & id[[AQ]]; q
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The Operator Rule Given an operator O of arity:

— —

(QuA)B1, ..., (QuA)B, ; (QuANB, ..., (Q;A)B!
(@//, A’//)B//

where Q' = Q) ...Q, and A = Al .. AL, assume
e that [[F,fi:@i;y_;:ﬁi FovBi| = fifori=1...r
e that [I';7: _)S»;Aj,yﬁj;:f_fg Fw; B =g for j=1...5,
o that [[ AL v Qi) = fl for i’ =1...7,
o that [ A% Fw):Aj] =g} for j'=1...§
Now we take

[0s A EO(Z; 9h)vr - - (T U )ors (T3 J1)wn - - - (T g )ws) (T 0"): B"] =
mstrﬁZ‘?:f7A;”A11'_'7A31A/1/W_AZ”A; ([1®...0 [, @id[a,,. A QG ®...® gl);

[Olo, ([T [A]. - [AD (Fry- - fragrs- -9

We can also make an auxiliary definition:

DEFINITION 5.1.4 (THE INTERPRETATION ON INTUITIONISTIC TERMS)
Define the interpretation []¢ which takes intuitionistic terms I';_ - v: A to ar-

rows [I'; J¢ — [A]f), in the cartesian part of the model as follows:
Intuitionistic Axiom In this case, we take
[,2:Q,I"; & 2:Qfc = m 1™
where ' =y1: Ry ...y R, and IV =y R, ...y R,
The Operator Rule In this case, we take
[T; - O((@; g1)vr, -5 (T 90)vrs ) (5): Ble = [Ofe([Tle) (fis - -+ 5 £r)
where for ¢ = 1...7r we have ﬂf,fi:@i;gi:ﬁi Fvi:Bi] = fiin S.
We now define the models of the type theory Lin(Q, A).

DEFINITION 5.1.5 (LIN(O, A)-MODEL)
A Lin(OQ, A) model G is a Lin(Q) interpretation such that: for each typed equality
judgement I'; A v = w: A in A, we have [I; AR v:A]9 = [ A F w: A]9.
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5.2 Soundness

We now show that the equality judgement of Lin(Q, A) is soundly mapped into
any model of the type theory Lin(QO, A).

First we state two lemmas on the interpretations of the two admissible sub-
stitution rules.
LEMMA 5.2.1 (INTUITIONISTIC SUBSTITUTION)
For any Lin(Q, A) model G, given [[',I"; _F v:Q]Y = f, where v is intuitionistic
and [[,2:Q,I"; A+ w: A]9 = g, we have:

[T, T AF w{v/x}:A]]g = Str/(r,r/),A,_,AS @ idrr.ap: sjorry ® idirap; g

LEMMA 5.2.2 (LINEAR SUBSTITUTION)
For any Lin(Q, A) model G, given the interpretations [[; Ay - v: A]Y = f and
[T; Ag, z: A, Ay = w: B¢ = g, we have:

[T; A Fw{v/x}:B]7 =str o, (aya),a5 f @ id[ra, ag); Spagrias) @ idpag); g
where A = A1#(Ay, A)).

THEOREM 5 (SOUNDNESS)
Given a Lin(0, A) model G and a provable equality ['; A - v = w: A in Lin(Q, A),
we have that:

[T A Fv:A]Y = [ A ¢ w: A]Y

in the symmetric monoidal part of G.

Proof First we observe that equality of arrows is an equivalence relation, and
further that given a I'y A — A/T"; A" — A’ context C[] and a term I'; A = ¢: A,
the interpretation of I"; A’ = C[t]: A" in the internal language of the category
contains as a sub-term the interpretation of I'; A - ¢: A. This implies that our
context-equality rule and equivalence rules are sound. Now by definition any
typed equality in A is soundly interpreted in G, and hence we need only to show
that the 7 axiomatic equalities of the let construct are soundly mapped into G.

Here, we give as examples the proofs for the first two equalities.

e Considering the equality I'; A = let = be v in w = w{v/x}: A, we have that:

[Ts A let x be vin w:A]
= strp_aai (f @ idprap); sprfeiv, © idpa: g

where [I_F v:Q] = f and [I,2:Q; A F w:A] = g, which is precisely
[T, y:Q,I"; A F v{y/x}: A] according to our lemma.
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e Considering the equality I'; A - let © be v in = v:Q), we have that:

[T; AFlet x be vin z:Q]
= striﬂ’A’_’A; f® idlIF;A]]; ST, [QIm, X id[“A”]; (diSCF X idlIQ]]ML)
= strp a_a: (f @ discr)

=/

again as required.

Constants

We consider the interpretation of a constant in this semantics. By definition, a
constant O of arity A in Lin(O, A) has an interpretation in a Lin(Q, A)-model G
as follows:

[0]6, : {i} — S(F(-). [A]F,)
However, natural transformations of this form are isomorphic to arrows S(I, [A]§, ),
and so we will frequently refer to the interpretation of a constant as having this
latter form.

We now want to show completeness of Lin(Q, A) with respect to its models,
which is to say that if two I'; A terms of type A have the same interpretation
in every Lin(@, A) model, then they are provably equal in Lin(Q,A). This is a
familiar result for type theories and their models, and it is commonly proved
by the construction of a term model, in which the objects are types and the
morphisms are terms. In such a term model, we use the structure of the type-
theory to build the categorical structure required of the model. However, such
constructions normally depend on the existence of the appropriate functors in the
model as type constructors, for example as ® occurs explicitly in DILL(C). Type-
theories such as ours which have no type-constructors as basic must therefore
be treated differently. The most one can normally hope for in these cases is
that there exists a term category in which the objects and morphisms are freely
constructed in a simple way from the types and terms of the theory; the best
example of this is the construction of a term cartesian category from sequences of
types and terms of the basic intuitionistic type-theory having only axiom and cut
rules. Operators can be added in this example, and the result extended to show
that given any operator over the objects of the free strict cartesian category on
the types of the theory, there exists a set of operators such that the term model
of the type theory over this set is isomorphic to the free strict cartesian category

with the original operator.
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This result tells us that working in the type theory without an explicit product
constructor is the same as working in the type theory with that constructor added,
even when we are allowed arbitrary operators over the types of the theory with
explicit product constructors. As an example of the method, imagine a nullary
operator (a constant) (A)B x C “in the theory with products. Clearly there is
no one operator which represents this in the theory without explicit products,

since B x C'is not a type of that theory. However, we can represent the operator

as a pair of operators ¢1, o having arities (A)B “ and (A)C 62, both of which
can exist in the theory without products, and prove that the resulting type theory
is equivalent to the type theory with products over the original operator c.

Unfortunately, there is no result of this kind for SMC’s and the basic linear
type theory except for the case with no operators. The problem is that given for
example a constant (A)B @ C ¢ in the theory with tensor, there is no equivalent
set of operators in the theory without tensors- it is not possible to represent this
as a pair since linearity demands that B and C be produced and used together.
This behaviour is inherited by our system, since it clearly incorporates the basic
linear type theory but without an explicit tensor type constructor.

The implication of this discussion is that our type theory is only expressive
enough to represent SMC’s having a certain subclass of the obvious operators, ie
those not mentioning the tensor or the unit in the outputs of either the arguments

or the results of the operator.

5.3 The Term Model

It is normal to define the term model of a type-theory using categories having as
objects and arrows elementary constructions over the types and terms of the type
theory. In particular, it is normal in the case of a linear type-theory to construct a
symmetric monoidal term category using sequences of types and terms of the type
theory. However, in this case such a construction is not rich enough in arrows, as
can be seen from the fact that any interpretation of Lin(Q) has in its s.m.c. part an
arrow F'X — FX® FX for any object X of C. The natural next step is therefore
to allow constructions of the form let z be v in ...(let y be v" in w; ... w,) which
augment the sequence construction sufficiently to allow us to express the cor-
rect arrows. Unfortunately, once we have made this construction certain obvi-
ous equalities appear between constructed elements, notably the equalities which
would be commuting conversions in a type-theoretic setting. Whilst the con-

struction could be pushed through, it seems clearer to present a slightly amended
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type-theory which we can use directly to construct the term-model, and then to
relate this extended type theory to the original type theory.

We will therefore define the term Lin(Q, A)-model by giving its objects and
morphisms as the types and terms of this slightly extended type theory, and then
show that this new type theory is a full and faithful extension of Lin(Q, A). Hence

the completeness result follows.

DEFINITION 5.3.1 (THE TyPE THEORY LIN®(Q, A))
For a signature O = (M;, Mz, O;,Or) and an axiom set A we define the type
theory Lin®(Q, A) as Lin((MY,M?, 0%, 0F), A®), where we define M¢, M%, OF,

O% and A® as follows:

e MY is the set of sequences of length one each containing an element of My,

which we will refer to briefly as singleton sequences.

° M% is the set of sequences of elements of M. We will write a sequence A of
clements of M, as ®A and may write the empty sequence of such elements

as 1.

We will refer to typing contexts of Lin®(Q,A) using the familiar I'; A, and we
define a function to convert Lin(Q) typing contexts to Lin® (0, A) typing contexts.
On sequences of linear types A; ... A,, define A; ... A, as the sequence of singleton
sequences containing A; to A, respectively. We extend this function to sequences
of typings and hence typing contexts by defining ﬂ = xf:él\ We also extend
~~ to pre-terms simply by applying it to each type annotation in the pre-term,
but when we omit type annotations on pre-terms, we also omit ~~~ on pre-terms.

Although in fact one might argue that m =TI"; A, by identifying singletons
and the single element they contain, we retain the syntax here to help make the
distinction between the two type theories clear.

Now,

e OF is the set containing an operator O of arity

ST o~ g—’%/\ ST A ST A~
(Q1§A1)Bl> ) (Q A) ) (QllsAll)Bi> ce (Q;,A;)Bg

U /7
(@ A") A
for each operator O € Oy, having arity:

(@ A)B1, ..., (G A)B. 5 (Q;ADB;, ..., (QhA)B
(@//, A’//)B//
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with the addition of a weak tensor operator @’ of arity:

; G)Bi, -y ()Br
(,)@(BlBr)

for each r # 1, such that each B; is a singleton sequence.

e OF is the subset of OF containing those operators induced by operators in
O; C Oy.

~= =
e A% is the set containing I'; A v =w: A for each equality I'; A v = w:
Ain A.

It is fairly obvious that given a term I'; A F v: A of Lin(Q, A), we have that
ml— v: A in Lin®(0, A). We will write @"(; v, ..., v.)(;) as @(v1, ... ,v;)
for clarity, and we define the abbreviation ®(v) = v, noting that there is no
instance of the operator when r = 1 by definition.

It is important to note that although we are now using arbitrary sequences
of the types of Lin(Q, A) for types, the operators of Lin®(0, A) have arities only
involving singleton sequences, with the exception of the tensor operators. In
particular, any set of operators which is output natural in Lin(O,A) will not
be output natural in Lin®(@, A), since there can be no instance of the operator
family for any case where the indexing type is not a singleton sequence. This is a
consequence of our preceding discussion, where we remarked that only a certain
subclass of the operators which could be given over the type set with explicit
tensor can be given in Lin(Q, A).

Now say that a pre-term of Lin® (@, A) is in canonical form if it is an instance

of the following inductive definition, where the v are pre-terms of Lin(Q, A):
Ve i= U | let z be v in v,

Now we can prove a crucial lemma:

LEMMA 5.3.2

Given a typing judgement m - v:®A of Lin®(0, A), v is identically in canon-
ical form with the various pre-terms of Lin(Q, A) in v being terms of Lin(Q, A).
Note that the typing contexts I”; A’ which the pre-terms are typable in are

uniquely determined from the typing context I'; A and the form of the pre-term.

This lemma bears some explanation before we prove it. The reason we have
defined the tensor of the theory Lin®(Q, A) weakly is so that this lemma is prov-

able. This lemma then shows that the only terms provably of tensor type in
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Lin®(0, A) are simply built up from tensors of terms of Lin(Q, A) with shared
intuitionistic variables. Further, an important implication of the lemma is that

in the case where ®A is a singleton B, v is identically a I'; A-term of type B in
Lin(O, A).

Proof We prove this by induction over the unique derivation of the typing
~=
judgement ' A Fo:@(A; ... As).

——
Intuitionistic Axiom In this case we must have a derivation I, 2":Q"; _ - 2’:

@', where the sequence ®(A) must be the singleton @), and hence the term

is in the correct form.

——
Linear Axiom In this case, we must have a derivation I';2’: A" + 2/: A" and

hence again we have that the derivation is in the correct form.

F Rule In this case we must have a derivation:

—~ = ——
DA w:Q Ta":Q A v:®(Ar. .. Ay)

~~= .
I'AFlet 2’ be win v:®(By ... Bs)

where A = A#A%. However, in this case, we know by induction that there

exist terms of Lin(Q, A) ¥, 7" and variables Z such that v is:
let 1 be v} in ...let x, be v, in @V"

But since w must be a I'; Al-term of Lin(Q, A) by induction, we have that
~ =
[ AF let 2’ be win v:®(A; ... Ag) has the correct form.

Operator Rule In this case we need to consider first the operators of Oy. Since
these are operators over the types My, it is impossible that one should exist
with result having output of a tensor type. Hence they can be disregarded.

Now considering an instance of the tensor rule, we have a derivation:

—~ =
o DAY R ogr A

——
T;AF Q54 ... A,)

—~ =
F, Alll H UllAl,

where A = AT# ... #A” (and the A; are singletons). However, by induction
—~ =
on the the I'; AY B v;: A; for i = 1... s, we know that these must be I'; A!/-
~ =
terms of Lin(Q, A), and hence I'; A = ®@v: ®(A; ... As) has the correct form.

UJ
We can now define the term model of Lin(Q, A), Gr(O, A).
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DEFINITION 5.3.3 (THE LINEAR TERM CATEGORY)

We define the linear term category, S, as follows:

e The objects of Sy are the sequences of linear types of Lin(Q).

LS . n
o Sr(A,B) = {[(#,v)"F]|;7:A + v:®(B)}, where we write [(Z,v)F] to

denote the equivalence class of (f,v)“f’é under the equivalence =" defined

by
- xS _
(Z,0) = (F,w)MBif 53 AF v =w{Z/y}: 0B

As in previous definitions of this sort, we write [Z, v]“ié for [(#,v)]"", omit
type information where possible and assume that when writing the equi-
valence classes of arrows [Z, v] and [, w|, the variable sequences are chosen
to make all the variables in the concatenation ¥y distinct, unless explicitly
identified.

° idg = [f, ®f]

[, let 1 be v} in ...let v be v/ in (w{v"/y})]
where by our previous lemma v is let 2} be v} in ...let 2. be v] in ®v".

It is easy to show that these definitions give a category. We proceed to define
a strict s.m. structure on Sy. First define the tensor on objects, which are

sequences of types, as concatenation. Then define [Z,v] ® [y, w] as

g / ! / !l / !y / VA /il
[y, let = be v} in ...let 2/ be v/ in let y; be w) in ...let y., be w., in @("W")]
where again by our previous lemma v is let 2} be v} in ...let = be v/ in ®U" and

w is let y; be w} in ...let y/, be w), in @w".

In order to define the intuitionistic term category, we need an auxiliary defin-
ition.
DEFINITION 5.3.4 (INTUITIONISTIC EQUALITY)
We say that two intuitionistic terms I'; _ - v:Q and I'; _ F w:(Q) are intuitionist-
tcally equal, which we write I'; _ F v =; w:Q, if they are identically equal, or if v

is O((T1; y0)v1, - -+ 5 (50005 )(5), wis O((Zr; y)wy, -, (B 9r)wy; ) (5 ) and
foralli=1...7r.
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DEFINITION 5.3.5 (THE INTUITIONISTIC TERM CATEGORY)

We define the intuitionistic term category, Cr, as follows:
e The objects of Cr are sequences of intuitionistic types of Lin(Q, A).

e The arrows are given:

L
R Z:Q; _F vi: R; (where the v; are

Ll

Cr(Q, R) = {[(#,7)
intuitionistic for i = 1...5s)}

where R = Ry ... R, and we write [(Z, 7)@¥] to denote the equivalence class

of (Z,7)@F under the equivalence =}, defined by

(7,0) =¢ (g, 0) f =01 ... 0,0 =wy...w,

and 7:Q; _ & v; = w{§/T}:Rifor i=1...r

Again, we write [, U] QR for [(Z, U)]Qﬁ, omit type information where possible
and assume that when writing the equivalence classes of arrows [Z,¢] and
[y, ], the variable sequences are chosen to make all the variables in the

concatenation ¥y distinct, unless explicitly identified.
e id5 = [7, 7]
o [7,0]; [y, w] = [, w{v/i}]

We can equip Cr with a cartesian structure by defining the product to be

concatenation on sequences, and giving the arrow structure as follows:
<[f7 77]7 ['ﬁ w]> = [fa 1715]

This construction is familiar, as it is almost identical to that which we used for
the intuitionistic part of the term model of DILL(C). Similar proofs show that
these definitions make Cr into a cartesian category.

We can now define the functor Fr : Cr — Sr as the identity on objects of Cr,
and on arrows by:

F([Z,v]) = [y, let Z be § in @]

We can easily check that this definition is functorial, and further that F'is a
strict monoidal functor. We now define the term model G (O, A) of Lin(O, A).

DEFINITION 5.3.6 (THE TERM LIN(O, A)-MODEL)
The carrier of the term model Gr(Q, A) is the triple (Cr, Sr, Frr), and the primitive

interpretation functions are given as follows:
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o | ]]gT(© ) takes the intuitionistic types to the singleton sequences containing

them in Cr.

I ]]gT(© # takes the linear types to the singleton sequences containing them

in Sy. Clearly for all @ € M; we have [[Q]]%ATL = F([[Q]]%,ﬂ)

e Given an operator O € O; having arity

(Qi; A)By, ..., (G A)B
()R

define the natural transformation [[O]]%TI((O)’A) at @' on arrows [Z'Z;if;, v;] for

7 =1...r to be the arrow
[(f/> O((fb gl)”l; cee (fr; gr)vr; )()]

e Given an operator O € O having arity

—»

(@151[1)1)317 ) (Q)T’;A)T)BT ) (_)/1;121)/1)317 ) (@; )
(Q’//, A’//)B//

define the natural transformation [[O]] Gr(0,4)

to be that which when applied
at R,C,...C, to the arrows [ZZ7;, vj] for i =1...r and [Z7}Z}y, w;] for

j=1...s gives the arrow

(2272 . 2" O i) (o), - (@ 5) (0n); (T 90) (wn), - (25 70) (ws) ) (275 7))
Clearly these two definitions satisfy the condition on the interpretation of

operators in the two categories.

In order to show that this is indeed a model, we need to observe that the
conditions on Lin(Q)-interpretations and Lin(Q, A)-models hold. This is easily

done once we have proved the following lemma.

LEMMA 5.3.7
Given a term 7:Q; 7: A F v: B of Lin(Q, A) such that [#:Q; 7: A b v: B]97(@4 =
(7Y, w]é"f’B, we can derive the equality judgement in Lin®(Q, A):
=
T:Q;y:AFw=uv:B

5.4 Completeness

We now present a lemma relating Lin(Q, A) to Lin®(Q, A).

LEMMA 5.4.1

~ = =
Given an equality judgement I''A F v = w: A in Lin®(0,A), we have an
equality judgement I'; A F v = w: A in Lin(O, A).
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Proof Firstly, we know that both v and w are I'; A terms of type A in Lin(Q, A)
by the lemma 5.3.2. We prove the lemma by induction over the structure of the
proof of the equality judgement m o= w:/A\ in Lin®(@, A). If the last rule
was any of the reflexivity, symmetry or transitivity rules then by the induction
hypothesis the proof is easy. If the last rule was the term-context rule then it
is easy to see that the m—?/m—? term context of Lin®(0, A) used
in the rule is also a I'; A — A/T"A" — B term context of Lin(Q, A), and hence
that the result follows from the induction hypothesis. Considering the axiomatic
equalities, those generated from equalities in A are clearly the images of equalities
in Lin(O, A), the naturality equations clearly must mention the operator @ and
hence are not terms in the appropriate context (since if they were they would
be pre-terms of Lin(@,A), which is a contradiction) and finally, the axiomatic
equalities which are commuting conversions for the let -construct Lin® (0, A) are
the images of instances of the same equalities in Lin(Q, A). O

This shows that the embedding from Lin(Q, A) into Lin®(0, A) is faithful. We
also know that it is full by virtue of lemma 5.3.2.

We can use these results to relate the term model and Lin(Q, A) as follows:

LEMMA 5.4.2

The arrows A — B in the symmetric monoidal category of the term model, Sr,
are isomorphic to the terms _;7: A F v: B of Lin(O, A) quotiented by provable
equality.

Proof Firstly consider arrows A = Bin Sr. These are equivalence classes of
~

terms of Lin®(Q, A) _; #:A F v: B quotiented by term equality and a-conversion
on free variables. But we know that such terms of Lin®(Q, A) are isomorphic to
terms of Lin(Q) & A+ w:B by our lemmas relating the two type theories, and
hence the result follows. 0J

Now we can prove soundness and completeness:

THEOREM 6 (SOUNDNESS AND COMPLETENESS)
Given I'; A terms v and w of type A in Lin(Q,A), I'; A - v = w: A if and only if
[0 AFv:A]9 = [T A w:A]9 for all Lin(Q, A)-models G.

Proof This proof is largely by standard means. We already have the forward
direction thanks to our proof of soundness. To show the other direction, assume
that:

[T; A ¢ v:AJ97OD = [777,4] = [77,w'] = [T} A F w: A]97@H



where I' = #:Q and A = §: B, for the particular Lin(Q, A)-model Gr(O,A).
Now by lemma 5.3.7 and the definition of equality in Gr(O, A) we have that:

— —~~ —
DAFv=v"A4 and T;AFw=uw": A

—— =
and ;T AFV =w': A
. . . . /-/\

From this last equality we can construct an equality judgement I'; A F v =
= . ~~ AN~/ = .
w': A using the A — A /5T, A— A term context _, and hence by transit-

. . . . /-/\ A .
ivity we have the equality judgement I'; A v = w: A . But now using our last

lemma, we have the required equality judgement of Lin(Q, A):

AFv=w:A

5.5 Initiality

We now define suitable Lin(Q)-maps and prove that the term model Gr (O, A) is
(strictly) initial in the category of small Lin(Q, A)-categories and Lin(Q)-maps.
DEFINITION 5.5.1 (LIN(OQ)-MAPS)

Define a Lin(Q)-map F : G — G’ for Lin(Q)-interpretations G and G’ having
carriers (C,S, F') and (C',S’, F') respectively as a pair of functors (F¢ : C —
C',Fs:S — &) such that:

e Fe is strict cartesian and Fg is strict symmetric monoidal,

e the following diagram commutes:

F

C S

Fe Fs

F/

C S

o Fe([,) = [, : Mi — obi(C"),
o Fs([f,) = [, : Mz — obi(S"),

e for each operator O € O; with arity




object X of C and arrows f; : F(X) @ [Qs; A;] — [Bi] fori=1...7 of S,
Fe([O18,(X)(fi - £)) = [O18,(Fe(X)(Fs(fr), .. . Fs(£)))

for each O € Oy, object X of C, objects Y1 ... Y; and arrows of S f; : FI((X)®
[Qi A] — [Bi] fori=1...r and g; : F(X)® [[C_j;]] RY; ® [[ff;]] — [B7] for
7=1...s,

Fs([019, (X, Vi, oo Y (fro frrgie . 05) =

[01G, (Fe(X), Fs(Y1), ..., Fs(YoO)(Fs(fr), - Fs(fe), Fs(gr), - -, Fslgs)

Now define the category of small Lin(Q, A)-models, Caty;,(O, A), to be the
category having objects the small Lin(O, A)-models and morphisms the Lin(Q)-

morphisms between them.

Now we will prove that each Lin(Q, A)-model canonically yields a Lin®(0, A)-

model, simply by interpreting sequences of types as the tensor of the interpretation

and interpreting the tensor operator on a sequence of terms as the obvious tensor

of the interpretations of the terms, with the intuitionistic context duplicated.

LEMMA 5.5.2

Given a Lin(O, A)-model G, we can construct a Lin®(Q, A)-model G as follows:

The carrier of G’ will be the carrier of G, (C,S, F).

of elements of M; to objects of C, is just the function which takes the

The primitive interpretation function []|7 ., which takes singleton sequences

singleton sequence containing @) to [@] |(\J/|,-

The primitive interpretation function [[—]]fn/@” which takes sequences of ele-
L

ments of My, to objects of S, is just the function which takes the sequence

Ar. A to [A]f, @ .. @ [A,]F), - These two definitions clearly satisfy the

equality [] f/l/‘? = F([] fn/?) over singleton sequences of intuitionistic types.

Since [T; A]9" = [T; A]9 on objects of S, as is easily seen from the defini-
g/

of
[O]&, on operators of Lin(0, A), and similarly for O;. Clearly this definition

tions, the natural transformation [O]s is just the natural transformation

satisfies the condition on these interpretation functions.

For the tensor operator of Lin®(Q, A),

a(a)Ala cee a)Ar QT .
) ® (A A, Dhrednd
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say [@"](X,Y,... ’Y;)gi@ is the function which given f; : F(X)®Y; — [A]

for e =1...r, takes value:

Ny v (i®...®f)

where n’y y. y is the obvious map taking

goes

FX) A1 ®..0A - F(X)® 41),... ,(F(X)® A,)

It can now easily be shown that G is a Lin®(0, A)-model, and further that
~ =
on terms of Lin®(0Q,A) I'; A F v: A which are the images of terms of Lin(Q, A)
IAFv:A, we have:

;AR v:A]Y = ;A F o A)Y

in the s.m. category S.

DEFINITION 5.5.3 (CANONICAL MORPHISM)
Given a Lin(0, A)-model G, define the morphism F79 : Gr(0, A) — G as follows,
where F79 = (FT¢,FTL):

On objects of Cr, which are sequences of intuitionistic types of Lin(Q), @,

define FT¢(Q) = [Q]S.

On arrows of Cr, which are equivalence classes |7, 9]%% for intuitionistic

terms v of Lin®(Q, A), define F7T ¢([Z, v]) as (f1, ... , fr), where f; = [[_;ﬁ =
vi:@B]$for i = 1...7, where G’ is the model of Lin®(Q, A) which is gener-
ated from the Lin(Q, A)-model G. Note that since the models have the same
carrier, the interpretation takes arrows of Cr to arrows in the cartesian part

of G as required.

On objects of Sy, which are sequences of linear types of Lin(Q), A, define
FTs(A) = [A]9.

On arrows of Sy, which are equivalence classes [Z,v]4F for terms v of
~ =

Lin®(0,A), define FTs([Z,v]) as [ Z:A F v:@B]9 where G’ is the model
of Lin®(0, A) which is generated from the Lin(O, A)-model G. Note that
since the models have the same carrier, the interpretation takes arrows of

St to arrows in the s.m.c. part of G as required.

We now prove two auxiliary lemmas:
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LEMMA 5.5.4

Given a term 7:Q; 7 A F v:®B of Lin®(0, A), we have that for an arbitrary
Lin(O)-morphism (F¢, Fs) : Gr(0,A) — G

/—’%

—

Fs([iZ,let i be i in v]) = [:Q: #: A+ v:0B]Y

~—= ~
Proof The proof proceeds by induction over the derivation 4:Q; ¥: A+ v:®B.

e In the case of an intuitionistic axiom instance : Q YR, T Q i Fy:R, we
have that:

- / el [V

n y] FT(dlI@]]gT(([D,A) X id[[R]]gT(@),A) X d[[@]]gT(@,A))

2"y’ 2" let Zyx’ be ¥

But all of these constructs are preserved by the fact that Fp; Fs = Fe; F

and that F¢ strictly preserves the cartesian structure, and so we have:
Fs([Z"y'7" let Tyx be 2"y'7" in y]) = F(digyg x idpge x dige)

as required.

/—_)’%
e In the case of a linear axiom instance y:Q); z: A z: A we have that:

[g’x, let ¥ be ¢ in z] = FT(d[[Q]]gT(([D,A)) & id[[A]]gT(@),A)

But again, these constructs are preserved since F preserves F' and the mon-

oidal structure, and so we have:
Fs([yx,let § be ¢ in z]) = F(d[[cj]]g) & id[[A]]g

e In the case of an instance of the F-rule:

/—_)’% — — — .
7:Q; 7 A Fv:@Q y:Q,y:Q X" A" w:®B
—— (F)
v.Q; T Al—lety be v in w:®B
where 7: A = (Z: A")#(7”: A”), we have that
(4%, let ¢ be v in w] = strQ P ([7"7 let i be ¢ in v] ®id [G: Ao @ );

(SHQHQT(([D,A)’[[Q/]]QT(@,A) & id[[g//]]g;p(@,m) [ " |et yy be Tid ”/ in w]

In this expression, the two arrows still in the form [...] are preserved by
induction since they annotate the premises of the F-rule, and the rest of
the structure excepting the str’ construct is preserved by the fact that Fg is
strict symmetric monoidal. It is fairly easy to show that the str’ construct

is also preserved by considering its construction.
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e In the case of an operator rule instance not due to the tensor operator, the

proof proceeds similarly, as the operator clause must be preserved.

e In the case where we have an instance of the tensor introduction rule,

—_—— —_—~
y:Q; 7 Ay v By, Lo, Q0 A F B
——

G:Q; 2 AF @ (vy...v,):®(B...B,)
where 7: A = (flzﬁl)# ... #(Z,: A,), we have that:

(7%, let ¥ be ¢ in @ (vy...v,)] =

MStrG 1 i i ([fZ1,let ybe ¢ in 1] @ ... R [T, let ¥ be ¢ in v,])

But now since we can show that mstr” is preserved by Fs, and we know

that the tensor must be, we have the required result. 0]

Similarly, we can show:

LEMMA 5.5.5
Given an arbitrary intuitionistic term #:Q;_ F v: R of Lin®(0, A), (which also
must be an intuitionistic term Z:@Q;_ F v: R of Lin(0,A)) we have that for an

arbitrary Lin(Q)-morphism (F¢, Fs) : Gr(0,A) — G"

—— ,
Fe([#,v]) = [#:Q; -+ v: R]¢

This is proved in an exactly analogous way, except that there are only two
cases, one for the variable which is preserved because it is a projection, and one
for the operator case which follows from the previous lemma and the preservation

of the operator interpretations by the Lin(Q)-morphism.

LEMMA 5.5.6 (UNIQUENESS)
The morphism F79 : Gr(Q,A) — G is a Lin(0)-map, and it is the unique such
Lin(O)-map.

Proof We prove this by considering the definition. Assume we have an arbitrary
Lin(O)-map F : Gr(0,A) — G.

On Objects of Cr, which are sequences of intuitionistic types of Lin(Q), we
know that Fe(Q1...Q,) = [[Ql]]ﬁ,ll X ... X [[Qr]]ﬁ,ll since F strictly preserves

the cartesian structure. But we have:

Q5 % - x [Q5, = [Q1... Q1% = FTUQ: ... Q,)
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On Arrows of Cr, which are equivalence classes [, ¢ Qﬁ, by definition we have
Fe([7,0]98) = (Fe([Z,v1]), - .. , Fe([Z, vs])) since Fe strictly preserves the
cartesian structure. But now we can see by our lemma that these arrows

[, v;] must all be mapped according to the definition of F7¢.

On Objects of Sy, which are sequences of linear primes of Lin(Q), we know
that Fs(A;...As) = [A41]9 ® ... ® [Ag]Y9 because Fs is strict monoidal.

But we have:
[A]9® ... ®[A]9 =[A,.. . AJY = FTL(A, ... A)

On Arrows of Sy, which are equivalence classes [7,v]4P, we use our result;

given
—= o,
Fs([ifZ,let ij be if' in v]) = [:Q; #: A F v:®B]Y
we can easily see that in the special case of arrows in Sr, this means that
Fs agrees with F7 s. Hence it follows that the arbitrary map F is the same

as the canonical map F7, which is therefore unique. 0]

This immediately implies that Gr(O, A) is initial in the category Catpi, (O, A).

5.6 Output Naturality

We now consider our defined notion of output naturality of a given operator in a
type theory Lin(Q, A). Clearly, just as we have specified that linearly natural op-
erators be interpreted by appropriate natural transformations, we might expect
that output-natural operators be interpreted as natural transformations which
are natural in the output-place of the appropriate argument. However, it is im-
mediately obvious that not every model of Lin(Q, A) interprets its output natural
operators as such natural transformations, simply because in the model we only
have candidates for the components of the natural transformations for objects
which are the interpretation of types. We now proceed by defining a sub-class of
models which do interpret output natural operators as natural transformations

of this kind, and show how they relate to the original models.

DEFINITION 5.6.1 (OUTPUT NATURAL LIN(Q)-INTERPRETATION)
Given a typing system Lin(Q) with an output-parameterised set of operators O
having arity:

— —

(Qv; A) By (Qr A)(B); (@ ADBY, .. (Qh s AL ) By, (Gl AL ()
(Q’//; A’//)(_)
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we define an output-natural-in-O interpretation of the typing system Lin(Q), which
we again write G, to be an interpretation of the typing system Lin(Q) with a

natural transformation

[019, :(xi—1.+S(F(=) @ [Qi A%, [Bilfa,)) %
(=10 S(F(2) @ [P @ () @ [A1]9, [BIIF,,)) x
(S(F(2) @[] ® (=) ® [A], ()
= S(F(2) @[3 ® (®im1..(=) @ [A]9, ()

which is natural independently in each of the arguments (=),(=z) and (_1) ... (=)

such that each operator O, in the set has interpretation

[0415, =015, (= -1, - - - - [AlW,)

We now note that each output-natural-in-O interpretation of a typing system
Lin(O) induces an interpretation of Lin(Q) by the obvious map which forgets the
natural transformation [O]e, .

This enables us to map the typing system Lin(Q) into an output-natural-in-O
interpretation of Lin(Q).

DEFINITION 5.6.2

Given a typing system Lin(Q) with an output-parameterised set of operators O,
we define the map [ ]9 which takes the typing system Lin(Q) to an output-natural-
in-O interpretation G simply by defining it to be the map taking Lin(Q) to the

underlying interpretation of G.
Given this map, we can go on to give a definition of output-natural Lin(QO, A)-
model.

DEFINITION 5.6.3 (OUTPUT-NATURAL-IN-O LIN(O, A)-MODEL)

Given a typing system Lin(Q) with an output-parameterised set of operators O,
we define an output-natural-in-O model of the type theory Lin(Q, A), which we
also write G, to be an output-natural-in-O interpretation of Lin(Q) such that for

each equality judgement I'; A v =w:A in A, we have
[T;AFv:A]Y = [ A F w: A]9
in the s.m. part of G.

Given this definition, soundness is an easy corollary of soundness for our first

definition of interpretation.
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LEMMA 5.6.4 (SOUNDNESS)

Given a typing system Lin(Q) with an output-parameterised set of operators
O, and an output-natural-in-O Lin(Q, A)-model G, for every provable equality
judgement I'; A v = w: A of Lin(0, A), we have:

[T A Fv:A]Y = [ A ¢ w: A]Y

The important property of output-natural-in-O interpretations which distin-

guishes them from plain interpretations is the following:

LEMMA 5.6.5

Given a typing system Lin(Q) with an output-parameterised set of operators O
and an output-natural-in-O interpretation G, for every provable equality I'; A -
v = w: A of the type theory Lin(Q, ONat(Q, O)), we have:

[T A Fv:A]Y = [ A w: A]Y

This is easily provable adapting the proof of the previous soundness lemma.
We only need to prove that the axiomatic equality judgements in the set ONat(Q, O)
are soundly mapped to the output-natural-in-O interpretation, which follows by
virtue of the fact that the operators in O are all interpreted as instances of a
natural transformation.

Now we can define output-natural-in-O morphisms.

DEFINITION 5.6.6 (OUTPUT-NATURAL-IN-O LIN(Q)-MORPHISM)
Given a typing system Lin(Q) with an output-parameterised set of operators O
having arity
(Qr: A)By, .. (G A (B): (@ ADBY, - (G A1) By (@A) ()
(Q’//;A’//)(_)

an output-natural-in-O Lin(Q)-morphism F : G — G’ between two output-natural-

in-O Lin(Q, A)-models is a Lin(0Q)-morphism on the underlying Lin(O)-interpretations
of G and G’ with the additional property that for any object X of C, objects
Yi,..., Y, 1 and Y’ of §, and arrows of S:

fi: F(X)®[QsA] — [B] fori=1...r

g FX)2[@]oY;®[A] — [B]forj=1...(s—1)

g FX) @[] oY; @ [4] Y’

we have,

fs([[O]]% (X, Yi, o Y YO (frsee fro i 1 G5)
= [0]%, (Fe(X), Fs(V1).... Fs(Ys), Fs(Y)(Fs(f). - .- Fs(fr): Fs(gr). - -, Fs(gs))
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We now write Cat®, (O, A) for the category of small output-natural-in-O mod-
els and morphisms. Clearly by the forgetful map mentioned earlier from output-
natural-in-O Lin(Q, A)-models to Lin(Q, A)-models and its obvious extension to
output-natural-in-O morphisms, we have a functor Cat® (Q,A) — Caty;, (0, A).
In the opposite direction, given an a type theory Lin(Q,A) having an output-
parameterised set of operators O, there may be no candidate natural transforma-
tion to make it into an output-natural-in-O model, or there may be one or many.

However, considering the term-model in particular, it is not the case that the
term model Gr(O, A) for a type-theory Lin(Q, A) with an output-parameterised
set of operators O can be extended to an output-natural-in-O model simply by
picking an existing natural transformation for [O] %TL(@)’A). This is simply because
there is no appropriate operator set, since no operator acts on arguments having
as outputs for example 2-element sequences. All operators of Lin®(Q, A) act only

on arguments with singleton outputs.

The Output-Natural Term Model

Since it is not the case that the term model Gr(Q, A) can be extended to an
output natural model, we need to reconsider the questions of completeness and
initiality. We will sketch a variation on the construction of the term model which
will give us an output-natural term Lin(@, A)-model, and indicate how it can be
proved initial for the category CatP, (0, A).

First consider an extension of the type theory Lin®(0, A).

DEFINITION 5.6.7 (THE TYPE THEORY LING (0, A))
For a signature @ = (M;, My, O;,Op) and an axiom set A, such that the typing

system Lin(Q) has an output-parameterised set of operators O with arity

(@i A By, - (@ A)(By); (@ ADBY - Qs A BLy, (@4 A) ()
(Q’//;A’//)(_)
we define the type theory Lin§ (0, A) as Lin((M7, M7, 0% ), A§), where MY, M7
and OF are as defined as for Lin®(0, A), and we define OF 5 and Ag as follows:

o 07 is the set OF augmented with new operators Oy of arity

(Qu; A)B, .. (Qri A)(B,); (Qy; A B, - (Qys Aiy)Biy, (@4 AL (2C)

(Q’//; A’//) (®C_?)

for any non-singleton sequence ®C e M%. Note that there already exists

instances in the case where the sequence is a singleton.
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e A§ is the set A® augmented for each output-natural set of operators O of
Lin(O, A) with the equality judgements in the set ONat((M7, M%, OF, 0% ), 0'),
where O’ is the set OU (OF 5 — OF), which is to say the set O with the extra

operator instances added in the definition of OF .

This type-theory differs from Lin®(Q, A) in that the output-natural set of
operators O of Lin(Q, A) is extended canonically to be an output-natural set of
operators in Ling (0, A). Now say that a pre-term of Ling (0, A) is in canonical
form if it is an instance of the following inductive definition, where the v are
pre-terms of Lin(Q, A):

v 1= @7 | let x be v in v, | O ;(F &), .. (& 2)5: (T D)0, ..., (& D), (& F)ve) (5 7)

We then have the following extended version of lemma 5.3.2:

LEMMA 5.6.8
_— S
Given a typing judgement I'; A - v:®A of Ling(0, A), v is identically in canon-

ical form with the various pre-terms of Lin(Q, A) being terms.

This is proved in a very similar way to the original version of the lemma, with
the one extension that we now have additional operators in OF which may return
results having outputs of tensor type. However, we know this can only occur when
they are applied to an argument (in their output-parameterised place) which is of
tensor type, and so we can use induction to show that the term is still in canonical
form.

Given this result, we then proceed to define the term categories in much the
same way as before, and define the output-natural-in-O term model of Lin(O, A)
exactly as we do the term model of Lin(Q, A) with the exception that we interpret
the output-natural set of operators O in Lin(Q, A) into the appropriate natural
transformation which exists in the term model by virtue of the extension of O to
incorporate instances O4 for any type A of MY (which is a sequence of types of
My ) and the addition of the output-naturality equalities to A.

Similarly, the definition of the canonical morphism from the output-natural-
in-O term model to an arbitrary output-natural-in-O model is identical to the
previous one with the exception that for the output-natural set of operators O we
map the natural transformation which exists in the output-natural term model
to the natural transformation in the arbitrary model.

Given this development, we have that the output-natural-in-O Lin(Q, A)-term
model, which we will call G2(0, A), is initial in the category Cat? (0, A).
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Multiary Output-Natural Models

Most of the leading examples of linear type-theories which we will present have
more than one output-natural set of operators, and so we briefly consider the
situation in this case. In fact, it is easy to extend all the definitions of “output-
natural-in-O” constructions into the analogous “output-natural-in-O-and. . . -and-
Q" forms, and the constructions go through as before, with the same results being

provable.
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Chapter 6

Action Calculi and Extensions

We now present an important example of a system having a linear structural
framework, Milner’s action calculus [Mil93c|. The action calculus is similar to our
general linear type-theory in that it is a general framework in which many different
systems can be presented, particularly process calculi. The leading example of an
action calculus is the m-calculus [MPWO92], but systems ranging from petri-nets
to the A-calculus have been shown to correspond to action calculi.

The essential idea is that we have certain underlying structure, including a
monoidal structure and a discipline of names, and in addition, for each instance
we have a signature containing a set of intuitionistically natural operators (called
controls) and associated reaction rules which depend on the particular calculus
we wish to describe. For example, there is a set of controls K, and a set of
reaction rules N\, such that the action calculus AC(KC;, \,z) is isomorphic to the
m-calculus, and there are other sets of controls and reaction rules serving the same
purpose for other languages such as petri-nets and the A-calculus.

We will actually present a slight generalisation of Milner’s original action cal-
culi as found in [Mil96], which will incorporate a notion of linear prime arity in
addition to Milner’s primes, which have intuitionistic behaviour. This general-
isation is motivated by our discussion of general linear type-theories, which can
have both linear and intuitionistic primitive types; further, we have an example
of an action calculus of this more general form which is not isomorphic to an
action calculus as defined by Milner. This is the action calculus corresponding
to the linear A-calculus, which we will call ACx _.(K). However, we note that all
Milner’s action calculi are instances of this more general form.

We will also define several higher-order extensions of the basic action calculi,
inspired variously by Milner’s higher order action calculi [Mil94b] and the higher-

order structure present in linear logic.



6.1 Action Calculi

We first assume a set P; of intuitionistic primes, ranged over by p,q... and a set
Py of linear primes, ranged over by [, k . .., such that P; C Py. We can now define
the set of (tensor) arities over the set of linear primes, written M(Pp), as the set
of sequences of primes in Py. We use m,n... for (tensor) arities (henceforth
just arities), and write (infix) ® for concatenation and e for the empty sequence.
Further, we will omit the argument P, of M where it is clear from the context.

We can now give the definition of signature:

DEFINITION 6.1.1 (ACTION CALCULUS SIGNATURE)
An action calculus signature K is a triple (Pr, P, K) of sets such that P; C Py,

and each K in K has an arity of the form:

((m1,n1),...,(Mmp,m)) — (Myn)

where the m’s and n’s are from the set M(Pp).

DEFINITION 6.1.2 (INTUITIONISTIC ACTION CALCULUS SIGNATURE)

An action calculus signature K = (P, Py, K) is intuitionistic if Py = Py.

Intuitionistic action calculus signatures give rise to intuitionistic action calculi,
which are equivalent to Milner’s original action calculi.

In order to simplify definitions, in the following we assume that a signature
K has components (P, P, K) unless otherwise stated, and similarly K’ has com-
ponents (P, P}, K') etc.

In order to define the terms of the action calculus, we use the familiar variable
set X. However, in this context these variables are known as names, and further
it is necessary to assume that each name x has an associated intuitionistic prime

arity p; we may write xP to denote this.

DEFINITION 6.1.3 (TERMS)

Terms over an action calculus signature K, written a,b. .., are constructed from
the basic operators identity, id,,, permutation, p,,,, composition, -, tensor, @,
abstraction, (xP)_, datum, (zP) and the control operators, K. A term a is assigned
an (action) arity a : m — n where m,n are tensor arities, using the following

rules:
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a:m—m b:m' —n

id,, : m —m
a-b:m—n

a:m; — ny b:me — no

P MmN —n@m
a®b:mi®@me— ng ®@ng '

a:m-—mn

D\ .
(xP)a:p@m —n ) e —p

ay -m; —ny ... Ay 2 Ty — TNy

K
K(ai,...,a,):m—mn

where the control operator K from the signature K has the arity

((m1,n1),..., (Mmp,mp)) — (Myn)

We will omit arity annotations, both in terms and of terms, where these are
apparent. The construct (z)a binds the free name x in the term a, and the name
x occurs free in the term (x). We write a{b/(x)} to denote the usual capture-
avoiding substitution of terms for subterms of the form (z). Note that all free
occurrences of x are in subterms of this form.

Given a sequence of names ' ... 2P we write |z1...x,| to denote the ar-

ity p1...p,. Further, we define the constructs (z1...2,)a = (z1)...(z,)a and
(x1...2p) = (x1) ® ... ® (x,), where this is the left-bracketed tensor. Note,
however, that since the tensor will be strict, the choice is unimportant.

We give the equality on the terms, which is adapted slightly from that of

Milner.

DEFINITION 6.1.4 (THE THEORY AC)
An equality holds between two terms of AC in the equational theory AC if it
can be proved using the following axioms, annotated with action arities, and the

obvious reflexivity, transitivity and congruence rules:
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a-(b-c)=(a-b)-c (A1)
a-id, =a=1id,, - a (A2)
(a-b)@(c-d)=(a®c) (bxd) (A3)
id,, ® id,, = id,,gn (A4)
a®(b®c)=(a®b)®c (A5)
a®id;, =a=1d. ® a (A6)

Py (b@a)=(a®@b) Py (1)
Prgnm = (idm @ Py ) (P @ i) (C2)

Pem = idm ()

Pon  Prgn = idmen @

augmented with the two naming axioms:

({y) ®idp) - (x)a = a{{y)/(x)} (o)
(2)(((z) ®id) - a) = a, where x & fn(a) (0)

It is an immediate consequence of these axioms that id,, = (¥)(Z) and p,,, =

(fg)<gf>> where |f| - ﬁ: m and |g| = J: n.

DEFINITION 6.1.5 (ACTION CALCULUS)

The action calculus AC(K, ) is the quotient of the terms of AC(K) by the equa-
tional theory AC, together with the reaction relation \, which is a transitive
relation closed under tensor, composition, abstraction and equality, and such
that there is no action a such that id \ a.

We refer to the terms of the theory as actions. From now on we will consider
only the static case, which is to say the case in which the reaction relation is
empty. Possible extensions of these definitions and the following results to the
case with a non-empty reaction relation are discussed in chapter 10.

We now briefly show how this definition relates to Milner’s original definition,
found in [Mil96].

DEFINITION 6.1.6 (INTUITIONISTIC ACTION CALCULUS)
An action calculus AC(K) is intuitionistic if it is constructed over an intuitionistic

action calculus signature.

We can now show:
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LEMMA 6.1.7
An intuitionistic action calculus AC(K) where K = (P, P, K) is isomorphic to
Milner’s action calculus AC(KC) built over the primes Py, up to equality in the

appropriate theory.

Proof This is proved by giving inverse translations. To translate from an intu-
itionistic action calculus AC(K) to the corresponding instance of Milner’s action
calculus, the translation is the identity on terms except on p,, ,,, which we map
to the term (Z)(y)(y) ® (&). Conversely, to translate from Milner’s action cal-
culus back to the intuitionistic action calculus AC(K), we simply map terms to
themselves. It is easy to show that these two translations are sound with respect
to the appropriate theories, and they are inverse simply because in the action

calculus AC(K), given sequences of intuitionistic primes m and n,

P = (0)(H)(9) © (T)

6.2 Generalised Linear Type Theory

We now present a generalised linear type-theory which corresponds to the static

action calculus AC(K).

DEFINITION 6.2.1 (THE TYPE THEORY LIN*(K))

Given an action calculus signature K = (P;,Pr,K), we define the type theory
Lin®(K) to be the instance Lin(Q*, A%), where O* = (M%, M2, 0%, O?) and M?%,

M2, O, OF and A? are defined as follows:
e The set M/} is the set of all singleton sequences of elements of P;.

e The set M% is the set of all sequences of elements of Py. For consistency
with the action calculus, we may write m,n... for arbitrary sequences of
elements of Py, [y ...l., and further we may write ® for concatenation and

¢ for the empty sequence.
e The set OF is the empty set.
e The set O} contains:

1. For each control K from KC of arity

((l_;>n1)> SRR (l_;?nr)) - (Z7> n/)
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an operator OX of arity

where we overload notation to write I for the sequence of singleton
sequences of the elements of [. We will abbreviate the general operator

form
ON(G &r:l)vr, -, (i) ors ) 10)

as K((Z1:0)vr, - .., Ty, @)

R

2. For each r and m; ...m,, an operator ®,; . of arity:
> Gma - G)me

(G)mi ®...0m,

In terms of the type theory, we will write v; ® ...v, or occasionally

®(v1...v,) as an abbreviation for @5 (; (;)vr, ... (5)on) ().

3. For each r and my ...m,, each of an output-parameterised set of op-
L

mi...Mmp

erators & with arity:

poGmaoomy) (o)
(Gm®...0m)()

In terms of the type theory, we will write let ®2:m be ¥ in w as an

abbreviation for @L (; G D)w)(;v), where m = my ... m,.

e The set A? contains:
1. All well-formed equalities of the form:

(@ —F) T'; AFlet @7y be wy ® we in v = let T be wy in let @y be wy invin

where I'; Ay B wy:@m, Ty Ay B we:d, TyA Z:m,:m B vin and
A = NH4A#A,,.

2. All well-formed equalities of the form:
(@ —mn) I''AF let @7 be vin @F =v: @M
3. All well-formed equalities of the form:

(®@—1) A F (&0, ... ,80,) =V ...0,)n
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4. All well-formed equalities of the form:
(®—-2) I"AF ®((w) =vn

5. For any 7, all equality judgements in any of the sets ONat(Q”, @~ )

mi...Mmp

for any my ... m,.

Having given this definition, it is worth noting that we could present an equi-
valent type theory without any type constructors if we used general sequents of
the form I'; A = A’ where the sequence A’ on the right is intended to be read
as a tensor of linear prime arities, as is the sequence A on the left. Given this
logic we could annotate each sequent having such a form with a term v such that
the typing I'; A F v: A" would correspond to an action a:|A| — |A’| having free
names in I". This is the approach taken in [BGHP97].

6.3 The Translations

We present the translations which make Lin”(KK) isomorphic to the action calculus
AC(K).

Action Calculi to Type Theory

We first give a translation which will take the action calculus AC(K) to the type
theory Lin*(K). We define the function (_)" which takes pairs of a sequence of
distinct variables and an action to pre-terms of Lin®(K), where the sequence of
variables has the same length as the sequence of prime arities m for the action

a:m —n.
DEFINITION 6.3.1 (THE TRANSLATION (_)T)

We define the translation over the structure of actions as follows:

(7,idn) = @(y1 .. . y) (where m =1y ...1,)
(7,a-b)" = let @i be (7,a)! in (7,b)f
—

a)' @ (7,b)" (where ¥ = y1 ...y, and a:ly. ..l — n)

= K((gl)(ghal)T s (?jr)(?jr,ar)TJY)

where the ¢ and y; for all ¢ are fresh in each clause.
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We can now easily show by induction over the structure of actions the following

lemma:

LEMMA 6.3.2
Given an action a : m — n with free names & such that |Z| = p, we have that

Z:p; g:f% (¢,a)":n in LinA(K), where 4 = y; ...y, and m = =1 ...1.

Further, we can show that this map translates equalities between terms in
AC(K) to equality judgements of Lin®(K). In order to do this we first prove an

easy lemma.

LEMMA 6.3.3
Given an action a:m — n with free names # such that |Z| = p and where

m=1= ly...l., we have that:
T, 20 F let ©F be ®Zin (7,a)" = (Z,a)
LEMMA 6.3.4 (SOUNDNESS)

Given action a:m — n and b:m — n, whose free names are included in 7 such
that || = p, we have that if @ = b in the theory of AC(K),

Z:p il F (,a) = (7,0)in
where y =y, ...y, and m =1y ...1l,.

Proof We prove this simply by considering each axiomatic equality of AC(K),
since the congruence, symmetry, transitivity and reflexivity rules of AC(K) are
duplicated in LinA(K). For brevity we will write (i, a)" as a; from now on, and

we assume that in all the clauses below I' = z:p.
A1) In this case, we need to show the equality

;41 Flet @7 be a; in let ®y" be b; in c;/
= let ®y" be (let ®y be a; in b;) in c;/:n’

However, this is one of the output-naturality equalities for this operator.
A2) In this case, we need to show the equality:
U0+ let ®F be a; in @y = a;:n

which is clearly just one of the n-equalities we have given for this type-

theory.
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A3) In this case, we need to show the equality:
T h: 00, Ga:ls Hlet ®y; be ajjl in b;l ® let @y be C;Q in d;é
= let @Yy} be ajjl ® cij in b;l ® d;é:@(n’lng)

which holds via a use of ® — 3 and some commuting conversions which are

due to output naturality.
A4) In this case, we need to show the equality:
Sl il B (9F) @ (9F) = @ifih:@(hl)
but this follows from our tensor equality.

A5) In this case we need to show the equality:

Dyl ocle, il F aly, @ (bf, ® ) = (af, @ b)) @ cl, :@(ninans)
But again this follows directly from our tensor equality.
A6) In this case, we need to show the equality:
;0 + a;@) (®e) = a;:n

and its symmetric variant. However, these again follow from our tensor

equality.

¢1) In this case we need to show the the equality:
i b, g+ 1o - let @3/, be (23)) @ (®4) in bl, @ al, = al, @bl : @(nino)
which is true via the a-conversion result lemma 6.3.3.

¢2) In this case, we need to show the equality:

U:ifv:lh, ol 013 H(®03) © (i) =

let @i11355 be (®71) ® (Rzd2) in (Ri31;) @ (Dify): @ (I3l112)

which is true by virtue of the tensor equality, the ® — F-equality and our

result on a-conversion lemma 6.3.3.

¢3) In this case we need to show the equality:

—

S @) = @F:l

which is true by definition since ¢ is the empty sequence.
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C4) In this case we need to show the equality:
S, gl b let ©F47; be @i in @77 = @i ©(hl:)
which follows by ® — § and our a-conversion result lemma 6.3.3.

o) In this case we need to show the equality:
T, y:p; Z:0 F let ©2"7 be y ® (®7) in let x be 2" in al, = al{y/z}:n
which follows by ® — 8, F' — 8 and our a-conversion result lemma 6.3.3.

) In this case we need to show the equality:

T;y:p,7:0F let 2 be v in let ®2'Z be z @ ¢ in al,. = a; n

1z y~:

which follows by ® — (3, cc — 4, F — n and an instance of linear naturality,

using our a-conversion result lemma 6.3.3. 0

Type Theory to Action Calculi

We now give a translation which maps the type theory Lin*(K) to the action
calculus AC(K). In contrast to the previous translations, we proceed in this case

by defining an action corresponding to each I'; A term.

DEFINITION 6.3.5 (THE TRANSLATION (_)¥)
We define the translation (_)* on I'; A-terms of Lin”(K) as follows, where we write

(v)fﬂ;A for the action which is the image of the I'; A-term v.

(',L')%‘,x:p,f‘/;_ = <.’L'>
(',L')%‘;ac:m = idm

(Iet z:p be v in w)%‘;A = PErma A A, - ((U)%‘;Al ® id®|A2|) ' (',L')(w)‘it—‘,l’:p,AQ
(K((glzll)ful ce (gr:lT)/UTW fu_j))%‘,A = MPEermaA;..A; - ((wl)%‘;Al ®...Q (ws)%‘;AS) '

K((w)? oo (0)h o

sYrt )
(®(v1...0:))ka = mpermaa,.a, - (01)fa, @ ... @ (V1)fa,)
(let @F:m be v in w)f.x = perma a,.a, - (idejay ® (V)iva,) - (W), s

where firstly, perma a,.a, is the canonical action with arity ®|A| — (®|A1]) ®
(®|As]), where A = Aj#A, and Ay and A, are uniquely determined from the

derivation of the terms v and w, and secondly mperma a,..a, is the multiary

T

version.
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We now show that this translation is sound with respect to equality judge-
ments I'; A v = w:n in Lin®(K). This is done by induction over the structure
of equality judgements, but by familiar arguments we need only show it for the

axiomatic equalities of Lin®(K). First we prove a substitution lemma.

LEMMA 6.3.6
Given that I'; Ay Fv:m and I'; Ao, y:m = w:n, we have that:

(wlv/yhia = permass,a, - (iday ® (V)ra,) - (W), yom

where A = A1#As.

LEMMA 6.3.7 (SOUNDNESS)
Given an equality judgement I'; A F v = w:m of Lin?(K), we have that the
actions (a)fﬂ;A and (b)fﬂ;A are equal in the theory AC.

Proof This is proved by induction over the structure of equality judgements,
but by familiar arguments we need only show it for the axiomatic equalities of
LinA(K). Considering firstly the axiomatic equalities common to all the type-

theories Lin(Q), we have:

F — (By) In this case we need to show the equality between actions:

perma, _a - ((y)%‘,y:p,f‘/;_ ® id®|A|) ' (.’L’) (w)%‘,y:p,F/,m:p;A = (U{x/y})%‘,y:p,F/;A
This is a direct consequence of the ¢ axiom of the action calculus, given the

fact that the permutation perma _ a is just the identity.

F —n) In this case we need to show the equality between actions:

((/U)%‘;A ® idé‘) : (.’L’) (',L')%‘,ac:p;_ = (U)%‘;A
But this follows directly as an instance of the ¢ equality.

cc’s) In the case of the cc’s (1-4) and cc-5 for the linearly natural operators
® and let — ®, the equalities are preserved by properties of tensor and

composition.
Now, considering the axiomatic equalities in the set A?, we have:

1. Considering the ® —( equality, we need to show the equality between actions

PermA,Az,A/‘(idQ@IAzl ® (PermA/,A;,Ag : (wl)fﬂ;A/l ® (w2)fﬂ;A/1)) ’ (U)%‘;Ag,f:ﬁ,g:ﬁ/ =

permA’A//’A/l . (id|A/| X (wl)i;A/l) . permA//’(AQ’fﬁ)’A/Q
’ (idlAz,f:ﬁzl ® (w2)fﬂ;A/2) : (U)i[“;Ag,f:rﬁ,y:rﬁ/
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where A” is the unique sequence of typings satisfying A = A”#A}. This
is true by virtue of tensor and composition properties, and the definition of

perm.
2. Considering the ® —n equality, we need to show the equality between terms:
perma _a - (id: ® (U)i[“;A) “idgm = (U)i[“;A
which is clear since perma _a = idja|.

3. Considering the ® — 1 equality, the appropriate equality holds by virtue of

the uniqueness of the multi-permutation action mperm.

4. Considering the ® — 2 equality, we need to show the equality on actions;

Mperma A - (/U)%‘;A = (/U)%‘;A

which clearly holds since by uniqueness mperma o must be the identity.

5. Considering the let —n equality, we need to show the following equality on
actions.
perma,ay ar-(idja,) ® (Permarag aq - (idjag @ (V)far - (W)fas )
) (w)%‘;Al,y:m/ =
Perma A Ay - (idjar @ (U/)fm/l) CPerM(Ar gm) Ay (AL, E7)
-(idjay ® (w/)i[“;A/Q,f:ﬁz) : (w)%‘;Al,y:m/
where A” is the unique sequence of typings satisfying A = A”#A]. This

clearly holds using the substitution lemma 6.3.6.

Hence we have completed the proof. 0]

The Translations are Inverse

We can now show that these two translations make an inverse pair.

LEMMA 6.3.8 (INVERSE PAIR)
The translations (_)" and (_)* are inverse up to provable equality, in the sense
that for any action a:m — n of AC(K) having free names & where m =13 ...1,,
y=1wyi...y and |Z| = p,

(@)=

7R
holds in the equational theory AC, and for any I'; A-term v of Lin*(K) we have
the equality judgement:
DAF (0)ha)) = vin

Y

where n is the unique type ascribed to v in the context I'; A and A = ¢:m.
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Proof We prove this as before by induction over the structure of actions and
terms. Assume in the following that [' = Z:p. Firstly, considering actions a:

m — n, we have:

Identity In this case we have that:

= m._
mperm_.

F )y id, ® ... ®1id;,

= _;ﬁ:f
but this is clearly equal to idj.

Composition In this case, we have that:

(0 D} = (et @7 be (@)} in (L)),
_ T\i T\t
- permgf_ﬁf ((a)ﬁ)Fgf ((b)gj’)ngrﬁ
but by induction we have that this is equal to a - b.
Tensor In this case we have that:
T 3 _ T T\t
(@@ b)55)r g0 o, = (D5 @ O )7
_ Y T
= perma iy i, (@) 7 @ ((@g )1
but again by induction this is the identity.
Permutation In this case we have that:
LT 3 _ = o\
((p 1 2)§1y2)_;52;2 fiily (®y2y1)— Jo:la, 1l

but by uniqueness Perm iy in s is just py 7.

Abstraction In this case we have that:

(@ )a)hp);

e (let 2’ be 3/ in (a);)It

Dy :q,5:0
I

- perm(y/5Qvg5lj(y/5Q)1gif. (idq ® idf)d@?" : .(x/)((a);)F,m/:q;ﬁ:f

but by induction this is equal to (z')a.

Datum In this case we have that:

(@)D = (@) = (@)
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Control In this case we have:

(K- a )ik o = (K@) @)l - (@) (@) 9
= mperm( = . (idll ®X...Q idls) .
(

)yl
K@) o

But again this is by induction just K(a; ...a,).

For the second part, we prove the result over the structure of the unique

derivation of the I'; A term.

I-Ax In this case we have:

(@) g L = (@) =2

and so the appropriate equality judgement is easy by reflexivity.

L-Ax In this case we have:

(('r)%‘,ml)jn = (idl)l =
and so the appropriate equality judgement is easy by reflexivity.

F-Rule In this case we have:

((let P be v in w)f";A);ng
— (permA,Az,A1 : (id|A2| X (U)%‘;AJ ' ('T) (w)%‘,m:p;Az);ﬁ

= let @4y, be i in let @y, 2 be Ry ® ((U)fﬂ;m)jjl in let x be z in ((w)};AQ);Q/
and the required equality judgement is obtainable by induction using ® —n,
® — 3 and cc equalities.

Control In this case we have:

(K(@:l)vr - (3 2)va, ) a)ly
= (mpermarag..ar - (W) ar @0 ® (Wo)iay) - K(01)Ea, - (0)1a,))p
= let ®@Z1...Z, be §f in let ®' be ((wi)fa )l @ .. @ (wo)fa)ly

in K(@) ((0)fa,)h; - (@) (04,5 2)

and the required equality can again be obtained by induction using ® — (3,

® — n and cc equalities.
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Tensor-Intro In this case, we have:

(@01 vl = (mpermaa, a, - (01)fia, @ @ (V)7
= let ®Fi1...9, be 7 in (v1)fa, )l ® ... (o)}

—

g

4

N

Nt
g —

and by induction using ® — ( and our a-conversion result lemma 6.3.3 the

required equality can be deduced.

Tensor-Elim In this case, we have:

((let @y:m be v in w)fﬂ;A/);

= (permarag.a,  (idajay ® (V)iva,) + (W)Eay i) b

and the required equality can again be obtained by induction using ® — (3,

® —n and cc equalities.

6.4 Extensions

We now present three extensions of action calculi, which add functional or higher-
order behaviour to the basic action calculi. Essentially, these work by adding
certain higher-order operators to the standard definition of action calculi, and
certain axiomatic equalities on them to the theory of action calculi. This idea
was first introduced by Milner in [Mil94b], where he extends the action calculus
by adding an abstraction operator and an application operator similar to the ab-
straction and application of the A-calculus. The first higher-order action calculus
we present is just this one as amended by Hasegawa [HG], generalised to allow
linear and intuitionistic primes in the same way as we have generalised Milner’s

action calculi.

DEFINITION 6.4.1 (HIGHER-ORDER ACTION CALCULUS)
Given a signature K = (P, P, K), the higher-order action calculus AC. (K) is

given by extending the definition of generalised action calculi as follows:

1. the derived sets P7 and P7 of primes and the set M= of arities are con-

structed from the following abstract grammars:
set of intuitionistic primes P77 pu=peP;|m=m

set of linear primes P7 l:=1ePr|pePTy
set of arities M~ mu=lePy |m@ml|e
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2. the terms of AC_, (K) are generated by the rules in definition 6.1.3, plus the

rules

a:m—mn

ap:(m=n)®@m—n
Aa:e —>m=n P )
3. the equational theory of AC. is that generated from the axioms in defini-

tion 6.1.4, plus the axioms

((Aa) @idy) -ap = a ©)
A(((z) @idy,) - ap) = (z) (nv)
(Ma) @id) - (2)b = b{A(a) /() } (o)

The action calculus AC. (K) is the quotient of the terms by the equality.

Extensionality The amendment made by Hasegawa [HG| to Milner’s original
definition is the addition of a ny-equality similar to that given here in the case of
Milner’s action calculi. If we say that the n-equality for an action a : ¢ — (n = m)
is the equality

AM(e®id,,) -ap) = a

then in AC. (K) we can derive n-equalities for any copyable action of AC (K),
and in fact the converse is true. We can read this as saying that the functional
structure is extensional over copyable actions, which we might regard as the
intuitionistic subsystem of the action calculus. We could ask what would happen
if we replaced ny by the n-equality for all actions a of the appropriate arities.
In [Mil94b], Milner points out that this addition collapses the structure of action
calculi by making it simply that of a cartesian closed category. We can see this in
the syntax since if we add the 7 rule in general, then all actions of the appropriate
arity would become copyable and hence fall into the intuitionistic subsystem, so
that this subsystem would then be the whole system.

We now present two systems based on a linear decomposition of the arrow
constructor in the previous system. The first of these has just the X operator,
which corresponds to the ! of linear logic, and which acts as a ‘coding’ operator
in this setting. This was discovered independently by the author and Masahito

Hasegawa.

DEFINITION 6.4.2 (AcTION CALCULUS WITH CODE)
Given a signature K = (P, P, K), the action calculus with code ACgx(K) is given

by extending the definition of action calculi as follows:
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1. the sets P and P¥ of intuitionistic and linear primes and the set M® of

arities are constructed from the following abstract grammars:

set of intuitionistic primes P® p::=p € P;| X (m)
set of linear primes P% l:=1€Py|peP¥
set of arities M® m:=1eP¥ | mam|e

2. the terms of ACg(K) are generated by the rules in definition 6.1.3, plus the

rules

a:e—m

decode : X
code(a) : ¢ — X(m) ecode : M(m) — m

3. the equational theory of ACg is that generated from the axioms in defini-

tion 6.1.4, plus the axioms

code(a) - decode = a (3)
code((x) - decode) = (x) (n)
(code(a) ®id) - (x)b = b{code(a)/(x)} (o)

The action calculus ACx(K) is the quotient of the terms by the equality.

Secondly, we introduce a system which extends ACgx(K) by adding the linear

function type, with abstraction and application operators.

DEFINITION 6.4.3 (LINEAR HIGHER-ORDER ACTION CALCULUS)
Given a signature K = (P, Py, K), the linear higher-order action calculus ACx _ (K)

is given by extending the definition of action calculi as follows:

1. the sets P; and Py, of intuitionistic and linear primes and the set M®= of

arities are constructed as follows:

set of intuitionistic primes P p:=p e P;| K (m)
set of linear primes P7™° lu=1lePr|peP, ™ |l—n
set of arities M® ™ mu=1€PP™ |mam|e

2. the terms of ACx _(K) are generated by the rules in definition 6.1.3 and
definition 6.4.2, plus the rules

a:-m®IL—n

N m n)wherelePL ap, i (l —on)®l—n
L - -
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3. the equational theory ACg _, is the set of equations upon terms generated

from the axioms in definitions 6.1.4 and 6.4.2, plus the axioms

((Xa) ®id,) - ap), = a (8)
X ((a®id,)-apy) =a (n)
M ((z)a) = (2)(ALa) where a :m @ p —n (ce)

M (a®id, - b) =a- (ALb) (ce)

where a:m —nandb:n®p —n’
The action calculus ACg _,(K) is the quotient of the terms by the equality.

Extensionality Revisited We note that in contrast to the situation with the
extended action calculus AC (K), the n-equality holds in the system ACyg _(K)
for all actions of the appropriate arity. However, the structure does not collapse
to that of a CCC in the case of ACg —(K) since it is no longer possible to prove
that any action for which the n-equality holds is copyable. Hence this theory
provides an account of extensional functions at a linear level.

We can extend the definition of the linear arrow type to arbitrary arities.
Given an arity m = [y ...[,, define on arities m —on =1; —o (... (I, — n)..), and
on actions A7 (a) = A (... A (a)..) and apy* = (ap} ®id;,®...1,)-...-apy. Note
that this definition makes ¢ —o m = m, and correspondingly on term constructs

makes A5 (a) = a and apj = id.

Relating the Extensions

Having presented these extensions, we can give some relationships between them.
It is clear firstly that there are trivial embeddings ; : AC(K) — ACx(K) and
t2 : ACx(K) — ACg,—(K). However, there also exist translations ¢3 : ACgx(K) —
AC. (K) and ¢4 : ACL(K) — ACg,—(K).

DEFINITION 6.4.4 (THE TRANSLATION ¢3)
Define the translation ¢z : ACg(K) — ACL(K) as the obvious embedding on

shared constructs, augmented with:

5(R(m)) = (¢ = m)

t3(code(a)) = A(t3(a))

t3(decode) = ap
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DEFINITION 6.4.5 (THE TRANSLATION 4)
Define the translation ¢4 : ACL (K) — ACx —(K) as the obvious embedding on

shared constructs, augmented with:

ta(m = n) =X(m —o n)

ta(A(a)) = code(A]'(t4(a))) where a : m —n

t4(ap) = decode ® id - ap

AC(K)

i)
\ Lo

AC_(K) — ACg,_(K)

lg

Figure 6.1: Translations between AC(K) and its extensions

We summarise the translations in figure 6.1. It can easily be shown that the

triangle at the bottom of this diagram commutes up to equality in ACg — (K).

Extending Lin?(K)

We now extend our generalised linear type-theory Lin®(K) to provide type-theories
corresponding to the extended action calculi defined previously. We introduce

some notation for these definitions, where E denotes any extension from X, — or
X, —o:

e When we say that an operator set OﬁE contains all control operators we

will mean that it contains every operator Ok of O%.

e When we say that an operator set OﬁE contains all @%

for all my...m, €

operators we will
mean that it contains instances of the operator ®§Z1

AE
MA®.

My
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e When we say that an operator set OﬁE contains all @

mi...Mp

operators

we will mean that it contains instances of every operator in the output-
L

mi...Mp

parameterised set ® for all m; ...m, € M/EE.

e When we say that an axiom set A”" contains all l-equalities, for some
identifying label [, we will mean that contains every well-formed equality

having the form of the equality [ in the typing system LinA(QF).

DEFINITION 6.4.6 (THE TyPE THEORY LIN*™ (K))
We define the type theory Lin®” (K) over a signature K = (P;, Pz, K) as the
type theory LNat(QA”, AA7) where QA = (M}™,M}7, O}, ©}7) and we define

these objects as follows:

e The set M} is the set of singleton sequences of elements of P7".

o The set M} is the set of sequences of elements of P7.

R

mi...Mmp

e The set O} contains all control operators, all ® operators and all

L
®m1...mr

operators and also:
1. For each m and n in M}, an operator A,,,, of arity:
Gm)n_;
(;)ym=n
We will write the general operator application A, ,((;2z)v;)(;) in the
form \z:m.v.

2. For each m and n in Mé& an operator ap of arity:

)

(; (m = n),m)n

We will write ap(;)(; vw) in the familiar way as vw.

e The set O} is the subset of O%~ containing for each m and n the operator

A
e The set A*™ contains all ® — 3,®@ — 1, ® — 1 and ® — 2 equalities and also:
1. All well formed equality judgements of the form:
A=0) A F (Azv)w = v{w/z}:m
2. All well formed equality judgements of the form:

A=nv) Dyym=n;_F Xx.(yr) =ym=n
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3. All the equality judgements in the sets ONat(QA™, ®% ), for any

mi...Mmp

my...Mmy.

DEFINITION 6.4.7 (THE TyPE THEORY LINA® (K))
We define the type theory LinA™ (K) over a signature K = (P, P, ) as the type
theory LNat(QA", AA") where QA" = (MA™ MA® OA% OA%) and we define these

objects as follows:

e The set M/}& is the set of singleton sequences of elements of P%.

e The set Mﬁ& is the set of sequences of elements of P¥.

e The set Oﬁ& contains all control operators, all ®§Z1_"W operators and all
®717111...m,« operators and also:

1. For each m € Mﬁ& an operator code,, of arity:

We will write the general operator application code,, ((; )v;)(; ) as code(v).

2. For each m € Mﬁ& an operator decode,, of arity:
(; B(m))m
We will write the general operator application decode,,(; )(; v) as decode(v).
e The set O*™ is the subset of O2" containing for cach m the code,, operator.
e The set AA" contains all @ — 0,®—n,®—1and ® — 2 equalities and also:
1. All well formed equality judgements of the form:
(X — ) T'; - decode(code(v)) = v:m
2. All well formed equality judgements of the form:
(X —n) T'; - code(decode(z)) = z:X(m)
3. All equality judgements in the sets ONat(QA”, ®L o), forallmy ... .m,.
DEFINITION 6.4.8 (THE TYPE THEORY LINA"(K))
We define the type theory LinA&’*(K) over a signature K = (P, P, K) as the
type theory LNat(QA™ ™ AA™™) where QAT ™ = (MAT™ MAT™ OAT™ OA®™)

and we define these objects as follows:
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e The set M?&ﬂ is the set of singleton sequences of elements of P, .

e The set MA™ ™ is the set of sequences of elements of P%™.

R

mi...Mp

e The set Oﬁ&* contains all control operators, all ® operators and all

L
®m1...mr

operators and also:

1. For each m € Mﬁ& an operator code,, of arity:

We will write the general operator application code,, ((; )v;)(; ) as code(v).

2. For each m € Mﬁ& an operator decode,, of arity:

(; B(m))m

We will write the general operator application decode,,(; )(; v) as decode(v).

3. For each [ € P%’_c’ and each n € Mﬁ&’w, an operator /\{jn of arity:

; (GDn
() —on

We will write the general operator application Af,(; (;2)v)(;) as Ala:

L.

4. For each [ € PA"™ and n € MA" an operator apf, of arity:

Y

(1, (I —emn))n
We will write apf’, (;)(; vw) as vw.

e The set O?&ﬂ is the subset of Oﬁ&ﬂ containing just the code,, operators

for each m € MA™ ™.

e The set AA™™ contains all Q-3 -1 -1, 2K —Fand X —n

equalities and also:
1. All well formed equality judgements of the form:
A=0) T'AF (Azv)w =v{w/z}:m
2. All well formed equality judgements of the form:

A=—n) T;AF Az (ve) =vil —on
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3. All equality judgements in the sets ONat(QA™ ™, ®L ) formy...m, €
M.

We can see that the embeddings and translations ¢; ... ¢4 induce similar em-
beddings and translations amongst our extended type theories. We overload
notation to call these ¢y ...¢4 as well.

We can extend our functions (_)7 and (_)* to relate each extended action
calculus with its corresponding type theory. Here, we just summarise all of these
translations together by giving their definitions on the various arity and term

constructs.

DEFINITION 6.4.9 (THE EXTENDED TRANSLATION (_)T)

We define the translation (_)" on the various extended action calculi as follows:

(7, M(a))" = \z.(let @i be z in (27, a)")
(Y192, ap)T = Y2

(¢,code(a))" = code((e,a)")
(y, decode)’ = decode(y)

(7. X,(a))" = Apz.(7z, )

(91927 fﬂlplL)Jr = Y192

DEFINITION 6.4.10 (THE EXTENDED TRANSLATION (_)¥)
We define the translation (1)* on the various type theories corresponding to ex-

tended action calculi as follows:

(Az:m.v)h = Av)!

Ieim

(vw)fa = permaa, a, - (V)Ea, ® (W)ia,) - ap

(code(v))}_ = code((v)i,_)

(decode(v))fﬂ;A = (v)fﬂ;A - decode

()\.TIZ.U)%A = /\ZL(U)%‘;A,;U:Z
(vw)f.a = permaa, a, - (0)f.a, ® (Wia,) - 2P,

We can now easily extend our results on the basic translations to these exten-

sions.
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LEMMA 6.4.11 (THE EXTENDED TRANSLATIONS)

The extended translations ()" and (_)* make AC., (K) and Lin”” (K) isomorphic,
they make ACg(K) and LinA"(K) isomorphic, and they make ACg _(K) and
LinA™ ™ (K) isomorphic.

6.5 Semantics

Since the theory of action calculi itself is a relatively recent development, there
is less work on the semantics of action calculi than on that of ILL. A semantics
was first given in the form of control structures [MMP95], which are symmet-
ric monoidal categories with abstractors to represent the name-structure. A
fibrational equivalent not requiring naming structure was given by Hermida and
Power [HP95]. Then this was proved equivalent by Power to an alternative for-
mulation using an adjunction [Pow96]. These models were used as the basis for
the models of Gardner et al. [HG, BGHP97], and in this section we will use this
definition. In the higher-order case, there has been less work, but definitions of
models have been given [HG, BGHP97], which we will use in the following.

In this section, we will say “Lin”(K)-model” to mean “output-natural-in-
QL ~for-all-r, m; ... m, Lin®(K)-model”.

mi...Mmp

The Basic Case

Since we are not using precisely the original definition of action calculi, we will
need to recast the definition of [HG] slightly, to take account of our linear prime
arities.

The carrier of an action modelis a triple (C, S, F'), where C is a strict cartesian
closed category, S is a symmetric monoidal closed category, and F': C — S is an

injective-on-objects strict symmetric monoidal functor.

DEFINITION 6.5.1 (AcTION MODEL)
Action models over an action calculus signature K, ranged over by A. .., are given

by a carrier (C, S, F') supplemented with:

e a function []Jp, : Py — obj(C) and a function []p, : Pr — obj(S) such that
for p € P, we have [p]p, = [p]p, in S,

e for each control K with arity ((miy,n1),...,(m,,n,)) — (m,n) we have a
natural transformation

[KTx: IT SFQ @ [mal, [na]), S(F () @ [ml], [n])

i=1...1r
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under the obvious interpretation of arities into & given by
[lh... 0] =] - .- [i])

Now this definition is very reminiscent of our definition of models for our

general linear logic. We can in fact prove:

LEMMA 6.5.2

Every action model gives rise to a Lin®(IK)-model.

Proof This is easily shown; given an action model A, we will construct a
LinA(K)-model G4. Firstly, the carrier of G# is exactly the carrier of A. The
interpretation of intuitionistic prime arities in M; is exactly the interpretation of
P; given by A, since the two sets are the same, and the interpretation on elements
of My, which are sequences of elements of P, is simply given by the strict tensor
of the the interpretations of the elements of P, using the interpretation function
from A. Finally, the interpretation of the operators corresponding to the controls
is exactly the interpretation of the controls themselves, and the interpretation of
the ®% and ®%-operators is given in the obvious way using the tensor structure
on the s.m.c. O

We can also define action morphisms:

DEFINITION 6.5.3 (ACTION MORPHISMS)

An action morphism over an action calculus signature K, F : A — A’ between
two action models A and A" having carriers (C, S, F') and (C', S’, F') respectively
is a pair (F¢:C — C', Fs:S — &') of morphisms such that:

e Fe is strict cartesian and Fg is strict symmetric monoidal,

e the following diagram commutes:

F
C S
Fe Fs
F/
c’ S’

o Fe(lJp,) = LI#, : Pr — obj(C),

o Fs([18) =8 : PL — obj(s"),
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e for every control K with arity ((mi,n1),...,(ms,n.)) — (m,n) from the
signature K, and for every element X of C and morphisms of S f; : F(X)®

[m;] — [ni] for i =1...r, we have:
Fs(IKIRX) (1, f) = [KIE (Fe(XD(Fs(fr), - Fs(fr)

Given this definition, we have:

LEMMA 6.5.4

Any action morphism F gives rise to a Lin®(K)-morphism.

It is easy to check the necessary conditions, which are very close to those of
the definition of Lin*(K)-morphism.

We can now define the category Catac(K) of small action models and morph-
isms over a signature K. Further, call the category of small Lin(K)-models
and Lin*(K)-morphisms Catyj,a(K). From our results, we can see that we have a
functor Catac(K) — Catpina(K).

It is clear that a general Lin®(K)-model may fail to be an action model, firstly
because the functor F' of the carrier may well not be injective on objects. We can,

however, use a result of Power and Robinson [PR94], in the intuitionistic case.

LEMMA 6.5.5
For an intuitionistic action calculus signature K, any Lin(K)-model gives rise to

an action model.

Proof Given a Lin?(K)-model G, we will construct an action model A9. First
note that by section 5, corollary 5.1 of [PR94] given that the carrier G is (C, S, F'),
we have a strict symmetric monoidal category &', an identity-on-objects functor
Fy:C — & and a fully faithful functor F3 : 8" — S, such that F' = F}; F5. These
are unique up to unique isomorphism. Take the carrier of A9 to be (C,S’, F}).
Then take the interpretation on intuitionistic prime arities to be [_]m, : Pr —
obj(C) of G. Take the interpretation on linear prime arities (which because the
signature is intuitionistic are precisely the same as the intuitionistic prime arities)

to be given
[r. = Fa([m,) : Pr — obj(S")

Now note that using the natural transformations present in S that

[p®...@pm, =[m]®...&[p]

Using these isomorphisms, and the full faithfulness of F,, we can obtain natural

transformations interpreting the controls over the carrier. 0
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The Higher-Order Case

We now consider the case of Milner’s higher-order extension of an action calculus,
AC. (K). Again, we slightly adapt the definition given in [HG] to take account of

our linear prime arities.

DEFINITION 6.5.6 (HIGHER-ORDER ACTION MODEL)

Higher-order action models over an action calculus signature K, again ranged over
by A..., are action models over K such that the functor F'(_) ® X : C — S has
a right adjoint X = _: S — C, where the interpretation []p, : P; — obj(C) is
extended by saying that [m = n]p, = [m]e, = [n]p,.

We can now prove

LEMMA 6.5.7

Each higher-order action model gives rise to a Lin®~ (K)-model.

Proof This is quite easy to show since we know that the higher-order action
model is in fact an action model over signature K, and hence we know that it
gives rise to a Lin”(K)-model. However, this Lin®(K)-model has the required
interpretation of the new intuitionistic prime arities of LinA” (K) by virtue of
the functor =, and the abstraction and application are interpreted using natural

transformations existing because of the adjunction. 0

DEFINITION 6.5.8 (HIGHER-ORDER ACTION MORPHISM)

A higher-order action morphism over an action calculus signature K, 7 : A — A’
between two higher-order action calculus models A and A’ is an action morphism
(Fe, Fs) such that functors per-serve the functor = and the adjunction (which

is to say that the following diagrams commute):

X _

S ~- .C
Fs Fe
S’ c’
Fe (X) =

146



Fs Fe

S'(Fs(F(X) @ Y1), Fs(¥2)) C'(Fe(X), Fe(1 = Y2))

S'(F'Fe(X) @ Fs(Y1), Fs(Yz)) o C'(Fe(X), Fs(V1) =" Fs(Y2))

As before, we have:

LEMMA 6.5.9

Any higher-order action morphism gives rise to a Lin»” (K)-morphism.

Proof The underlying action morphism gives rise to a Lin®(K)-morphism, and
this is seen also to preserve the added structure of Lin®~ (K) since it preserves the
adjunction which underlies that structure. 0]

Now we can define the category of small higher-order action models and
morphisms, written Catac=(K), and the category of small LinA” (K)-models and
morphisms, written Cat} 1 (K). We then have a functor Catac= (K) — Cat A (K)
as before, but we also have the obvious forgetful reducts Catac= (K) — Catac(K)
and Cat} A (K) — Catjpa(K).

Following the definition of higher-order action models for Milner’s higher-
order action calculus AC (K), we could define models for ACgx(K), based on the
functor F" having an adjoint, and for ACg,—(K), based on F" having an adjoint and
S being strict symmetric monoidal closed. Then results analogous to those above
relating ACg(KK)-models and LinA" (K)-models and morphisms, and ACg _, (K)-
models and LinA™™ (K)-models and morphisms would hold. This development is
pursued in [BGHP97], and the reader is referred there for the details. However, we
prefer to develop a more uniform account of higher-order behaviour in the context

of our generalised linear type-theory. This we will give in the next chapter.
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Chapter 7

Higher-Order Type Theories

In this chapter we give a general higher-order (functional) version of our general-
ised linear type-theory. We see how any generalised linear type-theory gives rise
to a higher order extension, and show that the embedding of the original theory
into the higher-order extension is conservative, using a semantic argument. We
consider some consequences of this for our case study in action calculi.

Then, we introduce a higher-order type-theory which is isomorphic to our type
theory DILL(C), hence showing that the notion of higher-order extension which

we have given is well founded.

7.1 Higher-Order Type Theories

It will be the case that a higher-order generalised linear type-theory (which hence-
forth we will call just a higher-order type-theory) is an instance of a generalised
type-theory with certain higher-order operators and axioms. We will need to give
a generalised signature for this instance.

First, given type-sets M; and My, define the higher-order type sets MY and

MH as follows, inductively:

QeMY :=Q e M;|!A (for AecMH)
AcMli=AecM, | T|A®A|A—-AllA

We can now define a higher-order signature, which is essentially a signature
in which the operators may use higher-order types over the primitive types given

in the signature.

DEFINITION 7.1.1 (HIGHER-ORDER SIGNATURE)
Define a higher-order signature, ranged over by H, to be a quadruple (M, My, O, Op)

such that (MY MH O; Or) is a generalised signature.
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Now, given a higher-order signature (M;, My, Oy, Op), define the higher-order

operator sets O and O as follows, again inductively:

OE(’)I}':::OEO[“

0O :=0e0,|I7|I}| ®§,B | ®,14,B—C | AaB | apas | la]ia
for A, B,C € MY, where:
e the operator 17 is a constant with arity I,

e the output-parameterised set of operators I” have arity:

;o ()0
G-

e for cach A and B, the operator ®% 5 has arity:

; ()A ()B
;)A® B

e for each A and B, the output-parameterised set of operators ®ﬁ’ g has arity:

;. GAB)()
;A®DB)(.)

e for each A and B, the operator \4 p has arity:

; (A)B
(;j)A— B

e for each A and B, the operator ap4 g has arity:

Y

(;A,A— B)B

e for each A, the operator !4 has arity:

e for each A, the operator iy has arity:

Y

(;1A)A
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From now on, we will use standard abbreviations for these operators as follows:

* for I%

let * be v in w for Ij(;() )(;v)

w v for @4 5 (; Ow, (v

let 1@y : A® B bevinwfor @55 ((;
Ax:Aw for Aap(;(Gz:A

)0

z: A, y:B)w)(;v)
Jv)()
vw for apa p(;)(; v, w)
tv for T4(v;)(

iv for ia(;)(;v)

)
)

We will write O for the generalised signature (MY, MY OH O where H is
the higher-order signature (M;, My, O, Oyp).
Now we can define the higher-order typing-system.

DEFINITION 7.1.2 (HIGHER-ORDER TYPING SYSTEM )
The higher-order typing system over a higher-order signature H, which we will

write Lin"(IH), is just the generalised linear typing system Lin(Q%).

Say that a higher order axiom set is just an axiom set A over the higher-order

typing system Lin"(H).

DEFINITION 7.1.3 (BAsic HIGHER-ORDER AXIOM SET)

Define the basic higher order aziom set A™ over a higher-order signature H to
be the axiom set containing the equality judgements in the sets ONat(Q, I)
and ONat(Q¥, ®ﬁ’3) for all A, B € M, and every instance for types of H of the

equality judgements:

B n

I AR let x be xinv=10v:A4 IAFlet x bevinsx=wv:1
AR let z®y be vy @vg in w=w{vy,ve/z,y}:A T;AkFletz®@ybevinz®y: AR B
AR (Azo)w =w{v/z}:A AR Az (ve):A— B

I _Fi(lv) =v:A x A _Fl(iz) =z 1A
We are now in a position to define the higher-order type-theory over a given

higher-order signature and axiom set.
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DEFINITION 7.1.4 (HIGHER-ORDER TYPE-THEORY)

Given a higher-order signature H and a higher-order axiom set A, define the
higher-order type theory over H and A, written LinH(H, A), as the generalised
linear type-theory Lin(Q%, A U A®).

Derived Typing Rules

Given this definition, Lin™(H, A) has the following typing rules for its higher-order

operators:

AT Fvl T A w:A
|y [AFlet x bevinw:A

AT Fv:A T A Fw:B TiATFv:ARB T Aq,z:Ay:BE w:C

AR QwW:A® B AFlet z®y bewvinw:C
A 2:AFv:B AT FviA— B T Ay w:A
A" Azw:A— B A Rovw:B
I_FouA A"FolA
I _Fo:lA A Fi(v):A

where A = A1#As.

The Higher-Order Extension of Lin(Q, A)

Having defined higher-order type-theories, we can now show that we immediately
have a family of such things. Firstly, note that given any generalised signature
0 = (M;,Mp, 05, Or), we have another generalised signature (MY, MH O; Oy).
Therefore, O is itself a higher-order signature. Further, the embedding on pre-
terms in fact maps I'; A-terms of Lin(Q) to I'; A-terms of LinH(Q).

Now, note that if A is an axiom set over the generalised linear typing system
Lin(Q), then it is also one over the generalised typing system (MY MY O; Op).
Hence, it is itself a higher-order axiom set. We have, therefore, that LinH(Q, A) is
a higher-order type-theory, and we call this higher-order type-theory the higher-
order extension of the original type-theory. It follows easily that the embedding
on terms Lin(0,A) — Lin"(0,A) is sound; later in this chapter, we will use

semantic methods to demonstrate that it is also conservative.

Operators as Higher-Order Constants

One advantage of higher-order structure is that it allows us to code general oper-

ators as constants of higher types. Unfortunately, there is a slight problem with
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encoding operators in Oy, which arises since we need to make the image of any
instance of such an operator copyable in the higher-order type-theory. In general,
there is no way to give a constant encoding of the operator which will achieve

this without adding equalities to the system. However, we can prove a result:

LEMMA 7.1.5
The arbitrary linear type-theory Lin(QO, A) is equivalent to the linear type theory
Lin((M7,Mz,0,01), AUUpco, Int(Q, 0)), where Int(0, O) is defined as the set of

all equality judgements of the form

[y A Flet x be O(Z1;91)v1, -« (205 U ) v )() inw
= w{O((Z; g1)vr, - -, (T 5)or); ) ()2} A

in the typing system Lin(Q).

Proof This can be seen using the translations which are the identity on types
and terms in both directions. The only issue is whether these translations preserve
provable equality, but this is easily seen since in one direction we map an instance
of the F-rule for the operator O to an equality judgement in Int(Q, O), and in
the other direction we map an equality judgement in a set Int(Q, O) back to an
instance of the F' — (-axiom for the intuitionistic operator O. O]

This result assures us that any linear type-theory is equivalent to one with no
intuitionistic operators at the level of terms and provable equality.

Given a linear operator set Oy, define the operator constant set corresponding
to it, written O%, to be the set which contains for each operator O € O, having
arity:

— —

(@ A)B1, ... (GuA)B. 5 (QuADB;, ..., (QuA)B
(Q’//, A’//)B//

a constant cp with arity:

- =

(®i=1...(®Q:A; — B;)) ® (®j:1...s(®@}5§ — B))) — (9Q"A" — B")

J

where ®A is the standard left-bracketed tensor.

Now, given a higher-order signature H = (M, Mg, 0, Op), we can easily see
that (My, Mg, 0, O%) is another higher-order signature. Write LinHC(H) for the
higher-order typing system Lin™(M;, My, 0, O%).

Having made this definition, we can give a translation from Lin"(H) to Lin"¢ ()"
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DEFINITION 7.1.6 (THE TRANSLATION (_)Y)
Define the translation ()P from Lin"(H) to LinH¢(H) as the identity on types,

and on pre-terms as follows:

(2)” =2
(let z be v in w)” =let = be (v)P in (w)"
(O((fla gl)”l; R (fr; gr)vr; (flla y_¥1)w1> RN (f;? ?fs)ws)(U/S w/))\] =

=) —

co(®i=1..,/(\z.let @Ty; be z in let &; be T/ in (v;)")
® (@j=1..s(Az.let @'Y be z in let &} be Z7 in (w;)7)) (@(Tw)7)
This translation can be shown to take I'; A-terms of Lin"(H) to I'; A-terms of
Lin"C ().
Now, given a higher-order signature H = (M;, Mg, 0, Or), we can define the
generalised linear type theory Lin"C(H, A) to be the higher-order type-theory
Lin? (M7, M, 0, 0%), AP). Given this definition, the translation (_)P is sound.

7.2 Higher-Order Semantics

Having given our definition of higher-order type theories, we now need to consider
the semantics of such type-theories. Since every higher-order type theory is in
fact an instance of a generalised linear type theory, we already have a definition of
model for any higher-order signature. However, this inherited definition of model
is not ideal, for example because it requires us to give a primitive interpretation of
all the new higher-order types which exist in a general higher-order type-theory.
We would much prefer that these, and indeed the operators which exists in every
higher-order type theory, were interpreted into primitive structure already present
in the models in a standard way.

We can make such a definition by considering the semantics of DILL(C). It
is no coincidence that in fact many of the operators of the higher-order type
theory have typing rules very similar to those of DILL(C), or that the models
of DILL(C) which we defined were built on a carrier having a cartesian category
with a strong monoidal functor to a symmetric monoidal category, augmented
with extra structure. In fact, we will define models of higher-order type theories
using most of the structure of DILL(C)-models.

The carrier of a Lin™(H, A)-model is a quadruple (C, S, F,G) such that C is
a cartesian category, S is a symmetric monoidal closed category, F' : C — § is
strict monoidal and GG = F. Note that C need not necessarily be closed, and that

neither C nor S need be strict.
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Now, the carrier of a Lin"(H, A)-model easily yields a carrier for a Lin(Q, A)-

model, which we call the underlying carrier; simply take the triple (C, S, F') with

the strict cartesian structure on C given by the left-bracketed product, and the

strict symmetric monoidal structure on S given by the left-bracketed tensor, and

F' as before.

DEFINITION 7.2.1 (HIGHER-ORDER LINY(H)-INTERPRETATION)

A higher-order interpretation of the higher-order typing system Lin"(H), which
we write H, is a carrier (C, S, F, G) together with:

primitive interpretation functions [J{f : M; — obj(C) and []{f : My —
obj(S) such that for all Q € My, we have [Q} = F([Q]},)

for each operator O € Oy having arity

— —

(QuA)By, ..., (QuA)B, ; (QuANB, ..., (Q;A)B!
(@//, A’//)B//

a natural transformation

[018, :(xi=1..S(F(2) ® [Qs; Al [Bilfi, )
(%jm1.sS(F() @ [ ® () ® [4]7, [B]],)
— S(F(2) @ [Q"® (®)-1..5() ® [A'), [B'T,)

which is natural independently in each of the s + 1 arguments (=) and
(11),- -+, (zs), and where the interpretation []9 is extended to arbitrary

contexts in the obvious way, as given shortly,

for each operator O € Oy having arity

— —

(Q1; A)By, ..., (Qn;A)B;
()R

a natural transformation

[O1&, : Xiz1..r S(F(=) ® [@s; A9, [Bi,)
—C(=,[Q"8)

where the interpretation is again given shortly, such that for all objects X
of C and all arrows f; : F(X) ® [Qs; Aj] — [B;] where i =1...rin S,

[015,(X)(fr,--, fr) = FIOIG,(X)(fr. - . f))
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We can now easily extend the interpretation functions [_] to higher order

types:

1] =1
[A® B] = [A] ® [B]
[A— B] = [A] — [B]
[14] = FG([A])

['Alle = G([A])

and to sequences of such types using the left-bracketed product and tensor
in the familiar way. Further, we can extend the interpretation of operators as

follows:

[«](X) = F(dx)
[LA1GY)(S) = lirCes f
[F s)(X;: Y1Y2)(f1f2) = adming; (f1 © f2)
[5 5_cl(X;Y)(f) = adminy; f
[AaB](X;Y)(f) = Af
[apa,5](X;) = (F(dx) ® ap); rigs
LAl (X)(f) = F(unx; G(f))
[i4](X) = (F(dx) ® nupap); rifag

[Tale(X)(f) = unx; G(f)

where admin; and admin, are the obvious morphisms in the s.m.c.:

adming :(FX®Y)®Y, — (FX®Y))® (FX®Y3)
adminy :(FX @ [A]) @ [B) @ Y — (FX @ ([A]® [B]))® Y

Now, we have a lemma:

LEMMA 7.2.2
Given a Lin" (H)-interpretation, its underlying carrier (with the strict left-bracketed
product and tensor) and the extended interpretation functions defined above make

up all the information required for a Lin(O™)-interpretation.
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We can therefore interpret terms of Lin"(H) into our model by the derived
interpretation, and henceforth we will use this derived interpretation of Lin* (H)
into Lin"(H)-interpretations. Given this derived interpretation, we have a lemma
on the axiom set A®.

LEMMA 7.2.3
Any Lin"(H)-interpretation H interprets the equality judgements in the axiom

set A™ as categorical equalities in the s.m.c. part of H.

This is easily shown by analogy with soundness for DILL(C) in DILL(C)-
models, since we have the same underlying categorical structure. With this

lemma, we can now define Lin™(H, A)-models.

DEFINITION 7.2.4 (LiN"(H, A)-MODEL)
A Lin"(H, A)-model is a Lin" (H)-interpretation H such that the derived interpret-
ation given by lemma 7.2.2 maps equality judgements of the higher-order axiom

set A to equalities in the category & which is the s.m.c. part of the carrier of H.

Soundness for these models is easy to prove:

LEMMA 7.2.5 (SOUNDNESS)
Given a LinH(H, A)-model H, and equality judgement ;A + v = w: A of
Lin"(H, A), we have that:

[0; A v A]" = [T A F w: A]™

Proof The equality rules are soundly interpreted since categorical equality is a
congruence, the basic axioms of the generalised linear type-theory are soundly in-
terpreted by virtue of the fact that the interpretation is derived from a generalised
linear type-theory interpretation for which we already have soundness, the axioms
in the set A" are soundly interpreted by lemma 7.2.3 and finally the axioms in
the set A of the higher-order signature are soundly interpreted by definition. [J
We now consider completeness. As usual, we will proceed by defining a term
model.
DEFINITION 7.2.6 (THE LINEAR TERM CATEGORY)

We define the linear term category, HS 7, as follows:

e The objects of HSr are linear types of Lin"(H, A).

o HS7(A, B) = {[(z,0)*]|52: A+ v: B}, where we write [(x,v)"?"] as

)A,B

normal to denote the equivalence class of (z,v under the equivalence

=" defined by
(z,0) =" (y,w)* P if S0 AFv=w{z/y}:A
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As before, we omit type annotations where convenient and write [(x,v)] as

[z, v].

Identities and composition are defined as for the term model of DILL(C), and

further, the closed monoidal structure is also defined as for the term model of
DILL(C).

DEFINITION 7.2.7 (THE INTUITIONISTIC TERM CATEGORY)
We define the intuitionistic term category, HCr, as follows:

e The objects of HCr are sequences of intuitionistic types of LinH(H, A).

e HCr(A, B) = {[(7,0) ié”f: A;_ F v;: ®B; and each v, is intuitionistic},
where we write [(Z, 7)*Z] to denote the equivalence class of (X, V)*Z under

the equivalence =¢, defined by:

(0" =¢ (5. 0)""

if the sequences v and w are the same length, the sequence ¥ and ¢ are the

same length, and for each i, we have Z: A; _ - v; = wi{Z/ij}: Bi.

As before, we omit type information where convenient, abbreviate [(Z, V)]

to [Z, U] and assume that in such an arrow, all the variables in & are distinct.

We define identities, composition and a strict cartesian structure over this just
as for the term model of DILL(C).
Now we define Fr on objects of HCr as the left-bracketed tensor, and on
arrows as
Fr([Z,v]) = [y, let ®7" be y in let & be & in @]

This can be seen to be functorial. Define G on objects of HS7 to take A to
the intuitionistic type !A. On objects, define

Gr(lz, v]) = [y, (v{iy/z})]

Now we can define the term model:

DEFINITION 7.2.8 (HIGHER-ORDER TERM MODEL)
Define the higher-order term model, written Hy, to have carrier (HCp, HS7, Frr, Gr),

with interpretation functions given in the obvious way.

It is a straightforward exercise to give these interpretation functions and show
that the definitions given make Hr into a Lin" (H, A)-model.

We can also easily show that
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LEMMA 7.2.9
Given a I'; A-term v of Lin"(H, A) having type A, we have:

[T; A F v A" = [z, let ®2'7 be z in let Z be @ in v]
where z and 7 are fresh, I' = 7:Q and A = §: A.

Now we can prove completeness by the standard method.

LEMMA 7.2.10 (COMPLETENESS)

Given two I'; A-terms v and w of type A in Lin?(H, A), we have a provable equality
judgement I'; A v = w: A iff in all Lin"(H, A)-models, we have:

[TAFv:A] =[5 AFw:A]

This is proved as normal.

We can define Lin™(H)-morphisms as follows:

DEFINITION 7.2.11 (LiN"(H)-MORPHISMS)
A Lin"(H)-morphism is a pair of functors (F¢ : C — C', Fs : S — &) such that:

e F¢ is strict cartesian and Fgs is strict monoidal closed,

e the following diagrams commute:

C il S C G S
Fe Fs Fe Fs
F/ !

c’ S’ c’ G S’

o (Fc,Fs) is a Lin(O®)-morphism.

It is easy to see that the third of these conditions can be replaced by the
weaker condition that the pair of functors preserve the primitive interpretations
on M;,M;,O; and Oy, as the condition as stated can be deduced from the fact
that they preserve the structure of the carrier of the Lin"(H)-interpretation.

Define Cat;.w(H, A) to be the category of small LinH (H, A)-models and morph-
isms. Further, define Catyjuc(Q,A) to be the category of small Lin"¢(Q, A)-
models and morphisms

It is now possible to define a LinH(H, A)-morphism from Hr to any arbitrary
LinH(H, A)-model H using the interpretation.
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DEFINITION 7.2.12 (INITIALITY MORPHISM)
Given a Lin™(H, A)-model H, we have a Lin™(H, A)-morphism F7 = (FT¢, FTs) :
Hr — H. Define F7T on objects of HCr as the left-bracketed product of the
interpretations of the sequence of types, and on arrows [Z, ] as the pairing of the
[Z:4; _F o] 2.

Further, define F7¢ on objects just as their interpretation, and on arrows

[z,v] as the interpretation [ x: A v: B]™.

Now we can show that this initiality morphism is a Lin"(H, A)-morphism and
is unique up to isomorphism.

It is now worth noting that since we know that every Lin"(IH, A)-model gives
rise to a Lin(0O®, A U A®) model and similarly for morphisms, we have a functor
from Catyj,n(H, A) to the category of Lin(O®, A U A®)-models and morphisms.

7.3 Conservativity

In this section we will use the Yoneda Lemma to prove that the translation of
the Lin(Q, A) into its higher-order extension LinH¢(Q, A) is sound and conservat-
ive. Since we know by lemma 7.1.5 that every generalised linear type-theory is
isomorphic to one without any intuitionistic operators, for the remainder of this

section we only consider generalised signatures of this form.

Summary of the Proof To show conservativity of the translation, the basic
procedure is as follows. Given the term model of Lin(Q, A), we can construct via
the Yoneda lemma a new C , S and F' derived from the carrier of the term model
such that C is a cartesian closed, S is s.m. closed, and F has a right adjoint
G : 8 — C which is symmetric monoidal. These elements can be used to construct
a LinHC(0, A)-model ¢(Gr(0, A)), and further this LinH¢(Q, A)-model induces a
Lin(0, A)-model x(p(Gr(0,A))). But the Yoneda lemma also tells us that there
exist a fully faithful cartesian functor Y¢ : C — C and a fully faithful s.m. functor
Ys: S — S such that Yo o F~Fo Ys up to monoidal natural isomorphism.
These can be used to construct a Lin(Q)-morphism Gr(O, A) — k(¢(Gr(O, A)))
which is fully faithful in its s.m. component.

Now, assume that the translations from Lin(Q, A) to LinH¢(Q, A) of two I'; A-
terms of type A are provably equal in Lin"¢(Q,A). Then by soundness their
interpretations must be equal in ¢(Gr(0,A)). Now we use the fact that their
interpretations in the s.m.c. part of this model must be the same as the inter-

pretation of the original I'; A terms of Lin(Q, A) in the s.m.c. part of the induced
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model x(p(Gr(0,A))). But by initiality we know that the fully faithful Lin(Q)-
morphism we constructed must be the canonical Lin(Q)-morphism from the term
category, which takes each term arrow to its interpretation. Hence the interpret-
ations of our two terms in the induced Lin(Q, A)-model are the images under the
morphism of their interpretations in the term model Gr(O, A), but since their
interpretations are equal in the induced category by faithfulness their interpret-
ations in the term model will be equal, and hence by completeness the terms
themselves are equal.

The outline of the proof is simple, but there are a number of problems to be
overcome which we have glossed over in this account under the phrase “can be

used to construct”. These include size problems and strictness issues.

Preliminaries

We now give some type-theoretic results which will be used in the proof of con-

servativity.

DEFINITION 7.3.1

We define an embedding of categories k : Catyjuc (0, A) — Caty;n (O, A) as follows:
Given a Lin"¢(Q, A)-model G with carrier (C, S, F, ) and interpretation functions
[]9, let k(G) have carrier (C,S, F) with the strict left-bracketed product and
tensor, interpretation functions on types those of G, and finally the interpretation
on operators in O, given via the interpretation of constants in G and the following
isomorphism:

S @ H@Qidi — B) @ (@ (2Qj4; — B))) — (2Q"A" — B")])

i=1..r

~Nats, . sc( [[ S(F(2)® [Qs; Ai], [Bi]) x II sFL)e,® [[@;, II;]L [B3]),

i=1...1r Jj=1...s

SFL)®4®...0_,[Q";A"],[B")

Having defined this embedding, we give a lemma on interpretations in Lin(O, A)-

models.

LEMMA 7.3.2
For any I'; A-term v of type A in Lin(Q, A), and any Lin(O, A)-model G, [I; A+
v:A)9 = FTY([T; A+ v:A]), where FT9 : Gp(0, A) — G is the unique initiality

map.

This is easily seen from the definition of the canonical morphism (definition
5.5.3, on page 111). We also need a lemma relating the interpretations of Lin(Q, A)
and Lin"¢(0, A).
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LEMMA 7.3.3

Given a Lin"¢(Q, A)-model G and a I'; A-term v of type A in Lin(Q,A), then
[T; A F 0P A]9 = [T; A F v: AJF9) in the s.m. category which is common to G
and £(G).

In order to see this, we need to note firstly that the structure used by both
interpretations is all on the carrier and hence shared apart from the primitive
interpretation of the operators, and it is straightforward isomorphism-chasing to
show that the interpretation of any operator instance is the same when it is first
mapped to Lin" (0, A) as it is when interpreted directly from Lin(Q, A) into #(G).

Given this last result, we can now show soundness of the translation (_)= using
our semantic results.

LEMMA 7.3.4 (SOUNDNESS)
IfT;AFv=w:AinLin(Q,A), then T; A F (v)P = (w)P: 4 in Lin"c(0, A).

Proof Assume that we have an arbitrary LinH¢(Q, A)-model G, and two terms
AR v=w:Ain Lin(0,A). Now by soundness of the Lin(Q, A)-interpretation
we must have that [[; A F v : A]*9) = [[; A w : A]®9) in the induced Lin(0, A)-
model, and also by our lemma [I; A F v7: A9 = [[5A F w”: AJY under the
interpretation of Lin"¢(Q, A) in the arbitrary Lin"¢(Q, A)-model. But then by
completeness of LinH¢(Q, A), we must have that I'; A - v2 = wP: A4 as required.
[

The Yoneda Construction

We now consider the details of the Yoneda construction which we will use to obtain
a LinH¢(0, A)-model ¢(G) from any given Lin(Q, A)-model G, and also to show
that the unique Lin(Q)-morphism F7#9r@H) - G0, A) — k((Gr(0,A)))
has a fully faithful s.m. part. As we noted at the beginning of this section, there
are some technical problems which we must consider carefully. First we state the
Yoneda lemma in the form that we will use it.

LEMMA 7.3.5 (YONEDA)

Given a locally small category C, define C to be the functor category Set®” . and
define Yz : C — C to be the functor which takes any object of C, X, to the
hom-functor C(_, X') and which takes any arrow of C, f : X — Y, to the natural
transformation C(_, f) : C(-, X) — C(.,Y') with the obvious compositional action.

This construction has the following properties [Day70a, Day70b, Day73]:

e If C is symmetric monoidal, then C is symmetric monoidal closed, and Yg is

strong symmetric monoidal.
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e [f C is cartesian, then C is cartesian closed, and Y¢ is strong cartesian.

e Given a strong symmetric monoidal functor F' : C — &, we have a strong
symmetric monoidal functor F' : C' — S which is unique up to isomorphism,
has a right adjoint and such that we have a symmetric monoidal natural

isomorphism Fo Yo ~YsoF.

As we have previously said, given this lemma there are some technical dif-
ficulties to overcome before we can achieve our aim, which is to find a small
Lin"¢(0, A)-model, based on the Yoneda construction over the term model, such
that the initiality morphism to s of this model in the category Catpn(0,A) is
faithful in its s.m. part.

The first problem is a size problem. The categories yielded by the Yoneda
construction are not small in general, and hence no model we construct directly
using them will be in any of our categories of models. However, we can avoid this
by taking full subcategories of the categories C containing (the image of) C and
closed under the relevant operations.

The second difficulty is that although models of Lin(Q, A) have strict tensor
structure and strict cartesian structure, the Yoneda construction yields categories
which have corresponding structure which may not be strict. We therefore present

our first proposition:

PROPOSITION 7.3.6 (STRICTNESS)

Given a symmetric monoidal category C, there exists a strict symmetric monoidal
category Cs; which is equivalent to C. Similarly, given a cartesian category C,
there exists a strict cartesian category Cs which is equivalent to C. Also, given a
symmetric monoidal functor F': C — C’, there exists a strict symmetric monoidal
functor Fy : C; — C. such that the following diagram commutes, where Ux and

Sc are the fully faithful functors witnessing the equivalence:

F

C C

Sc Uc Sc/ Uc

F

Cs C.

The final difficulty is that given a Lin(Q, A)-model G with carrier (C,S, F'),
the candidate carrier for a Lin"¢(Q, A)-model, (CAS,SS,Z%, () has the property
that Yg; F ~ F; Ys, where we will want to use the Yoneda functors Yz and Ys to
construct a Lin(Q, A)-map from G to the LinH(Q, A)-model based on the Yoneda

construction. Hence we recall the following proposition:
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PROPOSITION 7.3.7 (SKELETON)

Given a category C, there exists a category sk(C) which is equivalent to C such
that any two objects of sk(C) which are isomorphic are equal and any two arrows
of sk(C) which are isomorphic in the arrow category of sk(C) are equal, where
the arrow category of a category S has objects the arrows of § and as arrows
(f: X —=Y)—(¢9: X —Y’) pairs of arrows of S, (hy, ha) where hy : X — X'

and hy : Y — Y’ and the obvious diagram commutes.

Note that the fully faithful functors K : & — sk(S) and [ : sk(S) — S given
by this proposition are strict symmetric monoidal under the obvious (strict) s.m.
structure over the skeleton. Given this machinery, we can now define a small

Lin"(0, A)-model using the Yoneda construction over a small Lin(Q, A)-model.

LEMMA 7.3.8
Given a small Lin(Q, A)-model G, we can define a small LinH¢(Q, A)-model p(G).

Proof For the purposes of this proof, we will assume that the categories C and
S are the small categories obtained by taking full subcategories of the Yoneda
constructions as mentioned earlier.

Firstly, we consider the carrier. Given that the carrier of G is (C,S, F'), we
make the following definitions. Let S¢ : C — C, and Ue : C; — C be the fully
faithful cartesian functors given by the equivalence of C and C;, such that S; U ~
. C = C. Also, let Ss : S — Ssand Us : S’S — & be the fully faithful
symmetric monoidal functors given by the equivalence of S and S. Finally, let
K : S, — sk(S,) and I : sk(S,) — S, be the fully faithful strict symmetric-
monoidal functors given by the equivalence of S, and sk(S,).

Now, let the carrier of o(G) be (Cs, sk(S,), Fy; K, I; Gs) where F - G. In order
to show that this has the right form we need just to show that 158; K 4 1; G, but
this follows from the original adjunction via the diagram of proposition 7.3.6 and
the properties of K and I.

We will now define Y7 : C — C, as Ye; Se and Y S — skz(S’ ) as Ys; Ss; K

]]w(g

Now we consider the interpretation functions. Firstly, define [ as follows:

[A € M = YE(IALG,)
mw(g 7

[[A®B]]“"(g [[A]]“"(g ® [[B]]“"(g

[A —o B]]so(g [ A]]so(g [[B]]so(g
[ A]]so(g FG A]]so(g
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and define [ ]]W(g as follows:

[@ € MG = YZ(IQIR,)
[['A]]W(g G, [[A]]GD(Q

Now these two definitions satisfy the required property:

E(ld) = 1358 - i = S,
by virtue of the natural isomorphism:

Y4 B K o Ye; Sg Fo K = Yo, F; Sy K = F; Y Ssi K~ F; Y3

and the fact that since any two isomorphic objects or arrows in sk:(S's) are equal,
Yy Fy = F; Y}

Finally, we need to give the operator interpretation on elements of Op. Since
we know that the isomorphism

kST Q) UeQidi — B) @ (@) (2G;4; — B)) — (2"’ — B")))

JFL)®a®...0[Q"; A", [B"])

V)

>
—

s

holds given the interpretations we have already defined, it suffices to show that

for each operator we have an instance of the second natural transformation. By
consideration of the equivalences, though, these natural transformations arise
from natural transformations:

(I StFO @ 1d5 4 < [ 8(FC) e o[d; A, [B]),

zlr Jj=1...s

S(FL)® 1.0 o[F"; A", [B"])

but this set is isomorphic by virtue of the Yoneda embedding to the set:

Nats..sc( [I S(F(L)@[@: AL [B]) x [[ S(F(L)® @[} Al [B]),

i=1...r Jj=1...s

S(FL)®@a®...0 _,®[Q";A"],[B")

Hence we have given the model ¢(G). O

LeEMMA 7.3.9 (FuLLy FAITHFUL)
The initiality map F7*#EGr©@0) - G0, A) — k(p(Gr(0,A))) is fully faithful

in both its component functors.
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Proof We can prove this by showing that the pair of the two fully faithful
functors Y7 and Y% is a Lin(Q)-morphism with the appropriate domain and codo-
main. This will then imply the result since the initiality map is unique and hence
must be this map. In order to check that (Y7, YY) is a Lin(Q)-morphism, we need
simply to check that it has the right behaviour with respect to the primitive in-
terpretation and the functor F' of the model, both of which hold by virtue of the
equality Y; F,=F ; Y{ for a general Yoneda construction, and with respect to the
operator interpretation, the result is given by the isomorphisms of lemma 7.3.8.
O

THEOREM 7 (CONSERVATIVITY OF ()Y)

If, given two I'; A-terms v and w of type A in Lin(O, A), we can derive the equality
judgement I'; A F v® = wP: A in Lin"¢(0, A), then we must be able to derive the
equality judgement I'; A F v = w: A in Lin(O, A).

Proof Consider the (small) LinH¢(Q, A)-model ¢(Gr(Q,A)). Given the deriv-
able equality judgement I'; A = P = w™: A in Lin"¢(0, A), we know that

[T A - UD:A]]“"(QT(@’A)) =[5AF wD:A]]“D(gT(@)’A))
in ¢(Gr(0, A)).

Now this means that [[; A F v: A]@Or@A) = [T A | w: A)e@r©@.4)
in k(p(Gr(0,A))), by lemma 7.3.3. But since we know by lemma 7.3.9 that the
s.m. part of the initiality Lin(Q)-morphism FTrOr(©@0) i faithful, this implies
that [I;A F v: A]97@H = [T A F w: A]97 @Y This then gives the result by

completeness. O

7.4 Corollaries

We note some simple consequences of this result in general. Firstly, we give a

lemma:
LEMMA 7.4.1
For any linear type theory Lin(Q’, A’) such that the following diagram commutes:
. ()" - HC
Lin(O, A) Lin™~ (0, A)
7 N\
Lin(O’, A")

and #; and Ay are sound, 6, is conservative.
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Proof Given 6;(I';A) F 61(I5 A FwviA) =61(05 A Fw:A):0;(A) in Lin(O, A7),

we have that

and hence T'; A F (v)” = (w)": A. But by the conservativity of (-)2, this means
that I A Fv =w:A. O
This then gives us the most important corollary; that our conservativity result

implies that for the more primitive embedding:

COROLLARY 7.1
The trivial embedding Lin(Q, A) — Lin?(Q, A) is conservative for any generalised

signature Q.

Proof First note that since the map ()" : Lin™(Q, A) — LinH¢(0, A) is sound
for signatures having no intuitionistic operators, by our lemma the trivial embed-
ding Lin(Q,A) — Lin"(0, A) is conservative for such signatures. But now note
that any generalised type theory is isomorphic to one having no intuitionistic
operators, and furthermore that the following square commutes, where Q" and A’

are the signature with no intuitionistic operators and the associated axiom set:

Lin(@, &) <™ Lin#(@, A)

Lin(0, A) — Lin"(0, A)
emb
This implies that the trivial embedding is also conservative in the general
case where the signature may have intuitionistic operators, since isomorphisms

are conservative. |

Output Natural Operators

We now use this result to show how we can represent any output-natural set of
operators in a linear type-theory as a single constant in the higher-order exten-
sion of the type-theory. The idea behind this is best seen through an example.
Consider the output-natural set of operators O with arity

(@; 4B (Ql;
Q"

— — —

VB (@5 45)()
S A)(-)

,_.\
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We claim that this can be represented in a higher-order setting by the constant

co with arity:
(@04 — B)® (9Q1 A — B1) — (2Q" A" — @y Ay)

In order to see how this works, consider the translation of a general operator

istance:

Oc (&5 )v; (21 91w, (T ) we) (V')
—let ® 2y, be (col(A2'.let @Y be 2’ in let Z be & in v) ®
(A2 let @2"7, be 2’ in let @ be 2" in wy)(RV'W'))

in wao

We can clearly see that this term has output-natural behaviour inherited from
that of the let -construct. Now consider the arity of the constant co, which

represents the operator O¢ in the standard encoding given earlier in this chapter:
(®QA — B) @ (@G} A} — By) ® (2Q4A, —o By) —o (2Q"A" — C)

We can now express ¢, in terms of this set of constants as follows:

Cn )\x.cow_w (z® (\y.y))

and also, when we compose the mappings taking the output-natural set of operat-
ors to the (system with the) constant ¢,, and taking the (system with the) constant
¢, to the (standard higher-order system with) constants co., the results are the
same up to provable equality, by a simple application of the output-naturality
axioms.

To state this formally, given a higher-order signature (M, M, ), O, UQO) where

the set of operators O is output-parameterised over the set My, and has arity:

(Qu; A1) B, .. (@ A)(B); (@ ANBY, ... (Qh_y AL ) BL_y, (Gl AL)(L)
(Q’//;A’//)(_)

we say that the output-natural-in-O operator constant set, written (O, U Q)°¢

defined as O¢ U {co}, where co is a constant with arity:
(Q @04 < B)e @ (@QA; — B)) — (0Q"A" — oG A,)
i=L.r j=1..(s—1)

Now, we have as before that given a higher-order signature H = (M, M, 0, Or)

such that O contains an output-parameterised-in-My, set of operators,
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ch(MI7 ML7 @7 Ogc)

is another higher-order signature. ~ Write LinH(IH) for the higher-order typing

system over this higher-order signature H3C.

DEFINITION 7.4.2 (THE TRANSLATION (_)®)
Define the translation (1)® from LinH(M;, Mg, 0, Op) to Lin®"(M;, My, 0, O9%)as

the identity on types and on pre-terms as follows:

(@) ==

(let  be v in w)™ =let = be (v)™ in (w)™

(O (Z1;91)v1, -+ s (s G )or; (2 T w1, o (B 7 ) ws) (T )™ =
co(®iz1.,!(N\z.let @F!y; be z in let Z; be T/ in (v;)™)
® (®j=1..s(Az.let @T); be z in let &} be I in (w;)")) (@(w")™)
on operators O ¢ O

(OC((fl; gl)vla R (fT; gT)UT; (flla y_vl)wla cee (f{m y_';)ws)(ﬁl; w/)). =

=) —

let ® Zy. be ¢, (®i=1._,!(A\z.let @Z/y; be 2 in let 7; be &/ in (v;)™))
(®j=1...(s-1) (Az.let @T'3f; be z in let Z; be & in (w;)"))
(@(0a")")
in let 2%, be 7 in w;

We can extend the typing system Lind¢(M;, Mz, 0, Or) to a type theory by
letting LinA¢((M;, M, 0, 01), A) be defined as the higher-order type theory

Lin" (M7, My, 0, 099), (A)™)

This translation can be shown to be easily invertible.

7.5 Action Calculi

We now consider the action calculi we have defined in the light of our conser-

vativity result. First we need to define another translation.
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DEFINITION 7.5.1 (THE TRANSLATION ¢5)
Define the translation 5 : Lin”" ™ (K) — LinH(Q*, A*) as follows:

t5(BIm) =!(15(m))
t5(l —om) = 15(l) —o t5(m)

ts(m®1) = 15(m) @ t5(1)

/—\

T

t5(let x be v in w) = let x be ¢5(v) in t5(w)

t5(®(0)) = @15(7)

t5(let @ be v in w) = let ®T be 15(v) in 15(w)

)
) =
)
) =
) = K((Z1)es5(v1), ..., (@) es(vy), ts5(wr) . .. t5(ws))
)
)
)
)

)
ts(K((Z1)v1, .oy (2o, wy .. ws)

lis(v)
5 (v)

Az :ls(v)
= 5(v)ts(w)

This translation is easily shown to be sound. Further, we have the following

t5(code(v)

t5(decode(v

ts(Ax:lv

ts(vw

translation lemma:
LEMMA 7.5.2 (AC TRANSLATIONS)

The following diagram of translations commutes:

Lin"® (K) «*— Lin*(K) =Lin(Q*, A?)

Lo emb

Lin®™ (K) — Lin®" ™ (K) — Lin"(0*, A®)

Ly L5
Now we can use our conservativity result as follows:
COROLLARY 7.2
The maps ¢1 : LinA(K) — LinA"(K), 113, : LinA(K) — LinA" " (K) and 013 :
LinA(K) — LinA™ (K) are all conservative. Equivalently, the embeddings AC(K) —
ACx(K), AC(K) — ACx —(K) and AC(K) — AC. (K) are all conservative.

Proof The first statement is immediate by lemma 7.4.1, the diagram of the pre-
vious lemma and corollary 7.1 of the conservativity theorem. The second follows
by the isomorphisms between the various action calculi and the corresponding

linear type theories. O
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7.6 Linear Logic

We now show that we can present the type theory of linear logic, in the form
of DILL, as an instance of our higher-order generalised linear type theory. This
demonstrates that our notion of general linear type theory captures at least the
notion of linearity found in the canonical example, linear logic.

Consider an arbitrary DILL-signature C = (Pp,C). Let OY be the set of
operators just consisting of the constants C and their types. Now define the
higher-order signature H* = (0, Pz, 0, O%). We claim that the higher-order type
theory Lin"(H®, ), which we will refer to as Lin®(C), is isomorphic to DILL(C).
Having now defined the type-theory LinP(C), we proceed to translate the type-
theory DILL(C) into LinP(C), and show the soundness of this translation.

Translating DILL(C) to LinP(C)

We define a map (-)° which will take a pair of a sequence of variables and a
pre-term of DILL(C), and return a pre-term of Lin®(C). The intuition behind this
translation is that whenever the pre-term t is a I'; A-term such that I' = 3 ff,

the translation on that pre-term and sequence ¢ and the pre-term t will give a
7 1\ A; A-term of Lin®(C).
DEFINITION 7.6.1 (THE TRANSLATION (_)°)

We define the translation (-)°, which takes pairs of a sequence of distinct variables

and a pre-term of DILL(C), and returns a pre-term of LinP(C), as follows:

[e)

8

Gy, x)° =
(y,x)’=zifa gy
(¥, ¢)° =
(7.4) =
(7, let * be t in u)° = let * be (7,1)° in (¥, u)°
(Ut ®u)® = (4,1)° @ (§,u)°
(¢, let x @ 2" be tinu)® =let x ® 2’ be (y,1)° in (¥, u)°
(¥, Aw.t)® = Ae.(4,1)°
(¥, tu)® = (4,1)°(, u)°
(,11)° =¥, 1)°

(¢, let 1z be t in u)® = let x be (¢,1)° in (yx,u)°

[e)

[e)

It is now easy to show that for terms #:1; A F t: A of DILL(C), we have the
typing judgement 7 :!T'; A + (Z,¢)°: A in LinP(C). We give two lemmas to show
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the action of the translation on substitutions.

LEMMA 7.6.2 (INTUITIONISTIC SUBSTITUTION)
Given a I'; ~term ¢ of type A in DILL(C) and a z: A, T'; A-term u of type B in
DILL(C), we have the following derivable equality judgement in LinP(C):

gAAAE (Fuft/2})° = (Fr,w)* {17, )/} B

Proof This is proved by induction over the structure of the z: A, I'; A-term u
of type B in DILL(C). We give the key cases.
Firstly assume that u is an intuitionistic variable x (and hence that A = B).

Then (yz,z)° = iz, and so
(G, x){ (g, 1)°/x} = (7, 1)°
and §: A _ (y,t)° =il(y,t)° 1A, so that the result holds.
Secondly assume that u is a linear variable y’. Then (yz,vy')° = ¢/, and so
(G, y") {15, t)° 2}t = o
and 7: Ay C F (7,y'{t/x}) = y':C so that we have the result. The inductive

cases follow easily. !

LEMMA 7.6.3 (LINEAR SUBSTITUTION)
Given a I'; Aj-term ¢ of type A in DILL(C) and a I'; Ay, z: A-term u of type B in
DILL(C), we have the following derivable equality judgement in Lin®(C):

7 A& A (G uft/a})° = (F.u){(#.1)°/x}:B
where I' = 7: A and A = A #A,.

The proof of this lemma is very similar to that of the last, but simpler. It
again goes by induction over the term wu.

We can now prove that the translation is sound:

LEMMA 7.6.4 (SOUNDNESS OF (_)°)

Given an equality judgement y:I'; A ¢t = u: A of DILL(C), we have an equality
judgement 77 :!T; A+ (37, 1)° = (%,u)°: A in LinP(C).
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Proof The proof is by considering the structure of equality judgements in
DILL(C). Clearly the reflexivity, transitivity, symmetry and context rules are
translated to the corresponding rules of Lin®(C). The Bn-equalities of DILL(C)
are translated to the corresponding equalities of LinP(C), which is clear except in
the case of the !-3n equalities; in the case of | — 3, we have the typed equality in
DILL(C):
y: I A let lx be It inu=uf{t/z}:B

In LinP(C), we have (7, let !z be 't in u)° = let z be !(7,1)° in (g, u)°. If (,t)° =

v and (¢, u)° = w, then we can derive the equality judgement:
I Ak let x be lvin w=w{lv/x}:B
since ! is intuitionistic, but now by our lemma we have the equality judgement:
v AR (y,u{t/x})® = w{lv/x}: B
In the case of ! — 7, we have the typed equality in DILL(C):
y:IsAblet lx betinle=1t:1A

In Lin®(C), we have (¥, let !z be t in lz)° = let z be (i,t)° in liz . Now using the
I — 1 equality of Lin®(C) and the let -rule, we have the equality judgement:

IT; A F let @ be (,¢)° in liz = (§,£)° 1A

as required.
Finally, we have to consider the commuting conversions. These are provable

using output-naturality and lemma 7.6.3. 0]

Translating Lin?(C) to DILL(C)

We now define a map (_)* from the type-theory Lin®(C) into the type theory

DILL(C), along exactly the same lines as in the previous subsection.

DEFINITION 7.6.5 (THE TRANSLATION (_)*)

As before, we define the translation (.)°, which takes a pair of a sequence of

distinct variables and a pre-term of LinP(C), and gives a pre-term of DILL(C), as
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follows:

Yy, )* =
Wx) =wife gy
(7, let x be v in w)®* = let lz be (¢,v)* in (yz,w)*
(7, 0)* =
(7, %) =
(7, let x be v in w)® = let * be (¢,v)* in (¢, w)*
(Fv @ w)* = ( )" @ (F,w)*
(7, Ar.v)* = Ax.(¢,0)°
(%, vw)* = (4,0)" (¥, w)*
(¥, v)* =y, v)*
(¢,1v)* = let !z be (,v)® in x

We can now easily show that if 77 :!T'; A - v: A in LinP(C), we have the typing
judgement y:1"; A+ (y,v)*: A in DILL(C).

We have the following lemmas on substitution:

LEMMA 7.6.6 (INTUITIONISTIC SUBSTITUTION)
Given a I'; ~-term v of type A in Lin®(C) and a T, x: A; A-term w of type B in
LinP(C), we have the derivable equality judgement:

J: AL A F (f,w{v/z})* = (G, w)*{(7,v)* !z} :B
where I' = v; LA,

We can see from the definition of the translation that the variable x always

occurs in a subterm of the form !z in the pre-term (yx, v)*.

LEMMA 7.6.7 (LINEAR SUBSTITUTION)
Given a I'; Aj-term v of type A in Lin®(C) and a I'; Ay, : A-term w of type B in
LinP(C), we have the derivable equality judgement:

7 A A F (Gowfv/a}) = w) {5, v)*/2}:B
where A = A1#A, and I = 1A
Now we can prove that the translation is sound.

LEMMA 7.6.8 (SOUNDNESS OF (_)*)
Given an equality judgement ¢ :!T'; A v = w: A in Lin®(C), we have an equality
judgement ¢:I'; A = (¢, v)* = (¢, w)* in DILL(C).
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Proof Again the proof is by considering the structure of equality judgements
if Lin®(C). Again, the symmetry, reflexivity, transitivity and context rules are
easily seen to be sound under the translation. Further, the F' — (3, rule is sound

since firstly, if the intuitionistic term is a variable, we have:
(yy',let x be v/ in w)® = let lz be !y in (¢, w)*
and secondly, for the case where the intuitionistic term is an instance of !, we
have that
(7, let x be v in w)® = let !z be !(y,v)* in (yz,w)®
But then we have that in DILL(C),
LA let Lo be 1(7, 0)* in (72, w)* = (i, w)*{(7,v)* =}

However, the image of the right-hand side of the o-equality is (yz, w)*{!(y,v)*/!z}
and since x always occurs in a subterm of the form !z in the image of (yx,w),
this is equal to the translation of the left-hand side.

Now for the F' — 7 rule we have that

(7, let = be w in x)* = let lx be (¢, w)® in |z

and from these definitions the required typed equality judgements can be shown.
The other let -rules are instances of commuting conversions which hold of the
let 1z be t in u-construct in DILL(C).

As for the output naturality equalities for the operators I* and ®ﬁ’ 5, these
are soundly mapped into DILL(C) by virtue of the commuting conversions of
let x be ¢ in u and let x ® y be t in w.

This leaves us just with the gn-equalities. Those for I, ® and A are translated
directly to their counterparts in DILL(C). For the ! — 3 equality of LinP(C), we
have:

gy ARl =0v:A

Now (7, ilv)® = let lz be I(7,v)® in z and so we have the required equality

judgement:

y: I Ak let Iz be (g, v)* inz = (y,v)": A
by virtue of the ! — 3 equality of DILL(C). For the ! — n equality of Lin®(C), we
have:
x A _Fl(iz) =z 1A
Now (x,!(ix))* =!(let !z be !z in x) and so we have the required equality judge-
ment:
x:A;_Fl(let lx be lzin ) =lz 1A
again by virtue of the ! — [ equality of DILL(C). O
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The Translations are Inverse

Having given translations relating Lin®(C) and DILL(C), we now show that they

form an inverse pair.

LEMMA 7.6.9 (INVERSE PAIR)
The translations (_)° and (-)® are inverse up to provable equality, in the sense
that for any term of DILL(C) ¢:I'; A F ¢: A, we have the equality judgement:

AR (7, (4,1)°) = t:A
and for any term of LinD((C) i I A F v: A we have the equality judgement:
JADAF (§,(5,0)")° = v:iA

Proof We prove this by considering the structure of the pre-terms of the source

type theory. Considering firstly (v, (¢/,t)°)®, we have:

(yzyf, (yzy', x)°)* = (yzyf,ix)® = let !z be !z in x
(7, (g,2)°)° = (7, 2)* = x
(7, (4,¢)°)*® = (7,0)* = ¢
(¥, (4, %)°)* = (7, %)° = *
(7, (4, let * be t in u)°)* = (7, let % be v in w)* = let x be t' in
(7, (7t ®@u)°)* = (T, v@w)* = teu
(7, (Y, let z@ybetinu))® = (y,letx®@ybevinw)® = let x @y be t’ in
(5, (7. Aa.)°)" - (7, Ae.v)” - Xt
(7, (7, tu)°)” - (7, vw)® - o
(7. (7,10)°)° - (7, 10)" - 1
(7, (¢, let lz be t inu)°)®* = (y,let z bevin (yz,u)°)® = let!z bet in (yz, (yr,u)°)*

where v = (¢,1)°, w = (¢,u)°, t' = (¢,v)® and v = (y,v)*. Now we can easily
prove the result by induction over the unique derivation of the typing judgement
y:T5A F t: A of DILL(C), using the ! — (§ rule in the case of an intuitionistic
axiom, and reflexivity in all other cases.

Now considering (¥, (7/,v)®)°, we have:

(g, (zyf', x)*)° = (yzy',1z)° = il
(¥, (7, %)*)° = (7, x)° = x
(7, (g,let z be vinw)®)° = (y,let!z betin (yr,w)*)° = let x be v in (yzx, (yz,w)*)°
(. (7.¢)°)° = (¥, ¢)° = c
(¥, (7, %)°)° = (4, %)° = *
(7, (¢, let x be v in w)®*)° = (7, let % be t in u)° = let % be v in w’
(¥, (7, v @ w)*)° = (¥, t @ u)° = v @ w
(U, (g, let z @y bevinw)®)® = (Y letz®@ybetinu) = let z ® y be v/ in v
(5. (F, hr0)*)° - (7, Ar.b)° - Ao
(7, (7, vw)*)° = (7, tu)y’ - o'
(7, (7. 10)°)° = (7, 1t)° = I/
(7, (g, 1v)*)° = (7, let 1z be t in x)° = let z be v' in ix
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o ° °

,w = (¢,u)°, t = (y,v)* and u = (¢,v)*. Now again we can

prove the result by induction over the unique derivation of the typing judgement

where v' = (¥, 1)

7 :!T; A F v:Ain LinP(C), using the ! — 3 rule for the intuitionistic axiom case

and using two let -rules in the iv case. OJ

Induced Semantics

Since we have given semantics for both DILL(C) and LinP(C), it is natural to ask
how these may be related. Since LinP(C) is a higher-order theory, its models are

closely related to those of DILL(C). In fact, it is a trivial observation that;

LEMMA 7.6.10
Any LinP(C)-model H yields a DILL(C)-model.

Proof Clearly we can take the carrier of the DILL(C)-model to be the carrier
of the LinP(C)-model. Further, the interpretation function on the primitive types
Py is given directly by []wm,. Finally, the operator interpretation of the LinP(C)-
model gives the interpretation of the constants. 0

Before extending this to morphisms, we need to define the concept of morph-
ism between two DILL(C)-models.

DEFINITION 7.6.11 (DILL(C)-MORPHISM)
A DILL(C)-morphism F : £ — L' between two DILL(C)-models is a pair of
functors (F¢ : C — C', Fs: S — §') such that:

e F¢ is strict cartesian and Fgs is strict monoidal closed,

e the following diagrams commute:
F G

C S C S
Fe Fs Fe Fs
F/ !

c’ S’ c’ G S’

o Fs([5,) =[5, : Pr — obj(S),
o Fs([c]é) = [c]€ for each c:Ain C.

We now call the category of DILL(C)-models and morphisms Catp (C).

Now we can extend our previous result to morphisms:
LEMMA 7.6.12
Any LinP(C)-morphism F between two LinP(C)-models yields a DILL(C)-morphism
between the resultant DILL(C)-models.
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Proof Again, it is clear that the Lin®(C)-morphism has the right form to be
a DILL(C)-morphism, and it is only necessary to show that it preserves the in-
terpretation functions, which it must do by virtue of their derivation from the
LinP(C)-interpretations. O
Now, call the category of LinP(C)-models and morphisms Caty;,n(C). In
fact, we can show also that any DILL(C)-morphism between two DILL(C)-models
arising from LinP(C)-models itself arises from a LinP(C)-morphism, which implies
that we have a functor Caty;,0(C) — Catpj(C) which is an embedding.
Further, using our translation results we can see that the term LinP(C)-model
yields the term DILL(C)-model defined in chapter 3, and hence that the term
DILL(C)-model is initial up to isomorphism in the full subcategory of DILL(C)-

models which arise from LinP(C)-models.
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Chapter 8

Normal Forms for Lin(QO, A)

Having introduced a general linear type-theory, given its semantics and shown how
it has interesting systems as instances, we are now motivated to look more closely
at the properties we can prove of the framework in general. In our conservativity
result of the previous chapter, we have made one step in this direction, and in
this chapter and the next we want to discuss another, larger issue.

The aim of our general linear type-theory is to provide a framework in which
the ‘programs’ (or processes, or functions, etc) of a particular language can be
written and equipped with as much typing information as required, and also in
which definitional equality between programs can be proved. What we mean by
‘definitional equality’ is very basic, for example the associativity of sequential
composition would be a definitional equality, whereas any kind of -evaluation of
a function would not. Given that the idea of definitional equality is so basic, it
seems imperative that we be able to decide whether two terms are definitionally
equal or not, and yet with the machinery we have so far this is certainly not
generally provable.

We present in this chapter and the next a system of normal forms for the
terms of the type-theory Lin(Q, A) which will decide the equality of the system
in the particular case when the axiom set A is empty. We will further extend the
system to show that the equality of any system of the form Lin(Q, ONat(Q, O))
for some O can be decided, as can the higher-order system Lin"(H, ).

These results then have as simple corollaries the decidability of DILL(C) and

of the higher-order action calculi.

8.1 Proof Nets

One of the innovations associated with the introduction of linear logic by Gir-

ard [Gir87] was the definition of proof nets, which have since become objects
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of study in their own right. One key property of proof nets is that two proofs
which are equivalent by commuting conversions, which we have already seen in
the various linear type-theories we have introduced, are mapped to equal proof
nets. Further, many familiar equalities in type-theories such as the (n-equality
of LinP(C) can be presented as the the symmetric transitive closure of a set of
local rewrites, which can then be shown to be confluent.

In this chapter we will define relations, which are a syntactic presentation of
proof-nets. Proof-nets have shown themselves to be a very natural language for
the proofs of linear logic in particular, as mentioned in the introduction. However,
as they are a graphical syntax, it is difficult to formulate and prove rigidly the
delicate lemmas involved in proving normalisation and confluence, as we wish to
do. Hence rather than working directly with proof-nets, we will briefly present
the theory of proof-nets, but present our development in the language of relations,
which are a non-graphical syntax for proof-nets.

First we outline the theory of nets for the particular case of Lin®(C), which

raises most of the issues.

Fundamentals

Proof-nets for the type-theory LinP(C) differ from those for ILL(C), just as the
type-theories do. The most significant difference is that to reflect the distinction
between the linear context and the intuitionistic context, we will define proof-nets
for LinP(C) using two “colours” of wire, linear and intuitionistic, which in this
monochrome environment will be represented by full and dashed lines respectively.

As a convention, where we want to indicate an arbitrary number of wires at
some point in a net, we will use a short dash across the line, as in figure 8.1,

which represents a number of intuitionistic wires.

Figure 8.1: Multiple Wires

Now, proof-nets are built out of basic components, which in the case of the
type-theory LinP(C) are as given in figure 8.2. Note that each input and output
of a component is typed with a type of DILL(C), except for the unit elimination
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which has a possibly unexpected output labelled v. This can be seen as a kind

of zero width multiple wire; we call it a vestigial, and its role will be discussed

shortly.
Unit Introduction | Tensor Introduction Abstraction Exponential Introduction
I A‘ ‘ B ‘B A r
| & A
A=B A—B
A
A
Unit Elimination | Tensor Elimination Application Exponential Elimination
| ‘ A®B ‘AﬂB ‘ A ‘ 1A
| X ap !
v A [B B A
Replicator The F-Rule I — Ax
A iy A
d
A 1 eee A ‘ A
A
A

Note that the replicator also has a vestigial in the case when it has no outputs.

Figure 8.2: The Elementary Components

A net for Lin®(C) is a finite set of components which are connected with
wires. Nets correspond to pre-terms in the sense that so far we have imposed
no restrictions on the typings of wires, or their colours. Now, a path in a net is
simply a sequence of components each of which is connected to the next by a wire
or a vestigial which is not a binding wire (one which is connected to the output
port labelled A of an abstraction A — B). A maximal path is one which cannot

be extended, and the length of the path is the number of wires it contains. Now,

180



a proof-net for LinP(C) is a net for Lin®(C) which satisfies a number of conditions:

Colouring Wires must be well-coloured, ie they must be connected to inputs

and outputs of the same colour.

Linearity Wires must be linear, ie they be must connected to at most one output
and at most one input. If a wire is connected to one output only, then we
say it is a free output, and if it is connected to one input only, we say it is

a free input.

Typing Wires must be well-typed, ie they must connect inputs and outputs of
the same type.

Intuitionistic The net must have only one free output wire, which must be

linear.

Boxing Any collection of components occuring inside a box must be a proof-net

having no linear free inputs.

Acyclicity There must not exists two components ¢ and ¢’ in the net such that

there exist a path from ¢ to ¢ and a non-zero length path from ¢ to c.

Abstraction For each abstraction component in the net, all maximal paths
starting from the binding output of the abstraction must include the in-

put wire of the same abstraction component.

Most of these conditions are self-explanatory, and we will consider a couple of
examples of proof-net constructions to demonstrate their motivation. We assume
a function ® which maps terms of LinP(C) to proof-nets for Lin®(C). Firstly
consider the proof-net corresponding to an application I'; A - vw: B, where we
have IA; F v:A — B and I'; Ay F w: A, and A = Aj;#A,. The proof net
corresponding to the application is seen in figure 8.3.

The key elements are common to many of the constructions. We use a replic-
ator to copy the intuitionistic context for both sub-nets corresponding to v and
w, and bind the output wires of both subnets, creating a new free output wire
which has the type of the application instance.

Now we can consider the proof-net corresponding to the abstraction I'; A F
Ar.v: A — B with the obvious derivation, which is seen in figure 8.4.

In this case, the interesting feature is that we have bound the input labelled
x of the subnet corresponding to v using an output of the A-component. This

output is called a binding output because it must always be used in this way,
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ap
B

Figure 8.3: Application in Proof Nets

A T X:A

(V)

AB

Figure 8.4: Abstraction in Proof Nets

and the acyclicity condition on proof-nets is not violated since such outputs are
specifically excluded from being part of paths. Notice that the linear naturality
of the A-operator in LinP(C) is achieved simply by not binding the other linear
inputs of the subnet corresponding to v.

Finally, consider the net corresponding to the derivation I'; _ Flv :!A, which
can be seen in figure 8.5. The key points about this construction are firstly that
we enclose the entire subnet corresponding to v in a ‘box’ since the !-operator
of LinP(C) is not linearly natural with respect to this argument, and secondly
that we represent the fact that the !-operator is intuitionistic by allowing it to
return an intuitionistic wire as its result. We then need to regain intuitionistic
naturality by allowing certain components (intuitionistic operator instances and
replicators) to permeate into the box.

The general pattern for the implementation of an arbitrary operator is that we
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o(t)

A

d

A

Figure 8.5: !-Introduction in Proof-Nets

enclose all the arguments in which it is not linearly natural in a box, as motivated
in the above example, and bind only the variables in the bound positions of those
arguments which it is natural in. Finally, if the operator is intuitionistic, then we

let the box which necessarily exists have an intuitionistic output.

Vestigials

Having given a brief account of proof nets for this specific case, we have still
to explain the role of vestigials. Vestigials are wires which do not correspond
to assumptions and have no types, but which are necessary to establish the
scoping of elimination constructs having no other outputs. Consider the two
derivations I; Az : I F Ay : A(letxbexzinv) : A — Band I'/Ajz : [
let * be x in (\y : Aw) : A — B. If we used no vestigials, both of these terms
would map to the proof-net in figure 8.6, and hence the scope of the unit-
elimination construct would be lost.

Now this particular case is not a problem because in fact the two derivations
we have given are equal up to commuting conversion equality. However, there
are cases in which this loss of scope causes two terms which are not equal by
commuting conversions to have equal images under . One example, which we
present, is derived from the coherence problem for symmetric monoidal closed
categories, and is due to Kelly and MacLane.

In [KM72] a diagram of natural transformations is presented which does not
commute in every symmetric monoidal category. Hence, by virtue of our com-

pleteness result for DILL(C), we would expect that the the diagram does not com-
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A—B

Figure 8.6: Abstraction without vestigials

mute in the term-model, and in particular that the two terms which correspond
to the two possible unequal morphisms are not made equal by the type-theory
DILL(C). The first of these two terms is (where we abbreviate B —o I as BY):

I
_;x:AIII F Ay AT let * be r(Aya: Al let x be y1(Ays: A.let x be yoys3 in *)):AII
_ in
in *

The second of the two terms is:

I I
_;x:AII - )\yleII.Iet * be y1(\yz: A.let * be z(\y2: Al let x be yoys3 in *)):AII
_ in x
in x
On inspection, it is clear that the first of these two terms equal to the term
I I
5 o AT F o AT , as we would expect since one of the morphisms in the Kelly-

MacLane diagram is the identity.

Figure 8.7: Kelly and MacLane’s Counterexample
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Now, the left-hand proof-net of figure 8.7 represents the first term, and the
right-hand one the second. They are not equal as they stand, with vestigials, but
we can see that if we were to erase the vestigials from each of the I-elimination
boxes, they would be identical. Hence we can see that vestigials are necessary in
this framework, to distinguish the proof-nets of unequal proofs.

This result shows that we need vestigials in order to distinguish separate nets.
However, one problem with vestigials is that proof-nets with different vestigial
positionings (such as the two in figure 8.7) may represent terms which are equal
via commuting conversions. Hence we must reintroduce a vestigial equality on
nets. This will be decidable.

Proof-Net Rewrites

One of the key properties of proof-nets is that we can give local rewrites over them
which will be confluent and normalising. We show as an example in figure 8.8

the two rewrites which describe the § and n-rules of the arrow type —o.

ap

ap

| |
Figure 8.8: The A-3 and n-Rewrites

An interesting point here is that we use an expansionary n-rewrite, following
Ghani [Gha95]. If we use n-reductions, we cannot obtain confluence due to a

problem with the unit rewrites.

8.2 Relations

We now introduce relations, which are non-graphical analogues of proof-nets for
a general linear typing system Lin(Q). Although proof-nets are a very intuitive
language for proofs, and capture very effectively the intuitions involved especially
in proof equivalence, to prove delicate lemmas relating proof-nets to terms is
clumsy, because it involves extended case analysis of graphical situations. In
particular, it is easy to overlook unfamiliar cases. Hence, we have chosen to use a

non-graphical syntax which, however, closely mirrors the behaviour of proof-nets.
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First consider some simple examples. The proof net (for Lin?(C)) is given in
figure 8.2.

A®C B

)

)

-~ 'B®C

)

AS(B® C)

Figure 8.9:

This corresponds to the term
s ARCly:BlElet 1y @ xa be ' in 11 ® (y @ 22): A® (B® C)
and the relation
R(x'y,z) =3x1: A, 29:Cy:BRIC.(2=21 QY )N (Y =y @x2) A (11 @ 19 = 1)

where by convention we let the (unique) output variable be the last parameter of
the relation, in this case z.

As we can see, each rule instance in the proof is reflected in the proof net
by a component, in the term by a constructor, and in the relation by a clause.
Intuitively, we obtain relations from nets by giving a clause for each component
of the net, conjoining them and binding the variables corresponding to internal

wires. Now consider the term
1A CH A y:Bletzy @ za be 2’ in 21 @ (y @ 22):B — (A® (B® ()
which has the relation

S22y =Vy:B.3z:(A® (B (O)).(2'y = 2) AN R(2',y, 2)
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The only extension to our intuition is that in this case the binding variable
of the term is bound in the relation using a universal quantifier rather than the
existential. This will hold for all binding variables of binding operators.

Now, we can make some simplifications to our syntax. Firstly, note that
because of the associativity of the A-operator on relations, and the familiar prenex
normal forms of the expressions we have written, in general a relation can be

written as a sequence of quantifiers followed by the conjunction of a set of clauses:

Qry....Qrrcr N... Ncs

Clearly, not all relations of this form represent valid proof-nets. We can exactly
characterise those that do, however, as the relations satisfying a certain set of
conditions based on the net conditions of page 181.

Note in particular that all relations corresponding to proof nets will mention
a variable twice exactly iff it is bound, and once exactly iff it is free. Hence we
can decide whether a variable is bound, and since precisely the binding variables
of operator clauses are universally quantified, we can reconstruct the sequence
of quantifiers from the set of clauses. This procedure may seem to introduce
scoping concerns, but we will show by translating our relations soundly to terms
(up to commuting conversion equality) that suitable scopes for all binders can be
inferred from the clause set.

Therefore, from now on we will give relations as sets of clauses. We will work

with the variable set X as usual. Firstly, we construct pre-relations as follows:

DEFINITION 8.2.1 (PRE-RELATIONS)
We define pre-relations and clauses over a generalised signature @ = (M, My, Oy, Oy)

mutually inductively as follows:
e Pre-relations, ranged over by D, E ... are finite sets of clauses, and

e clauses, ranged over by d,e... have one of the following forms, where M is

a nonempty finite set of variables and D is a pre-relation:

where we allow the operator clauses respectively for any operator O € 0. We

will refer to the variable z in the clause (- =4 y:Q) as a vestigial.
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In this definition, the form (f:@; i fT)D(z:B) binds the inputs # and 7 and
the output z in the pre-relation D. The form (& :Q: 7 ff)(zB) is similar except
that the variables are bound not in a particular pre-relation but in the whole
pre-relation containing the clause. To further clarify the operator clause, which is
the most complex of the definition, we use two familiar examples. First consider

the case where we have an operator ! of arity:

G)A

(5-)1A
The operator clause in this case is (z :!A = ()!(()D(y : A); ). In this, we take a pre-
relation D with output y: A and apply the operator to it to give the pre-relation
with the same intuitionistic inputs and the one output z:A. Now consider the

operator @ having arity:
()4 (B
(-)A®B

The operator clause here is (z:A® B = () ® (; ()(y1:A), ()(y2: B))), and in this
case because the operator is linearly natural in the arguments, we do not ‘box’
them in the syntax but instead, as in proof-nets, allow the operator clause to bind
variables elsewhere in the body of the pre-relation it occurs in.

We henceforth omit type information except where necessary, in the familiar
way, and further where it is convenient we will omit some details of a general

operator clause for brevity; for example, we might write

(x = G H)OL ., (F:#)D@"), .. 5...))

to indicate a general operator clause containing the argument (7; 7)) D(z").
Clauses are equipped with inputs and outputs (which we will call polarities)
and typings similarly to the components of proof nets. Each variable in a clause
will either occur as an input, an output, a binding occurrence or a vestigial,
and will have an associated type (except in the case of vestigials). Intuitively,
clauses are analogous to term constructors or equivalently to rules. The first
and second clauses in the inductive definition are exceptions to this, in that they
correspond to the admissible weakening and contraction rules respectively. We
will discuss the need for such explicit syntax later. The third and fourth clauses
in the definition correspond respectively to the intuitionistic axiom and I-L rule,

and the fifth corresponds to the general operator rule.

Preliminary Definitions

First we define what it means for a pre-relation D to contain a clause.
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DEFINITION 8.2.2
We say that a pre-relation D contains a clause ¢ (at depth r) if ¢ € D (and r = 0)

or if for some operator clause:
(y = (h:R)0( . (F;25)D'(2") ... 5...)) € D

where D' contains ¢ (at depth r — 1).

Note that for any pre-relation there is an upper bound on the depth of clauses
contained within it.
Having referred informally to clauses having inputs and outputs, we now need

to define these notions.

DEFINITION 8.2.3 (INPUT)

A variable x is an input of the clause c if
e cither cis (_=*z), (M =x), (y = F(z)) or (F(y) = x),
e or cis (y = (#1;72)0(...)) where x € 71,
e orcis (y=(;0H)0(.. ;... (7 25)(x)...))
e orcis (y= (y;0)0(... (Z;25)D (z)...;...)).

Further, we will say that x occurs as an input in a pre-relation D if D contains

a clause ¢ of which z is an input.

DEFINITION 8.2.4 (OUTPUT)

A variable z is an output of the clause c if
e cither cis (M = y) where z € M, is (F(z) =vy), or is (z = F(y)),
e orcis (x = (F1;72)0(...;...)),

Similarly, we will say that z occurs as an output in the pre-relation D if a
clause ¢ having x as an output is contained in D.

We also define the notion of binding occurrence:

DEFINITION 8.2.5 (BINDER)

A variable x is a binder in a clause ¢ if
o cis (z = (&;75)0(...;...(%1;%2)(z")...)) where x € 111,

o orcis (y = (V;95)0(... (Z4;25) D' (2") ... ;...)) where x € 212%.
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Again, a variable z occurs as a binder in a pre-relation D if there is a clause
contained in D which has x as a binder.

A variable x occurs as a vestigial in a pre-relation D if D contains a clause
(- =" y), and we may say that the clause has vestigial x. A child of a variable
x is a clause which has an input occurrence of x. A clause ¢ has a dependent x
if ¢ has vestigial x or ¢ has an output x. Note that every clause has exactly one

dependent.

DEFINITION 8.2.6 (CONNECTEDNESS)
Two clauses ¢ and ¢ are connected by a variable x in a pre-relation D if x is a

dependent of ¢ and has child ¢'.

We must now define a notion of path over a pre-relation, which will be central
to our development. Intuitively, a path through a pre-relation is analogous to
a path through the corresponding net. For the following definitions, we fix a

particular pre-relation D.

DEFINITION 8.2.7 (PATH)

A path between two clauses ¢ and ¢ in a pre-relation D is a pair of sequences
(¢1...¢,21,...2p-1) such that ¢; = ¢, ¢, = ¢ and x; connects ¢; and ¢;1; for
1=1...r—1.

Paths may be concatenated in the obvious way, so that a path from ¢ to ¢ and
one from ¢ to ¢’ yield a path from ¢ to ¢’. A complete path from a clause ¢ to
another ¢ in a pre-relation D is a path such that ¢’ has a dependent which occurs
only as an output. Complete paths cannot be extended by post-concatenation.

Now we need to define linear and intuitionistic occurrences.

DEFINITION 8.2.8 (INTUITIONISTIC OCCURRENCE)

A variable x occurs intuitionistically in a pre-relation D if
e D contains a clause (- =* x) or a clause (M = y) where x € M or y = x,

e or D contains a clause:

— (y=F(2)),
- (F(z) =y),
— (y= (Fi: )0 .. (FF)D'()...;...)) where z € 7,
— (y= (i 3)0( .. ;... (Z7)(@)...)) where z € T,
(z = (

v = (;)O((Zy; %h)v1 - . (Tr; G )vr; ) where O € Oy,
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We now say that a variable occurs linearly in a pre-relation if it has an occur-

rence in a clause which is not intuitionistic.

DEFINITION 8.2.9 (FREE VARIABLE)
A variable x is a free input of a pre-relation D if it occurs as an input in D but
does not occur as an output or a binder. Similarly, a variable x is a free output

of the pre-relation if it occurs as an output in D but does not occur as an input.

With this grounding, we can now define relations. Note that rather than being
a construction-based definition like the definition of terms (a term is a pre-term

that can be typed using these rules) it is a definition based on global properties.

DEFINITION 8.2.10 (RELATION)
Given a generalised typing context I'; A and a type A € My, a I'; A-relation D of

type A over O is a pre-relation over O having the following properties:

Linearity Each variable must occur in D at most once as an input, and at most

once as an output or binder.

Colouring Each variable occurring twice must do so both times intuitionistically

or both times linearly.

Typing Each variable occurring twice must do so both times with the same type

annotation.
Boxing FEach pre-relation D that occurs in a clause of D
(y = (@ 7)0( .. (TG A) D (y: AT) ... 5.)
must be a I; A’-relation of type A" with result variable /.

Output There must be at most one variable x which occurs in D only as an
output. If such a variable exists, it must occur linearly and with type A. If
not, there must exist a unique variable x of type A in A but not occurring
as an input, output or binder in D. We refer to the unique variable picked

out by this requirement as the result variable of D for the typing context
I A

Inputs I" must type at least the intuitionistically-occurring free inputs with the
types they are annotated with in their occurrences. Also, if the result
variable = is not a free output of D, then A must type exactly each free
input of D with the type annotating it in D and x : A. If z is a free output of
D, then A must type exactly each free input of D with the type annotating
it in D.
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Binding For any variable y which occurs as a binder in D in a clause ¢ of the

form
(v = (@ 2)0( .. ... (Y ) (") ...))
where y € yv5, either y = 2", or any complete path from a child of y must

contain the clause c as its ¢ + 1th with the ith wire being z”.

Acyclicity No clause in D may have a path starting and ending at itself which
is not the trivial path (c,¢).

Vestigial If D contains a clause of the form (- =Y 2’), then y must be the result

variable of D or must occur linearly as an input in D.

Although this definition seems circular, because of the references to relations
occuring within the intuitionistic arguments of an operator clause, it is easy to
decide whether any given pre-relation is a relation. This can be done by induction
on the depth of operator clauses, since for any pre-relation there must be a bound
on the depth of operator clauses contained in it.

Having defined relations over a generalised signature, we will let the set of all

relations over the generalised signature @ be denoted by Rel(Q).

Basic Results

We now prove some useful lemmas about relations.

LEMMA 8.2.11 (PROPERTIES OF RELATIONS)
Children In a I'; A relation D of type A, any variable has precisely one child

except the result variable, which is childless.

Complete Paths I The last clause in any complete path from any clause ¢ must

have the result variable as a dependent.

Complete Paths II In a I'; A relation D of type A, for any clause ¢ there is at

least one complete path from ¢ to some other clause.

Unique Typing Given a generalised typing context I'; A and a pre-relation D,
there is at most one type A such that D is a I'; A-relation of type A.

Result Variable Given a I'; A-relation D of type A, the result variable can be

determined effectively.
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Proof

Children To prove this, note that the output property specifies that every vari-
able except the result variable x must not be a free output, and hence must
occur as an output and also as an input. Therefore any such variable must
occur as the input to some clause which is then its child. However, such a
variable must only occur once as an input, so there must be precisely one
such clause. Since z is a free output, it cannot be the input of any clause,

and hence it must be childless.

Complete Paths I This is obvious since the result variable is the only possible

variable only occurring as an output.

Complete Paths II To show this, we need to demonstrate that every path
which is not complete can be extended. Note first that every clause has
at least one dependent. Now given a path from ¢ to ¢ in a relation D, if ¢
has as a dependent the result variable we are done. If not, take a dependent

of ¢ and its unique child; these extend the path.

Unique Typing Consider the two possibilities in the output condition of the
definition of relations. If the result variable occurs as an output in D, then
it must occur with a typing and for every typing context I'; A it must have
the same typing given as an annotation in D. If on the other hand the
result variable does not occur in D but is typed in A, then it clearly follows
that given the typing context there can only be one type assigned to the

result variable.

Result Variable There are efficient ways to do this, but to see that it is true
simply take the finite number of variables occurring linearly in D or typed
in A, and for each test whether it occurs as an input in D, which is effective.

Precisely one will not and this is the result variable.

We will now define a useful abbreviation. Abbreviate the pre-relation D con-
taining the clauses (M; = z1),...,(M, = x,) by removing these clauses and
replacing them with the form (M ... M, = zy...z,) which we will henceforth
call a clause, overloading notation insignificantly. Further, we will in the same
way abbreviate a pre-relation D containing the clauses (- =Y x1),...,(- =Y z,)
by removing them and replacing them with the form (- =¥ z;...z,), which we
will again call a clause.

Now define the family of a variable x occuring as a dependent in a relation

D to be the set of clauses ¢ such that every complete path in D from ¢ contains
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the variable . We will write this fam(z, D), omitting the relation D where it is
obvious. Intuitively the family of a variable in a relation corresponds its maximal
sub-relation which has x as its result variable.

We now prove two results on families.

LEMMA 8.2.12

Given a relation D, if a clause ¢ is in two families fam(z, D) and fam(y, D), then
either the variable  must have a child in fam(y, D), or y must have a child in
fam(z, D).

Proof We know if a clause ¢ is in two families fam(z, D) and fam(y, D), then
we have that every complete path in D from ¢ contains both z and y. Note that
both z and y must occur as inputs and as dependents since otherwise they could
not occur in a path. Now it must be the case that the unique children ¢, and
cy respectively of x and y must both occur in every complete path from ¢ in D.
Now assume that in some complete paths from ¢ in D the clause ¢, occurs before
¢y and in others ¢, occurs before c,. Then, by taking appropriate sub-paths of
these paths we can construct a cyclic path from ¢, to itself in D, which is a
contradiction. Therefore, one occurs first in every complete path from ¢ in D.
Say w.l.o.g. that it is ¢,. Then every complete path from c, in D must be part
of a complete path from ¢ in D, and further it occurs in that path before ¢,, so

that y is in any complete path from ¢, in D. Therefore, ¢, is in fam(y, D). O

LEMMA 8.2.13
Given a I'; A-relation D and a variable x which occurs linearly in D, fam(z, D)

is a I'; A’-relation for some I"; A’

Proof We can prove this by considering each clause in turn. Clearly linearity,
colouring, typing, boxing and acyclicity are inherited from D.

Of those that are left, first consider the output condition. Note that either
x does not occur as an output in fam(x, D) because it is the empty relation, or
because it occurs only as an output. This is trivial since if it were to occur as
an input it would imply that the child of z, ¢, had a complete path in D which
contained x, which would induce a cycle in D. Further, if any clause ¢ is contained
in fam(x, D) then a clause having x as dependent must, since each complete path
in D from ¢ must contain z as a connection between a dependent of x and its
child. Now, having established that x is an appropriate candidate for the result
variable, we must show that there can never be another variable y occuring only

as an output in fam(x, D). For a contradiction, assume there is such a y. Then
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y must occur as the output of a clause ¢ in fam(z, D). Now if y has a child ¢,
in D then there must be a complete path from ¢’ in D containing y, which is the
completion of the path (ccy,y). But there is some complete path from ¢, in D
not containing x, or ¢, would be in fam(z, D) and y would occur also as an input.
Hence we can construct a complete path from ¢ in D which does not contain x.
So y must be childless in D, and hence the result variable of D. But then the
empty path from ¢ by definition must contain x, which is a contradiction. Hence
the result variable of D cannot occur only as an output in fam(z, D), and z is
the only such possible variable.

Considering the input condition, we can take I'' to be the typing sequence that
types all the intuitionistically occuring variables with the types they are annotated
with, and A’ to be the typing sequence which types all the linearly occuring ones
with the types they are annotated with, and types the result variable x with any
type A if it does not occur in fam(z, D). This will make fam(z, D) a I''; A’-relation
of some type.

Considering the binding condition, we can see that if an operator clause c
with a binder y occurs in fam(z, D), then any complete path in D from a child
of y must contain the clause ¢, and must therefore contain a complete path from
cin D as a final segment. But this final segment must contain x, and so every
complete path from the child of the binder must contain x and the child of the
binder must be in fam(z, D), and the condition must be satisfied.

Considering the vestigial condition, assume we have a clause (- =Y y') such
that y is not the result variable of fam(x, D) and does not occur as an input in
it. But if this clause occurs in fam(z, D), then it must be the case that there is a
complete path from the clause in D, and such a path must contain z, implying
that the child of y is in fam(z, D), which is a contradiction. O

Now define a I; A’ sub-relation E of a I'; A-relation D to be a subset of D
which is a IV; A’ relation. A fundamental property of subrelations which we will

need is the following:

LEMMA 8.2.14
Given a relation R with a subrelation R' C R, any complete path in R from
a clause ¢ € R’ must pass through a clause ¢ having as dependent the result

variable of R'.

Proof Assume not. Now take the maximal non-zero initial segment of the path
which is within R’. The last clause in this segment must have a dependent which

is not the input of a clause in R'. If the dependent is a vestigial, the vestigial
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condition on R’ implies that the dependent is the result variable of R/, which is
a contradiction. If it is not a vestigial, then it is a variable which does not occur
as an input in R’ and does occur as an output (of the last clause in the initial

segment) and hence it must be the output variable of R'. UJ

8.3 Relational Equality

We now define the various parts of the equality over relations. Since we are
interested in proving that term equality is decidable via a translation into the
full relational equality, we will need to make sure that each part of the equality
is decidable. This will often be achieved by making a part of the equality the

transitive reflexive closure of a confluent terminating rewrite.

Vestigial Moves

First, we introduce the concept of vestigial moves on a relation. As we shall see,
the vestigial x in a clause of the form (- =" y) gives us essential information
about scoping in the derivations corresponding to the relation. If we do not have
this information, then two relations representing derivations not of provable equal
terms may be the same. However, there is redundancy in that several relations
with different vestigials may correspond to several provably equal terms. Hence
we need to give an equality between such relations. We call this equality =,

and we make a definition:

DEFINITION 8.3.1 (VESTIGIAL MOVES)
The T'; A-relations D U {(_ =* y)} and D U {(_ =*" )} of type A are one-step

equal via vestigial moves, if

1. There exists a path in DU {(_- =" y)} from the child of z to a clause having
dependent 2. Note that such a path cannot contain the clause (- =" y) or

a cycle would result.

2. For any clause ¢ of the form

(v = (5 75)0( . 5. (71 95) (") .. )

with z € 19> such that there is a path from the child of z to (- =* y) in
DU{(-="1y)}, all complete paths from the dependent of ' must contain

the clause ¢ as their 7 + 1th and the variable z” as their ith.

We now say that D =,,, D' if these two relations are shown to be equal by a

finite sequence of one-step vestigial moves.
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Having given this definition, it is imperative that we show that it is decidable.

LEMMA 8.3.2 (DECIDABILITY)
Vestigial equality is decidable.

Proof We can prove this by considering the following effective procedure:

Given any finite set of relations, pick any relation, pick any vestigial
and make any valid vestigial move. If the result is not in the set,
add it and continue until no relation in the set has a vestigial move

resulting in a new relation.

First we show that this is effective; note that determining whether a vestigial
move is valid is a matter of considering a finite number of paths in a relation, and
hence is effective. Since we start out with a finite set of relations, each of which
have a finite number of vestigials, it is effectively possible to check whether any
relation has a vestigial move on a particular vestigial.

Now, given this effective procedure, start it with the singleton set containing
any relation. Since there are only a finite number of variables which may be
used as each vestigial (by the vestigial condition, since the variable must occur
elsewhere in the body of the relation not as a vestigial), there are at most a finite
number of relations which may be equal by a vestigial move to any given relation.
Since there must be a finite sequence of one-step vestigial moves relating any two
relations which are equal via vestigial moves (since an infinite sequence would
of necessity repeat in the finite set of vestigially-equal relations), this procedure
must result in the finite set of all relations vestigially equal to the relation we
initially considered. Since the set is finite, we can now simply check to see if the
relation is vestigially equal to another relation by checking to see if it is in the

finite set resulting from the procedure. OJ

The A-rewrite

We now recall that our system includes clauses corresponding not only to the rules
of our logic, but also to its admissible weakening and contraction rules. This is
to ensure that we can express the equality of the system using local rewrites.
Consider DILL(C). Recall from page 41 that in the presence of admissible cut
rules for equality, the equality of DILL(C) is given by axioms which do not involve
substitutions (the substitutions which appear in the n-rules can be equivalently

rewritten as side-conditions on the equalities). However, there is still an infinite
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set of these axiomatic equalities parameterised over terms, for example as in the
equality I'; A F let % be  in t{x/z} = t: A. It is possible in the presence of the
commuting conversions to derive these equalities from a finite set of axioms not
parameterised over terms. Our rewrites on the system of relations for DILL(C)
will be suitable orientations of these.

However, this still leaves us with the problem of giving rewrites verifying the
the admissible cut rules for equality. To do this in a local way for intuition-
istic substitution we need to give a low-level implementation for the copying and

discarding of intuitionistic relations, which is provided by the rewrite —a.

DEFINITION 8.3.3 (THE REWRITE —x)
We define the rewrite — A firstly over pre-relations as the transitive closure of the

following one-step rewrites, where M and M’ may be any non-empty sets:
DU{(-="y),(MU{z ¢y} = 2)} »a DU{(M U{} = 2)}

DU{({z} =y)} —a D{y/x}
DU{(M" =y),(MU{z,y} = )} =a DU{(M U{"} UM = 2)}

We call the clauses which are explicitly mentioned in the redex the key clauses of
the rewrite.

Now it is easy to show that if D —a D', where D is a I'; A-relation of type A,
then D' is a I'; A-relation of type A. We note here that — 4 is clearly terminating
since in each one-step rewrite the number of clauses is reduced. Given this result,

we now also need to prove the confluence of —A over =,,,.

LEMMA 8.3.4 (CONFLUENCE)

The rewrite — 4 is confluent over the equality =,,,, on Rel(QO).

Proof First we note that if D; —a D by a one-step A-rewrite and D} =,,, D1,
then D] —a Dj by a one-step A-rewrite of the same kind, and D) =,,, Ds. We
can see this in the case where the vestigial moves are one-step by noticing that
since no linear variables are involved in any A-rewrite (as all the variables in the
key clauses are occurring intuitionistically), any such rewrite is independent of
the vestigial move. It is also trivial to see that the effect of the A-rewrite on
paths cannot disrupt the vestigial move.

Given this, in order to prove the result it suffices to show that if one relation
D has two A-rewrites to Dy and D, respectively, that there exist A-rewrites
Dy —a Dy and Dy —a Dj such that D} and D) are equal via vestigial moves.

This is trivial by inspection except in the case where D is

D' U{(-="w), (- =" 1), {y1, 2} = v)}
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In this case Dy is D' U {(_ =" y)} and Dy is D' U {(_ =*" 5)}. Hence we need to
show that these two are equal via vestigial moves. Consider an arbitrary binding
clause in D' U {(- =" 1), (- =" 2), ({y1,42} = y)} having a binding variable =
with a path from the child of z to the clause (- =*" ). Clearly there must also
exist a path from the child of z to the clause (- =" y»). Hence any binding clause
must contain both discard clauses in its scope or either. Now, by virtue of this
any complete path from either of the vestigial clauses must contain all the binding
clauses that bind them both, and furthermore in each path they must occur in
the same order (or else we could construct a path which omitted one). Take the
binding clause which occurs first in an arbitrary complete path from either clause,
and call it ¢. We know further that there is an input to ¢, say x”, which equally
must be in every complete path. Now we claim that D; and D are both equal
by a one-step vestigial move to D' U {(_ =*" y)}. To show this note that the
second part of the requirement is satisfied by virtue of our earlier discussion. The
first part, that there exists a path from a child of = or 2’ respectively to a clause
having " as dependent in both D; and D5, can be shown since in each case, any
complete path from the vestigial clause, including the one passing through the
child of = or 2/, must contain ¢ and z”. O

Having defined these two equalities, we will refer to the system of relations
quotiented by the equality generated by the transitive closure of the rewrite —

over the equality =,,, as Rel(O, =,,,.a).

8.4 Terms to Relations

We now map Lin(Q) to Rel(Q, =,,,, o) in such a way that when we quotient Lin(Q)
by the subset of the provable equality judgements constructed using only the cc-

axioms, it will be isomorphic to Rel(Q, =y,.4).
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DEFINITION 8.4.1 (THE TRANSLATION p)
The translation p takes I'; A-terms of type A in Lin(Q) to I'; A-relations of type
A in Rel(Q) as follows, where I' = y1: Ry ... ypn: Ry

pr(z) ={(-="9)} (where z is not typed in T")
praq(e) = {(z' = F(x)), (- =" )}
pr(let z:Q be v in w) = {(F(z) = z), {y, ¥} .- Ay, y} = 9)}
U o5 (O [T}V by (WY /57

(On O € Oy) pr(op) ={(M; ... M =7), (' = F(2"))} U
{(.’L‘” = (; )O((gvlfla yl)Dh s (gwfr; gr)Dr)}
(On O € OL—0y) pr(op) = (JE)UJD)UJE)UL{(M,... M., =5} U

i=1. =
{(@" = (&5 20" Zi; 50) Dy, - (5720 ) Drs (20910 (Zwn) - (85 95) (20))) }

where 2/, 2" and all the ¢/, ¥ and " for terms v are fresh variables and:
E; = Pr.z.G! (wi){y" )y}
D, = pr(W){5" /7}
Ejy = pr(wi) {5/}

j=1l..r' i/=1...s

/

M/_{ V1 Uy WY W 7/1 v;/ w/l Wer
i yl 7"'>y1 >y1 7"'>y1 >y1 7"'>y1 >y1 7"'7y1 }

op = O((Z1:Qu;g: A, ., (T2 Qs G Ar)r ) ()
op = O((ZF1: Qg Av)on, ..., (T2 Qs i A vy
(@ Qi Awy, . (e Qi ANwy) (V). vl )
and where we write z, for the result variable of pr(v) and similarly for the terms

w, U, W, v and w'.

We need to show that definition is well-formed, ie that p applied to a term is
always a relation. We can do this by induction over derivations of terms. Consider

the conditions on relations in turn.

Linearity To show that each variable only occurs at most once as an input and

at most once as an output or binder, first consider the axiom clauses. The
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result obviously follows in this case since x and i must be distinct, and
x' is fresh. Now consider the inductive clauses. In each of these, when
we refer inductively to another instance of the translation pr(v), we only
introduce another occurrence of free variables in the translation instance,
and in fact we only introduce new occurrences of variables which are free

inputs of pr(v) as outputs and vice versa. Hence this property is satisfied.

Colouring We can show in a very similar way that the translation preserves

colouring.

Typing Again, we need only to show firstly that the base clauses of the definition
satisfy the typing property, which is obvious since in each case there is only
ever one reference to each variable, which has an obvious type, and secondly
by showing that in the inductive clauses we only ever refer twice to variables
which are free in an instance pr(v) of the translation, and in this case since
all the free variables in the instance of the translation are typed in the
typing context I'; A of the term v, we can see that they are assigned the

correct types in their other occurrence.

Boxing This clearly follows by induction, since we only ever use instances of the

translation in boxed clauses.

Output Consider the base cases. In these, the unique result variable is clear;
it is  in the first and 2’ in the second. We can then show that the result

variables of the two inductive cases are z,, and z” respectively.

Inputs This condition is easy to establish in the base cases, and in the induct-
ive cases it can be shown by observing that we bind precisely the correct
variables of the operator arguments using the binding occurrences of the

operator clause.

Binding In order to show this, we consider the only situation in which we in-
troduce a binder, which is in the operator clause of the definition. But we
can easily see that we only introduce binders which are bound variables in
the ith argument of an operator term. Now we know by induction that
in the image of a term under p, which is a relation, there must exist a
complete path from any child of a free input. Also, because we know that
no variable in the image of the argument apart from its free variables is
referred to elsewhere in the translation of the operator instance, the only

paths from a child of a binder must contain as initial sequences complete
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paths of the translation of the argument. But we can easily show that every
complete path of the translation can only be extended in the translation of
the operator term by adding the ¢th output variable and the operator clause
itself, and further that each complete path through the translation of the
argument can be extended in this way in the translation of the operator

term.

Acyclicity This is again seen by induction; in the base cases is is clear that
there is no cyclic path, in the let case if there is no cycle in the inductive
instances of the translation then we can show by inspecting the form of the
definition that there is no cycle possible in the image, and finally in the

operator clause we can do the same thing.

Vestigial This is easy to see by considering the base case, which is the only point
at which we add a vestigial. Clearly in that case it is the result variable of

the image of the translation. OJ

Now we can show that the fragment of the provable equality defined by the
c-axioms and the rules of Lin(Q, A) is mapped soundly by this translation into
relational equality up to =a.

LEMMA 8.4.2 (SOUNDNESS)
If two terms are provably equal I'; A = v = w: A in the fragment of Lin(OQ, A)
using just the cc axioms and the symmetry, reflexivity, transitivity and congruence

rules, then their images pr(v) and pr(w) are equal up to =, o on relations.

Proof We prove this by considering the structure of a derivation of an equality
judgement in this fragment of the theory. Since the rewrite is congruent, and we
are taking the transitive reflexive closure of it, we have that the equality =a is a
congruence. Hence we need only check that the cc equalities are soundly mapped

to relations. We consider some sample cases.

cc — 1) In this case, the image of the left hand side easily reduces using the free

variable condition to the relation
pry@(W Y /2 pr wr(0){Y" /7' U pr(w){y” /2'}
U {({yﬂ, ygﬂ}a ce {y;w y;*”} = f”)a ({yﬂ', xlll 3o {y,’f, .T;f = f/)}
where I' = 27:Q)) ... 2/.:(Q)}.. But this reduces to
pry(W Y /7' U prar(0){y"/2} U pr(w){y"/7'}

ULt Yo Al = 7))
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and the image of the right-hand side easily reduces using the free variable

condition to the relation

pra (W)Y /7' U prar(){y" /7' U pr(w){yg"” /2'}
U {({91/7 91//}7 oo {y;*/> y;”} = f”)> ({917 xlll yeee {y;w .T;,/ = f/)}

which has the same reduct as the left hand side.
cc —2) This is almost identical to the previous case.

cc —3) and cc — 4) These cases follow the same principle as that of cc — 1 since

we have a union of the sets pr(v) and pp(v)).

cc —5) This is the crucial case, since it shows that our relational equality handles
linear naturality correctly. In order to make the process clearer, we only
prove this in the case we there are no intuitionistically natural arguments
(since these are peripheral to the equality) and precisely two linearly nat-
ural arguments. The more general case is proved using exactly the same

techniques. In the restricted case, the equality is as follows:
F; A Flet 2’ be v in O(, (fl; y_’l)wl, (fg; gg)wg)(ﬁl; w/)
= O(, (fl; y_’l)wl, (fg; y})(let 2’ be vin wg))(ﬁl, w/)

The image of this easily reduces under the free variable condition to the

relation

(U=t pr W7 /57}) U (Ujmr o pr (Wi 7 /51 U o ., (wi) {5 /57}
U Or arir G (W2 LT/} U pr (07 /5 U{{yn, o0 ) - Avn w = 9),
({y’:ll}17 et 7y’:ll}’r/7y’:llﬂ17 et 7y’:llUS/7y’:llU17y’:llU2}7 et {y;’}/17 AR 7y:7‘/7y;’1}/17 ce e 7y;:US/7y;’U17y;’U2} - g")}
where I' = y1: Ry ... y,: R,.. But this has reduct

(Uit or (019" /1) U (Ujzis pr (WG /5}) U pr .6, (09" /5

U pF,m/:Q/,fQ:QQ (wQ){g’wQ/g} U pF(U){gm/g} U

{({y1}17 et 7y’:ll}’r/7y’:llﬂ17 cee 7y;US/7y’iU17y’iU27y’:ll}}7 AR

{yh, oy oyt Yyl =)}

But in a similar way the right-hand side has precisely this reduct. 0]
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8.5 Relations to Terms

Having given the sound translation from terms to relations, we now need to
give a translation in the reverse direction. In fact, this is a complex procedure,
largely because relations are not inherently a sequential syntax, whereas terms
are. Hence the problem of inverting p is a version of what is historically known
as the sequentialisation problem, first stated for proof-nets. As we already know,
there is no one canonical proof derivation associated with a particular relation,
although each relation does have an associated equivalence class of derivations
(under the fragment of equality we are considering).

It is not clear how to give a direct translation from relations to terms, as we
have no direct inductive characterisation of relations, and although we do for pre-
relations, not all pre-relations can be mapped to terms in a uniform way. Hence,
the way we will define the inverse translation is non-standard. First we define a
class of intermediates, which are as the name suggests half-way houses between
relations and terms, and then we define a rewrite on these which is confluent and
terminating up to an equality on these intermediates. Such a rewrite defines a
function on intermediates, and we use it in conjunction with a map from relations
to intermediates and a map from intermediates to terms to give a function from
relations to terms.

First we define intermediates.

DEFINITION 8.5.1 (INTERMEDIATES)

A TV; A’-intermediate of type A over a signature O is a triple (v, D, (I'; A)) such
that v is a I'; A-term of type A, D is a finite set of clauses, (the clause set),
pr(v)U D is a I"A' relation of type A, all the variables occuring only as outputs
in D are typed in I'; A and there are no clauses in D having dependents variables

occuring as outputs in p,(v).

We will write the set of intermediates over a signature O as Int(Q), ranged
over by I..., and identify intermediates up to permutation on the linear and
intuitionistic parts of the typing context.

Now we define a rewrite on intermediates, —g:
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DEFINITION 8.5.2 (THE SEQUENTIALISATION REWRITE)

We define the one-step sequentialisation rewrite —g on intermediates as follows:

1) (v, DU{(-="y:Q)}, ([ A,2:A)) —s (v,D,(I'y:Q; A, x:A))

2) (v, DU{(M = 2:Q)},(I', M:Q; A)) —s  (v{z/M}, D, (I, 2:Q; A))

3) (v, DU{(z = F(y):Q)}, (I A,2:Q)) —s  (v{y/x}, D, (I, y:Q; A))

4) (v, DU{(F(x) =y:Q)},(T,2:Q;A)) —s (let x be y inv, D, (I'; A,y:Q))
5a) (v, DU {op}, (I', z:Q; A;; —g Ev{w/x}, D, (I'T"; A)

56) (0,DUD,U...uD,U{op}, (T; A, y:B" ofu'/y}, D, (I,T%; A, A))

where this last rewrite holds if D has no clauses (- =*" ") for 2" occurring as an

output in D} ... D/, foralli=1...rand all j =1...s, we have:

(25, Di, (5 20 Bi)) —s (i, 0, (T, Z5: Qi G- Ay))
(2w, D;’> (5 2w;: B)) —s (w;, 0, (ij>f;:@;; ij’y_yj:j;))

J

and given [ = 2": A% for ¢ = 1...7, we abbreviate:

[ =TIv,... [ ... [
A =NAN7"Q", g A" A, A

We specify further that a one-step rewrite of type 3 or 5b removing a variable
x from the linear typing context here can only occur when there is no clause

(- ="1y) for some y which could be rewritten by a rewrite of type 1.

We need to check that this definition is well-formed, ie that the reduct of an
intermediate is still an intermediate. This can be seen using simple properties of

relations and of the translation p.
Intuitively, a sequentialisation rewrite on I'”; A”-A-intermediates

(Ua D, (F§ A)) S (UI> D, (F/; A/))

moves structure from the relation part of the intermediate to the term part in a
sound way. By this we mean that the I'"; A”- A-relations pr(v)UD and pp/ (v')UD’
will be equal up to =a ym.

We can now start to prove the results which we need about this rewrite. First

note that each rewrite reduces the clause set by at least one clause. In the case
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of rewrites 1 — 4 this is the obvious one, in 5a it is op, and in 5b it is op’. We
call this clause the active clause in a rewrite. Further, note that any rewrite
may only occur if all the output variables of its active clause are present in the
typing context. This is not a sufficient condition because of the 1st rewrite and
the restriction on rewrite order. We will refer to the rewrites which are given
as conditions for the bbth rewrite as subsidiary rewrites of that main rewrite.
Similarly, we will call the intermediates which are rewritten by the subsidiary
rewrites the subsidiary intermediates.

Now since pr(v) U D must be a I"; A'-relation of type A, we know that no
variable in D can occur more than once as an output, and hence we know that it
may only be the output variable of one clause. This implies that any two instances
of rewrites with a shared output variable must have the same active clause. In
the cases of rewrites 2 — 4 this implies that they are the same. We also note that
variables are only added to the typing context when they are the inputs of active
clauses in rewrites. This is clear except in the case of rewrite 5b, but can be seen
by induction even in that case.

We can also easily see that the only way of removing a clause from the clause
set is via a rewrite of which it is an active clause, or equivalently via a rewrite
which removes its output variables from the typing context. We will say that
an intermediate rewrites totally if it rewrites to an intermediate with an empty
clause set.

We firstly now show that every intermediate rewrites totally. This will require

two lemmas.

LEMMA 8.5.3

Under the assumption:

For all D containing fewer than n clauses, if (v, D, (f:@; Tk ff)) has
a clause ¢ with all its dependents in #y, then it has a sequence of

one-step rewrites whose last rewrite has active clause c.

we can show that any intermediate with a clause set having less than n elements

rewrites totally.

Proof To show this, we prove that any intermediate with a non-empty clause
set has at least one rewrite. Then note that given any intermediate since the
clause set must be finite, the result follows. Firstly, take any intermediate with
clause set having less than n elements. If it has no elements then we are done. If

it has at least one then take one arbitrarily. This clause then must have at least
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one dependent, and these dependents are either all free output variables, in which
case they are all in 7y and by the assumption there exists a rewrite, or there is
one dependent of the clause which is the input of another clause ¢/. Using this
clause we can then either find a rewrite or a third clause, and this procedure if
continued will give us a rewrite with active clause the ith clause we select, or it
will give us an infinite sequence of clauses such that each has as input a dependent
of the previous one. However, since the clause set must be finite, such a sequence
of clauses must contain a cycle, and it is easy to see that from the clauses and
the dependents we can therefore construct a cyclic path in the clause set, which
is a contradiction. O

Having proved this conditional result, we now go on to prove the main lemma,

which is also the assumption of the conditional in the general case:

LEMMA 8.5.4
If (v, D, (Z:Q;7: A)) has a clause ¢ with all its dependents in Z7, then it has a

sequence of one-step rewrites whose last rewrite has active clause c.

Proof We will prove this by induction over the size of the clause set. If the
clause set D is empty the lemma is vacuous. If the clause set has n + 1 elements,
then assume it has a clause ¢ satisfying the premise of the lemma. There are
now three possible cases. Firstly we may have that this clause has the form
(- =" y), in which case the assumption implies that the rewrite (of type 1) can
proceed. Secondly we may have that this clause is not an operator clause and is
not a clause (- =" y), in which case we know that the assumption must allow the
rewrite unless there is a possible rewrite of type 1 which may take precedence.
Note however that if there are such rewrites, there can only be finitely many of
them, and note also that they merely increase the size of the typing context, and
therefore do not block the rewrite removing the clause c¢. Hence we can perform
the sequence of rewrites of type 1 followed by the rewrite having active clause c.
The third and most complex case is when the clause is an operator clause. In
this case the assumption is that the sole output variable of the operator is in 'y,
but we also need to know that there exists suitable subsidiary intermediates and
rewrites on them. However, since such intermediate must have smaller clause sets
than D, we know that any subsidiary intermediate of the appropriate form must
rewrite totally. Hence it suffices to show that suitable subsidiary intermediates
exist. However, since we know that the family of any variable is a relation, we can
simply take as subsidiary intermediates (zy,, fam(zy,;, DU pr(v)), (5 zw,)). These

are disjoint since we know that no clause can be in the families of two distinct
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variables unless one is in the family of the other, and this is clearly impossible
since the active clause of the operator rewrite cannot be in any family of the z,,.
Further, they are all subsets of D since any complete path in D U pr(v) from a
clause in pr(v) cannot contain z,,; or it would induce a cycle. Hence we have
appropriate subsidiary intermediates and the rewrite can occur, and so the result
follows by induction. O]

Now using our previous lemma, we can see that we have the consequence:

PROPOSITION 8.5.5

Any intermediate rewrites totally.

This is clear since we know that for any intermediate with a clause set having
n elements, it follows from the result we have just proved, for intermediates with
clause sets of n or fewer elements. However, we have just proved this last result
for all n, and hence the proposition holds.

We now proceed to prove confluence of —g up to the cc-fragment of provable

equality on the term part of intermediates.

LEMMA 8.5.6 (RELATIVE CONFLUENCE)

If an intermediate I has two rewrites, I —g I; and I —g Is, then I; and I
respectively have rewrites Iy —g I and Iy — I} such that I{ and I} differ only
on their term part, and if /] has term part v; and I} has term part vq, these two
terms are provably equal in the fragment of the equality theory having only the

cc axioms and the rules.

Proof We prove this by considering all possible pairs of one-step rewrites in
turn. Note that some combinations are prohibited by the restriction on the order

of rewrites.

1 and 1 If we have two different rewrites of type 1, then clearly the resultant
intermediate forms are the same up to exchange on the intuitionistic part

of the typing context, and hence we have the result.

Any choice of two from {2,3,5a} In these cases the result follows again by
exchange on the typing context and by commutation of independent sub-

stitutions.

2 and 4, 3 and 4 In these cases the result follows by exchange and since the

substitutions go through the let -construct.

4 and 4 In this case the result follows by the commuting conversion which allows

two let -constructs to commute under appropriate free-variable restrictions.
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5b and 2, 5b and 3, 5b and 4 Say that the rewrite 2, 3 or 4 is I —g I, called
rewrite a, and that the other rewrite I —g Iy of type 5b is called rewrite
b. Now, we know that the active clause of rewrite a is the only clause
containing any output variables of the clause, because any other occurrence
in D would have to be an input occurrence, which is not possible by our
earlier discussion. Now if we consider the subsidiary rewrites of rewrite b,
we can see that the output variable of the active clause of the rewrite a
can never be introduced into the typing context, and hence the rewrite a
can never take place as part of a subsidiary rewrite of rewrite b. This then
means that after rewrite b, rewrite a is still possible since its output variable
is still in the typing context and the clause is still in the clause set. On the
other hand, if we first do rewrite a, clearly we can still do rewrite b since the
active clause of rewrite a was not involved, and we have merely altered the
typing context in a way which will not affect rewrite b. Having established
that the rewrites can be done in either order, the equality of the resultant

intermediate forms is given by the commutativity of substitution.

5b and 5b This is the most complex case, since there are two subcases. The first
is the case in which the two rewrites of type 5b have different active clauses,
and the second is the case in which the active clauses are the same but the
sets D) are different. First consider the case in which the active clauses are
different.

In this case we first note that no clause in one of the sets D; for one rewrite
can be in any of the corresponding set for the other rewrite. This is because
any two such sets are sub-relations of the relation D U pr(v), and hence by
lemma 8.2.14 any maximal path in D U pp(v) from such a shared clause
must pass through one clause having dependent the result variable of the
first subrelation and another having dependent the result variable of the
second subrelation. If these clauses are the same, then both active clauses,
which are the children of the respective result variables, are the same, which
is a contradiction. Otherwise, we must have that there is a path from the
clause having dependent the result variable of (say) the first subrelation to
that having dependent the result variable of the second subrelation. But this
then implies that there exists a path from the child of the result variable of
the first subrelation to the child of the result variable of the second relation,
or in other words a path from the active clause of the first rewrite to that
of the second rewrite. This then implies that the first rewrite cannot occur

until the second has, which is again a contradiction. Thus it follows that the
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two rewrites are independent as they do not affect any of the same clauses
or variables, and so they can be performed in either order. The resulting
intermediates in each case are the same, by virtue of the commutativity of

substitution.

Now consider the second case, in which the active clauses of the two rewrites
are the same. In order for the two rewrites to be distinct, it must be the case
that one of the sets D differs from its counterpart E%. Note that for this to
be the case, at least one of the sets must contain a clause having dependent
2w, or else both sets would be empty and hence equal. Now we can see that
both the sets D’ and E} must be subsets of fam(z,,) since if not, we would
have that some clause having a complete path from itself not including
2y, would be rewritten in the subsidiary rewrite of the Sb-rewrite. This is
impossible since we know that for a rewrite to occur all its dependents must
be in the typing context, and inductively this is only possible for variables
whose children are in the family of the initial variable. Given this and the
fact that since fam(z,,), it suffices to show that the two rewrites using D/,
and using fam(z,,) respectively have a common reduct. This follows by
observations on substitution, however, since any clause which is not in D)
but in fam(z,,) must be rewriteable after the 5b-rewrite using D’ because
we simply add the typing context present after the subsidiary rewrite to the

main typing context. 0

Now we can define a function based on the rewrite —g. Note that for any I'; A-
relation D of type A with result variable z, (z, D, (_; 2 : A)) is an intermediate and

hence rewrites totally.
DEFINITION 8.5.7 (THE TRANSLATION 0)
Given a I'; A-relation D such that
('T> D, (—; 'T:A)) -s (Ua 0, FIS A/)
define or.A(D) = v.

This is a total function by the earlier remarks. Further, we can easily show that
v is a I'; A-term of type A by considering the structure of the sequentialisation
rewrite.

We now need to show that this translation is sound with respect to the equality

=um.A. In order to do this we will first prove a lemma:
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LEMMA 8.5.8

Given an intermediate (v, D U I/, (I, Z:Q;i/: A, A)) which has a one-step se-
(f(v
, T

(v), D, (T, #:Q;§: A", A)), we
Q; - A, ) a rewrite:
IO

quentialisation rewrite to another intermediate

have for any other intermediate (w, EU D', (I

(w, EUD' (I",7:Q; 7: A, A)) =g (f(w), B, (", Z:Q"; 7 : A, A"))
if £ has no clause with a vestigial occurrence of any variable in g, where f is a
function constructed from substitutions of terms for variables and the primitive

function which takes v to let x be y in v.

Proof We can prove this by simple consideration of the form of the one-step
rewrite. In the case of the first to 5ath rewrite, the set D' must consist of the
single clause which is the active clause of the relevant rewrite. Further, the typing
sequences T : Cj and ¥ : A must be precisely the output variables of the active
clause. Now given that the intermediate (w, F U D', (I, Z: Q:7: A, A')) also
has the active clause and the output variables of the active clause in the typing
context, the only reason the required rewrite might not take place is because of
the restriction that a rewrite of type 1 must take precedence over a rewrite of
type 3 or ba on the same output variable. But since the 7 are the linear output
variables of the active clause, the condition on the lemma makes sure this cannot

happen. 0]

LEMMA 8.5.9 (SOUNDNESS)

If two I'; A-relations of type A, D; and D, are equal under the equality =, A,
then I'' A F or.a(D1) = ora(D2): A using just the ce-fragment of the provable
equality.

Proof In order to show this there are two proof obligations, firstly to show that
the rewrite —g is mapped to a provable equality and secondly to show that the
equality =,,, is preserved by or;a.

For the first, taking each rewrite in turn, we first take the starting intermediate
of a relation, (x, D, (I'; A)), and rewrite until the first dependent of a key clause
of the rewrite appears in the typing context. Now the result of rewriting the
redex and the result of rewriting the reduct at this point are the same, modulo
the a-conversion in one case. Therefore the result holds in this case.

The second is much more complex. Imagine that two ['; A-relations of type
A, DU{_ =" y)} and DU {(_ =" y)} are equal via a one-step vestigial move.
Without loss of generality, suppose that the path that exists by the first clause of
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the definition of vestigial move is from the child of z to a clause having dependent
2. Now consider the I'; A-intermediates (z, D U {_ =" y)}, (5 2:4)) and (2, D U
{C=""9)},(5z:A))of type A, where z is the result variable of both the relations.
Taking the second of these, we first claim that there must exist a sequence of
rewrites not containing any rewrite with an active clause having output variable

x and not containing any rewrite with active clause (- =*" y) as follows:
(2, DU{(-="9)}. (5 2:4)) =% (f(2), D' U{(- =" y)}, (M2 A", )

We first note that since the vestigial clause (- =% y) cannot rewrite unless the
variable z’ is present in the typing context, any rewrite sequence to an interme-
diate with empty clause set must pass through an intermediate with the variable
x’ present in the typing context and the vestigial clause (- =’ y) in the clause
set.

We can now prove by induction over the size of the part of the clause set D
of the intermediate that given a path from a child of x to a clause having 2’ as a
dependent, there must either be a rewrite of the intermediate not having active
clause with output z, or the typing context contains z’.

Firstly, if the set D is empty, then since any intermediate with non-empty
clause set has a rewrite and the only possible rewrite is the one having active
clause the only clause in the clause set (- = y), and this means that 2’ must be
in the typing context, or the rewrite would not be possible.

Secondly, if the set D has r + 1 elements, it suffices to find one rewrite which
satisfies the criteria, as then the resulting intermediate must have a smaller set
D. Now since there exists a rewrite by the termination of —g, assume that
this rewrite has active clause with output . Then z must occur in the typing
context of the intermediate. But we can see from this that if the intermediate is
(v, DU{(_ =)}, (I';2: B, A")) every path from x in prr... A/ (v)UDU (- =" y)}
must be entirely within pr/...5 a/(v) and hence cannot contain ', which is a
contradiction.

But now we need only check the vestigial condition of the previous lemma to

see that by repeated applications of it, we have that there exist rewrites:
(2, DU{-="y)} (52:4)) =5 (f(2), D'U{-="y)}, (I";2": A", AT))

The vestigiality condition is guaranteed by the existence of the rewrites on the
intermediate (2, DU{_ =" y)}, (5 z: A)) for all variables except z. So we need to
check that at no point in the sequence of rewrites does a rewrite occur which has

an active clause with the output variable z. But we already know this.
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Now we have a one-step rewrite:
(f(2), D' U{(-=" )}, (32" AL AN)) — (f(2), D', (52" A A))
Also, we have a sequence of rewrites
(f(2), D', (s 2" A, A)) —s (f/(f(2)), D", (I 2: B, A"))
and hence by our previous lemma we also have a sequence of rewrites:

(f(2), D' U{- ="y}, (I 2" A" A)) —s (f(f(2)), D" U{- =" y)}, I 2: B, A"))
The vestigial condition on that lemma is satisfied obviously. Now we have a

rewrite

(f'(f(2)), D" U{-="y)}, (" 2: B, A")) =g (f'(f(2)), D", (I"; 2: B, A"))
and therefore we have that both (2, DU {_ =" y)},(;2:A4)) and (2, DU {(_ =~
y)}, (5 2:A)) rewrite to (f'(f(x)), D", (I'";x: B, A")) so that they must rewrite
by confluence to the same intermediate with empty clause set, which then implies
that o is sound with respect to vestigial moves. 0

We can now prove that op.a(pr(v)) = v by straightforward calculation on each
term construct.

LEMMA 8.5.10 (INVERSION)
Given a I'; A-term v of type A, or.a(pr(v)) = v.
This then shows by standard arguments that:
LEMMA 8.5.11
[ A F v =w: Ausing the ce-fragment of provable equality if and only if pr(v) =a
pr(w)

We can go further and show that relations under the equality =,,, A are exactly
equivalent to terms quotiented by the provable cc-equality. First we prove a
lemma:

LEMMA 8.5.12 (INVARIANT)
Given a I'; A-intermediate of type A, (v, D, (I"; A")), such that (v, D, (I"; A')) —g
(w, B, (I'; A")), we have that:
proa(0) U D =y A proan(w) U E
as ['; A-relations of type A.

This is easily proved by considering each sequentialisation rewrite in turn.
This then allows us to prove the following result:

LEMMA 8.5.13 (INVERSION II)

Given a I'; A-relation D of type A, pr.a(or.a(D)) =vma D.
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Proof First note that we have a rewrite:
($> D, (—5 'T:A)) S (JF;A(D)> @7 (F; A))

where D has the result variable  in the context I'; A. But then by the invariant

lemma, we have that
PoeaA(®) U D =y prialora(D)) U

which immediately gives us the required result. U

Hence we have that Rel(Q, =,,,, ) is isomorphism to Lin(Q) quotiented by the
provable equality built from the cc axioms and the rules. In the next chapter
we consider rewrites on relations which will correspond to the F' — (yn equality

judgements on Lin(Q)-terms.
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Chapter 9

Normal Forms and Decidability

In this chapter we continue the study of relations as normal forms for linear
type-theories, showing that we can extend the results proved in the previous
chapter to allow us to decide the linear typing system with F' — gy n-axioms and
further to decide the system with output-naturality equalities ONat(O, O) for
some signature @ having an output-parameterised set of operators O. However,

to do so will involve some delicate proofs.

9.1 Proof-Nets

As in the previous chapter, we motivate our definitions and proofs using proof-
nets, in which we can raise all the problems we will face in a more understandable
way.

In modelling not only the provable equality built over Lin(Q) from the com-
muting conversions, but the full provable equality of Lin(Q, A), we need to consider
the F'— By and F' —n axiomatic equalities. However, there are three issues which
are immediately raised.

Firstly, we have the issue of orientation of the rewrites that we shall give.
It is by no means certain that the conventional reductive rewrite orientation is
the correct one in general, and in fact we will be using a rewrite in which the
B,-rewrites are taken as reductions and the n-rewrites as expansions (see Ghani’s
thesis [Gha95]). Secondly, the F'— [y -equality contains within its right-hand side
an intuitionistic substitution of an intuitionistic term for a variable, and in order
for our relational system to model this, we will need to augment the rewrites
of the replicators to copy intuitionistic operators, amongst other administration.
The techniques we will use to do this are based in a number of proof-net-like
systems, notably those inherited from nets for the A-calculus.

Thirdly, and perhaps most substantially, we need to take account of the
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output-naturality equalities which hold of the @ and I* operators. In order
to do this we adopt a different approach, which is based on the observation that
in modelling the linear naturality of operators in proof-nets, we simply leave wires
which are not bound by the operator. The intuition behind output-natural oper-
ators is that the output wire (or result) is not bound by the operator application,
and so our new proof nets proceed by not binding them; for example, a repres-
entation of the DILL(C)-term let x ® y be ¢ in w which does not bind the result

wire is seen in figure 9.1.

&

ACB xX:A y:B
P(u )

C

Figure 9.1: Proof-Nets for Output Naturality

Given this approach, output-naturality equalities map to identities on proof-
nets, which is one of their major virtues. However, there is a slight complication
in the treatment of operators with no binding behaviour, as for example in I*.
As explained in section 8.1 on page 183, such a non-binding operator requires a

vestigial, since otherwise too many proof-nets would be identified.

9.2 The F-Equalities

We now introduce an additional rewrite on relations, the F'-rewrite, which models
the effect of the F-equalities of Lin(@,A). We proceed to extend the result of
the previous section to show that the derivable equality judgement of Lin(Q, ()
soundly and completely maps to relations under the equality =,,,aor generated in
the obvious way from the rewrites —r and —a and the equality =,,,. First we

make a definition:
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DEFINITION 9.2.1 (RESOLVED VARIABLE)
Say a variable x of type @) € My is resolved in the relation D if it is linear and
is not the input of a clause (F(z) = z) or the output of a clause (z = F(z)).

Conversely, if a variable is linear and is not resolved, call it unresolved.

We must define the concept of common variable. A common variable for a
clause in a relation is a linear variable which occurs in any complete path from the
clause. Each clause has at least one common variable unless it has dependent the
result variable, because the result variable will be a common variable. Further, for
any clause having an input which occurs as a vestigial elsewhere in the relation,
we can always find a common variable which is a valid vestigial move away. This
holds simply by taking the common variable which occurs first in each complete
path (it must always be the same one since if not a cycle would occur).

Now we define the rewrite on relations which we will use:

DEFINITION 9.2.2 (THE REWRITE —p)
Define the one-step rewrite — on relations using the following rules, where the

F' — n-rule is only permitted on unresolved variables x:

DU{(F(z) =), (y = F(x))} —r-p D{z/2’, 2/y}
D{x/x'} —pn DU{(F(y) =), (z" = F(y))}

where in the second of these, y is fresh, and in the first, z is the first common

variable in every complete path from (F'(2') = y) in the relation D U {(F(2') =
y), (y = F(x))}.

Now we need to extend the rewrite A in order to deal with intuitionistic
operators. We will overload notation to refer to the extended rewrite also as —a.
We now introduce some substitution notation; for any relation D let Do(1) be
D with all its variables replaced by fresh variables, such that if i # j then Do(1)
and Do (j) share no variables. We extend this to intuitionistic operator clauses,
meaning that each relation within the operator instance has the substitution

applied to it, with corresponding a-conversion for the binding instances.
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DEFINITION 9.2.3 (THE REWRITE —x)
Let the one-step rewrite — A be given by the following cases, extending the rewrite

—a of the previous chapter:

DU{(-="y), (MU{z}U{y'} = 2)} maa DU{(MU{Z"} = 2)}
DU{({z} =y)} —a-2 D{y/z}
DU{(M =y), (MU{Z}U{y} =2)} a3 DU{(MU{Z} UM =2z)}

DU{(z= (#NO(... (@ ¢)D'U{(M =y")}z")...;...))} —aa
DU{(z = (Z;9)O0(...(Z;9)D'(x") ... 5...)), (M =y")}
DU{(z=(Z;9)0(...(Z;7)D'(2")...;...)), (' = ()O'(-..;))} —as

DU{(z = (#FHO(... (75 g)D"U{(z' = )O(..;))}a") .. 5. )}

where O’ € O; and 2z’ occurs as an input only in D’

DU{(M = 2),(z = ()O'(... 1))} —ass
DU{( = ()0 )o (D), .. (2 = ()O'(... s )o(n)), (M]... M. = &)

where in this last rewrite, the free intuitionistic variables occurring as inputs in
(;)O'(...;) are & , we have M = Zo(i) and M = {z],...,z.}.

We will now define the equality =,,,ar in the obvious way as the reflexive
transitive closure of the union of the one-step rewrites —a and — g over the
equality =,

We can now start to extend the results of the previous chapter to these new

rewrites.

9.3 Deciding the Equality

Confluence

It is straightforward to check confluence for our rewrite by considering all possible

critical pairs.

LEMMA 9.3.1 (CONFLUENCE)
The transitive closure — ap of the union of the rewrites —p and — A is confluent

over the equality =
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Proof As before, the key to the proof is the locality of the rewrites. However,
since we now have rewrites which manipulate operator clauses, we have to also
allow for the possibility that redexes may occur inside the relations which are in

the operator clause. We consider pairs of rewrites case by case.

Any of {A —1,2,3} with F'— 3 In this case we can clearly see that there is
no possibility of these two rewrites sharing a clause. Hence the rewrites are

independent.

Any of {A —1,2,3} with F' —n In this case we can see that an F' — n-rewrite
can never occur on any variable in a A — 1, 2, 3-redex, since F' —n can only
occur on linear variables and all those occurring in the rewrites A — 1,2, 3

are intuitionistic. Hence the rewrites are independent.

Either of A —4 or A — 5 with either of F' — 3 or F' — 7 In this case we can
see that the only interaction between these two redexes can be if the F-redex
occurs in an operator instance occurring in the A-redex. But no F'-clause or
linear variable in such an operator instance is affected, and so the rewrites

are independent.

The A — 6-rewrite and either the F' — 3 or F' — np-rewrite In both these cases
we can see that the F-redex may be copied any number of times (including
none, when it is deleted). The result of doing the F-rewrite and then the
A — 6 rewrite is the same as that of doing the A — 6-rewrite and then some

number of copies of the F-rewrite.

Any combination of two from {A — 1,23} This case was dealt with in the

previous proof.

A — 4 and itself In this case clearly the redexes are non-overlapping unless the
two duplicators are leaving the same operator construct, in which case they

are still independent.

A — 4 and any of {A —1,2,3} This case is easily seen, with the rewrites only
interacting if the duplicator which leaves the operator construct in the A—4-
rewrite is also involved in the A — 1, 2, 3-rewrite. If the rewrites do interact,
the reducts will themselves have a common reduct using more instances of

the same rewrites.

A — 6 and and any of {A — 1,2,3} This is very similar to the previous case,
we the added possibility that the A — 1,2, 3-rewrite might be duplicated.
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A — 6 and A — 5 These rewrites interact only if the copied operator construct
is the operator construct which is the active one in the A — 5 rewrite, or in
the case where the A — 6-rewrite copies the A — 5 redex. In the second case
the two reducts can easily be shown to have a common reduct by repeated
A — 5 rewrites, and in the first case another instance of A —6 and a number

of instances of A — 5 are needed.

A — 6 and F — (n These rewrites can only interact if the F' — Bn-redex occurs
in the operator construct duplicated by the A —6 rewrite, and we can easily
rewrite the reducts to a common form using a number of F' — gn-rewrites

and aA — 6-rewrite.

Any two of F' — 31 These rewrites may share a clause, but if they do the result

of performing either rewrite first is the same form.

A—5and A —1,2,3 These rewrites must be independent, as they share no
clause and no rewrite in the body of the operator clauses is affected by
the A — 5 rewrite.

A —5 and A — 4 In this case the rewrites may interact in two interesting ways,
one for each operator construct in the A — 5 rewrite. In the case where the
A — 4-rewrite places a replicator between the two operator clauses of the
A — brewrite, the two reducts have a common reduct using a A — 6-rewrite
and possibly several A — 5-rewrites. In the other case, the required rewrites

to form a common reduct are simply two A — 5 rewrites.

A —5 and A — 5 In this case, the only interesting interaction between the two

instances of the rewrite can be resolved simply using more instances of A—5.

Normalisation

Having established the confluence of this rewrite, we need to show that it is nor-
malising, which is to say that every one-step rewrite sequence is finite. Although
this is not as hard as it is for the higher-order case, because of the presence of
the expansionary rewrites F' —n and A — 6 it is not trivial. However, it can be
shown by defining a measure on terms which we will now present.

First consider the action of our rewrites on an arbitrary replicator in a relation.
In each of the rewrites A — 1,2, 3 and A —6 the tendency is for a replicator to move
further away from the result variable of a relation, or to disappear altogether. The

problem is that in the case of the A — 6-rewrite, this is accomplished at the cost of
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increasing the number of clauses, which in the previous chapter was the measure
which ensured termination. This is the key to the measure we will define, but
there are complexities due to the A — 4 and A — 5 rewrites.

In the case of the F' — n-rewrite, we notice that the rewrite cannot occur
unless the variable is unresolved. Since all the variables introduced by a F' — n-
rewrite are resolved, we can make such rewrites reduce the measure by weighting
each unresolved variable more heavily than the subnet which replaces it after the
rewrite.

First we introduce some theory. We will be using polynomials of a single
variable, which we will write p(z), ¢(z) ... for the variable z; polynomials will only
be used in this section, so this slight overloading of notation will be transparent.
A general polynomial in a single variable has the form 3,__, ,c;z® where the
¢; are (possibly negative) integer coefficients. We can then define addition and
subtraction (and the product of two polynomials) in the obvious way We can also
define an ordering on polynomials of a single variable by saying p(z) > ¢(z) iff
the coefficient of the largest power of z in p(z) — ¢(z) is strictly positive.

We now need to make some definitions formalising our earlier discussion of
the measure. Recall that a path from ¢ to ¢’ in a relation D is a pair of sequences
(¢r1...¢y21 ... 2p—1) such that ¢; = ¢, ¢, = ¢ and ; connects ¢; and ¢; 41 for all
1=1...r —1. Now say that a total path in a relation D is a path which cannot
be extended by prepending or appending a pair (¢, z) to it. Intuitively, the total
paths go from free inputs or inputs bound by an operator clause to a clause having
dependent the result variable of either the relation D, or some relation D’ in an
operator clause contained in D. Write the set of all total paths in a relation D
as TPath(D), and let ¢ ... range over paths for this chapter only. Clearly there

exists a total path containing any clause contained in D.

DEFINITION 9.3.2 (COMPLEXITY I)
Given a path ¢, define the first complezity of it, written Com!(¢) inductively:

1
Com™(c,e) =1

(¢, Z) if ¢’ is a replicator clause and 2’ is resolved
2Com! (¢, Z) +4 if ¢ is a replicator clause and 2’ is unresolved
Lt = Com!(¢,7) +1 if ¢ is not a replicator clause
Com-(¢d, zz") =

;.

and 2’ is resolved

Com!(¢,¥) +4 if ¢ is not a replicator clause

and 2’ is unresolved

Define the first complexity polynomial as follows:
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DEFINITION 9.3.3 (FIRST COMPLEXITY POLYNOMIAL)

The first complexity polynomial for a relation D is given:

PODYw) = 3 A
pETPath(D)

Now the intuition is that all our rewrites will at worst replace one path of a
certain complexity with many of lower complexity, but because in the polynomial
ordering one x¢ of higher coefficient outweighs many 2¢ of lower coefficient, the
complexity polynomial will still strictly decrease. We can now show that the
one-step A — 1,2, 3, 6-rewrites and one-step F' — (n-rewrites decrease the first

complexity polynomial of a relation.

LEMMA 9.3.4
If D — D' by a one-step A — 1,2, 3, 6-rewrite or a one-step F' — #n-rewrite, then
p(D)(z) > p'“(D')(z).

Proof We will refer to the form of the rewrites given on page 217. Consider the

rewrites separately:

A — 1 In this case, any total path in D’ yields a total path in D simply by
replacing any occurrence of the new replicator clause added by the rewrite
with the replicator clause in D which has as output the required variables.
Further, the first complexity of the generated path in D is the same as that
of the original path in D', since we have just replaced a replicator clause
with another one. We can see easily that any two distinct total paths in D’
give rise to distinct total paths in D via this procedure. Moreover, there
exists a total path in D which is not a total path in D', namely that which
passes through the replicator clause deleted by the rewrite. Call this total
path ¢. Now we know that the first complexity polynomial of D must have
coefficients greater than or equal to those of the first complexity polynomial
of D'. But the coefficient of ™ () must be strictly greater in the first
complexity polynomial of D, so that this polynomial must be strictly greater

than the first complexity polynomial of D'.

Ay In this case we can see that any total path of D’ arises from a total path of D
either identically, or by replacing the subsequence of the variable sequence
yx with y and removing the replicator clause in the clause sequence. This
procedure obviously yields total paths of less than or equal first complexity
in general, and in the case where the replicator clause is removed yields

total paths of strictly lesser first complexity. Note that there exists at least
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one total path which has strictly lesser first complexity by this argument
since at least one total path passes through the replicator clause. This
correspondence gives a one-to-one mapping of total paths and hence since
it is strictly reducing on the first complexity of at least one total path, the
first complexity polynomial of the reduct D' must be strictly less than that
of D.

A — 3 This argument proceeds similarly to the previous one simply by construct-
ing the obvious correspondence between total paths, which turns out to be
strictly reducing of first complexity on total paths passing through the rep-

licator clause which is deleted.

A — 6 This is the key case. It is easy to see that given any total path in D
which is not a path of D', we can give a total path of D’ which has strictly
lesser first complexity. Further, although there are many such candidate
total paths, these all have strictly lesser first complexity, and the only total
paths of D’ which are not paths of D are these paths of lesser first com-
plexity. Consider the total path ¢ that we know must exist in D passing
through the replicator, and which is therefore not a path of D’'. The first

Com'(¢) coefficient than the

complexity polynomial of D has strictly greater x
first complexity polynomial of I, and although by our discussion it may
have strictly lesser coefficients of smaller powers of x, this is still enough to

make the first complexity polynomial of D strictly greater than that of I)'.

F — B In this case, there is a straightforward correspondence between total paths
of D and D', which strictly reduces the first complexity of any path that
passes through either of the clauses which are deleted. Hence by standard

reasoning the first complexity polynomial of D is strictly greater than that
of D'.

F'—n This is a more complicated case since the obvious correspondence between
paths increases the length of paths. However, it can be shown that because
the paths contain one fewer unresolved variable, the first complexity of paths
is strictly reduced by going from D to D’ and hence the first complexity
polynomial of D is strictly greater than that of D’. 0]

This forms the major part of our proof. We can proceed to consider the only
two remaining rewrites, the A — 4 and A — 5-rewrites. First we note that the
first-complexity polynomial is preserved by these one-step rewrites, by virtue of

the lemma:
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LEMMA 9.3.5
If D — D’ by a one-step A — 4 or A — 5-rewrite, there is a first-complexity-

preserving correspondence between the total paths of D and D’.

Proof The first-complexity-preserving correspondence is the identity. U
Let Op(D) be the set of operator clauses contained in D, and define the nesting

level of a clause as follows:

DEFINITION 9.3.6 (NESTING LEVEL)

Given a clause ¢ € D, define the nesting level of ¢ in D, written Nest(D)(c),

inductively as follows:

Nest(D)(c) =0if c € D
Nest(D)(c) = Nest(D')(c) + 1
if (y=1(..)O(..,,(@;2)D("),...;...)) €D

and c is contained in D’

Now we can define the nesting polynomial.
DEFINITION 9.3.7 (NESTING POLYNOMIAL)
Define the nesting polynomial, of a relation D, written p™(D)(z), as follows:

pN(D) (.’L’) _ Z x—Nest(D)(c)
ce0p(D)

Clearly, we can now prove:

LEMMA 9.3.8
If D — D' by a one-step A — 5-rewrite, then p™(D)(x) > p™(D')(z).

Proof This is quite easy to see since the rewrite reduces by one the coefficient

—Nest(D)(¢) yhere ¢ is the intuitionistic operator clause which is moved inside

of x
the other operator clause in the rewrite, and no other operator clause of lesser
nesting (which means higher power of x in the nesting polynomial) is affected.

Also, we can quite easily see that since the one-step A — 4-rewrite does not
affect the nesting level of any operator clause, it must preserve the nesting poly-
nomial. Hence, we have almost completed the details of normalisation. Finally,

let Rep(D) be the set of replicator clauses occurring in the relation D. We have;

LEMMA 9.3.9
If D — D' by a one-step A — 4 rewrite, then

> Nest(D)(c) > > Nest(D')(c)

cERep(D) cERep(D’)
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Proof Again, this is easily seen, since the rewrite precisely decreases the nesting
level of the replicator clause involved by one, and leaves all other replicators as
they are. H

We can now put all these pieces together to prove:

LEMMA 9.3.10 (NORMALISATION)
The transitive closure —apr of the union of the rewrites —p and — A over the

equality =,,, is normalising.

Proof Consider the set of triples (p(x),¢(z),r) consisting of two polynomials
and an integer, ordered by the lexicographic ordering inherited from the polyno-

mial ordering and the integer ordering. We claim that the measure

(p'“(D)(x),p"(D)(x), > Nest(D)(c))

c€Rep(D)

forces the — A_ p-rewrite to terminate.

In order to show this we need to show that the measure is bounded below in
the ordering for all relations, and that every one-step rewrite strictly reduces the
measure according to the given ordering. We can see firstly that the measure is
bounded below by the element (0, 0,0) of the measure set, where the polynomial
0 is that polynomial having all zero coefficients. This is the case since clearly the
two polynomials must have nonnegative coefficients which are just the sizes of sets
in each case (the set of total paths of complexity n and the set of operator clauses
of nesting level n), and the nesting level of any clause must be nonnegative.

Secondly, to show that the measure is reduced by each one-step rewrite note
that the A — 1,2,3 and F' — (n-rewrites strictly reduce the first measure by
lemma 9.3.4, that the A — 5 one-step rewrite preserves the first measure and re-
duces the second by lemma 9.3.8, hence reducing the measure in the lexicographic
order, and finally that the A — 4 one-step rewrite preserves the first-complexity
polynomial and the nesting polynomial, and reduces the final component of the
triple by lemma 9.3.9. Hence there can only be a finite number of rewrites in any
sequence of one-step A — 1,2,3,4,5,6, —F — n-rewrites. O

Hence we have that:

THEOREM 8 (DECIDABILITY)
The equality =,,,aFr is decidable.

Proof This is easy to see since any rewrite sequence on any two relations will
terminate, and by confluence we must have that if the reducts are equal, then

they are equal by =,,,, which is also decidable. 0]
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Relations and Terms

Now we must show that the extended rewrite we have defined over terms is
soundly mapped to and from term equality. We start by considering the transla-
tion p.

First we need a lemma on intuitionistic substitution.
LEMMA 9.3.11 (INTUITIONISTIC SUBSTITUTION)
Given an intuitionistic term I'; - v: @ of Lin(Q, A), for any term I',x:Q; A
w:A, we have

pra(let x be v in w) = pr.a(w{v/z})

The proof is by induction on the derivation of the term w. However, we note
that if the intuitionistic term w is simply some intuitionistic variable y, then

pra(let x be v in w) is

Psitwowon (@ U{{A, 2} = 2),({} = 2),(y' = F(y), (F(x) =)}
and this rewrites to
pil:ﬁ,y:Q,m:Q;A(w){ga y/z,x}
as required.
LEMMA 9.3.12 (SOUNDNESS)
IfT;AFv=w:Ain Lin(0,0), then pr.a(v) and pr.a(w) have a common reduct

in the transitive closure of —ap.

This is again easily shown by calculation.
Now considering the translation o, we have
LEMMA 9.3.13
Given I'; A-relations D and D’ of type A, if D rewrites to D’ by a one-step F- or
A-rewrite, then
[5AF ora(D) =ora(D):A
in Lin(Q, 0).

This is proved by considering suitable rewrite sequences and the term parts
of the resulting intermediates.

Given these results, we have the following corollary of theorem 8:

COROLLARY 8.1 (DECIDABILITY)
Given two I'; A-terms v and w of type A, we can decide whether or not they are

provably equal in the type-theory Lin(Q, ().

This follows easily since we can see that the two terms are equal iff their

images under p are equal, and this latter statement is decidable.
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9.4 The Higher-Order Case

We now need to consider decidability in the higher-order case. We will consider
the system of relations for the higher-order type-theory constructed in chapter 7.
We will then give a confluent and normalising rewrite system for it built on the
one we have just presented for a general linear type-theory.

Intuitively, we will take the expected (-reductions and n-expansions on un-
resolved variables, where we will extend the definition of unresolved variables
appropriately. Then we will be able to extend the definition of complexity of a
path, and define a revised version of the complexity polynomial which will still
enjoy the same properties.

Firstly, however, we need to consider the system of relations for higher-order

type-theories.

Higher-Order Relations

The system of higher-order relations for Lin"(H) is the same as the system of
relations for the generalised linear type-theory which defines Lin™(H), with the
one exception that we change the syntax for the output-natural sets of operators
@4 p and I*.

First consider the system Rel(Q™). We will use the following abbreviations:

write (z = %) for (z = (;)I%(;))
write (z =z ®@y) for (z = (;) @™ ( ()(2)()(¥)))
write (z = Az.y) for (z = (;)A; (G 2)(y)))
write (z = zy) for (z = (;xy)ap(;))
) for (z = (;
iz) for (y = (;

Now we need to define the relational system Rel"(H), in which the I* and
®! sets of operators are captured using different syntax. Essentially, this is given
by replacing every occurrence of a tensor elimination operator (z/ = (;2’) QL
(; (z122)(2))) with a clause (z1 ® x2 =* 2’) and replacing 2’ by z in the rest of
the relation, and similarly for the I’ operator. The intuition is that the output-
naturality of the tensor-elimination and unit-elimination operators corresponds

to the fact that the vestigial in the new clauses should be movable.

DEFINITION 9.4.1 (CLAUSES OF RELY(H))
Given a higher-order signature H = (M, My, O, Oy), the clauses of Rel™(H) are
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precisely those of Rel(MH, MY O; Or) with the addition of:

(z=x) (=2y) (z=Aivy) (z=17)D(y))
(x="z) (z@y="2) (z=uy) (y = iz)

Now,
e In the clause (z = %), x is an output occurrence.

e In the clause (z = z ® y), z is an output occurrence and x and y are both

input occurrences.

e Inthe clause (z = \z.y), z is an output occurrence, z is a binding occurrence

and y is an input occurrence.
e In the clause (z =!(Z)D(y)), z is an output occurrence.

e In the clause (¥ =* x), 2z is a vestigial occurrence and x is an input occur-

rence.

e In the clause (r® vy =7 z), x and y are output occurrences, z’ is a vestigial

occurrence and z is an input occurrence.

e In the clause (z = zy), z is an output occurrence and x and y are input

occurrences.
e Inthe clause (y = iz) y is an output occurrence and z is an input occurrence.

Pre-relations of Rel" (H) are sets of clauses of Rel" (H), and we now define both
connectedness and paths exactly as for Rel(Q) given the extended definition of

input, output, vestigial and binding occurrences.

DEFINITION 9.4.2 (RELATIONS OF RELY(H))
A relation of Rel?(H) is a pre-relation of Rel(H) which satisfies the familiar
conditions of definition 8.2.10 for Rel”(IH) paths.

We can take pre-relations of Rel(O%) to those of Rel"(H) by mapping each
non-higher-order clause to itself, and mapping each higher-order clause to its
familiar abbreviation except for the clause (2’ = (;2)IX(; (;)(z)), which we map
to (x =* ) whilst substituting z for the input occurrence of 2/, and the clause
(2 = (;2") @F (; G 2122)(2))), which we map to (z; @ 2 =% 2'), again substituting
z for the input occurrence of z’.

Conversely, we can take pre-relations of Rel(IH) to those of Rel(O") by map-

ping each non-higher-order clause to itself, and mapping each higher-order clause

228



to its familiar abbreviation except for the clause (* =* x), which we map to (2’ =
(;2)IE(; (;)(2))) where 2’ is fresh, and we substitute it for the input occurrence of
z, and the clause (z; ® x5 =% 2'), which we map to (2 = (;2') ®% (; ; z122)(2)))
where 2’ is fresh, and we substitute it for the input occurrence of z. The result

we now want is as follows:

LEMMA 9.4.3

The relations of Rel(O™) are isomorphic to the relations of Rel(H).

This is easily seen by considering the mappings we have already given, and

observing that they map paths to paths. Further, we have more importantly that:
LEMMA 9.4.4

Under the isomorphism of relations, the vestigial moves and — pa-rewrites of
Rel"(H) are isomorphic to the vestigial moves and —pa augmented with the
equalities in p(ONat(®%, O"H)) and p(ONat(I*, O")), where these equalities cor-

respond to the vestigial moves of the clauses for ®” and I*.

We assume firstly that the isomorphism of relations preserves rewrites in both
directions, and also preserves the vestigial equalities of operators other than the
tensor and unit eliminations. This then leaves us with two proof obligations.
The first of these is to show that two relations which are equal via the image
under p of the output-naturality equalities for the tensor and unit-elimination
map to relations which are vestigially equal using the vestigial equalities for those
connectives. This is most easily done by demonstrating that the image under p
of the output-naturality equalities can be derived from a larger set of simpler
equalities along the lines of those sketched on page 40, which correspond directly
to the individual vestigial moves.

The second proof obligation is to show that relations which are vestigially
equal using the vestigial equality for the tensor and the unit map to relations
which are equal via the image under p of the output-naturality equalities. This
is done by considering the elementary vestigial moves on which the equality was
built. These are all easily shown to correspond to elementary output-naturality

equalities.

Rewriting

We will define a rewrite over the relations of Rel"(H) which extends the rewrite
previously given over Rel(Q). Firstly, we need to extend the definition of resolved

wires in order to restrict the n-rewrite.

229



DEFINITION 9.4.5 (RESOLVED VARIABLES)
Extend the definition of resolved variables in the higher-order case so that, given

a relation D:

e a variable of a type ) € My is resolved if it is intuitionistic and it is not of
the form A, or if it is linear and it is the input of a clause (F(y) = x) or

the output of a clause (x = F(y)),

e a variable of type I is resolved if if it is the input of a (x =* ) clause or

the output of a (r = %) clause,

e a variable of type A ® B is resolved if is the input of a clause (z ® y = x)

or the output of a clause (z =y ® z),

e a variable of type A — B is resolved if is the input of a clause (z = xy) or

the output of a clause (x = \y.z),

e and finally, an intuitionistic variable of type !A is resolved if it is the input
of a clause (y = F'(x)) where y is the input of a clause (z = iy), or if it is
the output of a clause (z =!(y)D'(2)).

We now say that the order of a type is given by the number of connectives
used in its construction, where I, ®, —o and ! are constructors for the purpose of
this definition.

We give the rewrite — g, on the relational system Rel" (H).

DEFINITION 9.4.6 (THE REWRITE —3,)

Define the one-step rewrite — g, to be given by the following cases:

DU{(x="2),(x =)} =5 D
DUf(z®y=2),(z=2"@y)} —p D{z".¢//z,y}
DU{(z = ry), (v = za")} =5 D{z’,y/z, ¢}
DU{(z =HZ)D'(y)), (z' = F(2)), (v = ia")} =5 (DU D)y/y'}

D{x/x"} —y D UA(
D{z/x"} —y DUA(
D{z/x'} =y DU{(z’ = y-2)7(2=$y)}
D{xz/x"} —y DUA(

Here, n-rewrites are only allowed on unresolved variables, which must also in the

case of the I — n rewrite be variables of type I, in the case of the ® — n-rewrite
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must be variables of type A ® B for some A and B, in the case of the n— —o-
rewrite must be variables of type A — B for some A and B, and finally in the

case of the | — np-rewrite must be intuitionistic variables of type !A for some A.

Confluence

Confluence is shown for this system of rewrites in exactly the way we showed if for
the last, which is by considering all possible interacting pairs of local rewrites. We
are saved some work in this by noting that the only rewrites which can interact
in the fgn-rewrite are the g-rewrite and the n-rewrite corresponding to the same

type constructor.

LEMMA 9.4.7 (CONFLUENCE OF —p_aA_gy)
The transitive closure of the one-step rewrite on Rel"(H) defined by the various

cases of —p, —a and —g, is confluent.

Proof In order to do this it suffices to show that any two one-step rewrites of
these kinds have reducts which in turn have a common reduct in the transitive
closure. We have already seen that this is true for any two one-step rewrites
of type —a_r in the case of Rel(Q), and the proof in that case goes through
identically in this case. Further, as we observed above, the only way any two
one-step —g,-rewrites might interact is if they were the 5 and the n-rewrite
corresponding to the same constructor. In this case, any interaction is seen to be
impossible by inspection. Equally, it is obvious that (excepting the case of the !-
constructor) the only interaction between a @n-rewrite and a F'A-rewrite is in the
case where the Gn-rewrite in an intuitionistic operator clause and is duplicated or
discarded by an instance of A—6. In this case we can see that the confluence holds
using a number of the same fBn-rewrites. Finally, considering the !-constructor,
we must check that the non-standard way in which the ! — Gn-rewrites include
instances of the clause (x = F(y)) does not interfere with confluence, but it can
be see that in the critical cases, those in which we consider the F' — gn-rewrites

and the | — fn-rewrites, there is no failure of confluence. Hence we have the result.
O

Normalisation

The intuition behind the proof of normalisation for this case is exactly the same
as that in the previous case, except that in order to account for the fact that the

n-rewrites are expansionary, we need to weight unresolved variables according to
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the order of their type. Then the intention is that when an n-rewrite occurs, an
unresolved variable of a higher type order is replaced by some possibly unresolved
variables of lower type order and some clauses in the relation. Hence the overall
effect is to reduce the complexity of each path through the n-redex and hence the
complexity polynomial.

There is also a factor which we have not mentioned, which is that the result
of a B-rewrite can increase this measure of complexity for many paths since any
total path whose first clause has as input the binder of the A-clause will not be
total after the rewrite since the variable is no longer bound. In order to take care
of this problem, we need to weight every application clause with the maximal
complexity of the highest paths above its argument input.

First we define a measure of the order of a type.

DEFINITION 9.4.8 (TYPE ORDER)
Define the order of a type A inductively, written o(A) as follows:

o(l)=0
o(l)=1
0(A® B) =0(A — B) =0(A) + o(B)
o(lA) =1+ 0o(A)

DEFINITION 9.4.9 (VARIABLE ORDER)
Given a variable z and a relation D in which it occurs, define the variable order

of x in D, which we will write op(z), as:

on(x) 20(A) + 1 if the variable z is linear of type @ in D
€Tr) =
P 20(A) otherwise

We now define the second complexity of a path in a relation, which is analogous
to the first complexity except for the incorporation of the order of the types of
wires. This amendment means that we need to be a little careful to avoid a circular
definition. Call a path in a relation which cannot be extended by prepending a

(¢, x) pair to it an initial path.

DEFINITION 9.4.10 (CoMPLEXITY II)

Given a path ¢ in a relation D, define the second complexity of it, written Com?(¢)
inductively over the sum of the lengths of the initial paths terminating at the last
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clause of the path ¢:

Com?(c,e) =1
2Com? (¢, 7) if ¢’ is a replicator clause and 2’ is resolved
2Com?(¢, Z) + dop (') if ¢’ is a replicator clause and 2’ is unresolved
Com?(¢, &)+ M +1 if ¢ is an application clause and z’ is resolved

(¢, 7)
2/~1 = ) Com?(G Z) 4+ M +4op(2’) if ¢ is an application clause and 2’ is unresolved
Com?(cc, Zx") = (@)

)+ 1 if ¢ is not a replicator or application clause
and 2’ is resolved

Com?(&, %) + 4op (') if ¢ is not a replicator or application clause

| and 2’ is unresolved

where M is a number greater than the maximal complexity of an initial path

terminating at a clause having immediately above the application clause.

This is a definition because at any point, the sum of lengths of initial paths
terminating immediately above the application clause are smaller than the sum
of lengths of initial paths terminating at the application clause, and so we can

always determine M.

DEFINITION 9.4.11 (SECOND COMPLEXITY POLYNOMIAL)

The second complexity polynomial for a relation D is given:

POD)a) = Y LS
#€TPath(D)

We now prove the crucial lemma, which shows that the second complexity

polynomial is reduced by the relevant rewrites.

LEMMA 9.4.12
If D — D' by a one-step A — 1,2, 3, 6-rewrite, a one-step #n-rewrite or a one-step

F — pn-rewrite then
p*(D)(z) > p*(D')()
Proof As before, we prove this by considering all the named reductions in turn.

A —1,2,3 These cases are easily seen to reduce the complexity of at least one

path in exactly the same way as in the previous proof.
A — 6 Again, this case goes through exactly as previously.

F — 3 As before, this rewrite reduces the complexity of any path containing it.
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F' — 7 Note that this rewrite can only occur on a variable of intuitionistic type Q.
Further, there is at most one unresolved variable in the reduct. Assume that
a general path ¢ contains the variable. Its complexity will be a function of
the expression 4(o(Q)) + 1), and that of the path with the variable replaced
by the reduct will be the same function of the expression 4(o(Q)) + 2 or 2
depending on whether the type ) has the form !A or not. In either of these

cases the reduct path has strictly smaller complexity than the original.

I —n,®—n,— —nand ! —n In each of these cases, any path containing the
variable on which the n-rewrite takes place corresponds to several paths in
the relation given by the rewrite, each of which has lesser complexity than
the original by virtue of the fact that the only unresolved variables which

may be present after the rewrite have lower variable order.

I — (3, ®—( and ! — § In each of these rewrites, a path is replaced straightfor-
wardly by another path of lesser complexity.

—o — 3 This case is the most subtle, and is the reason for the addition of the con-
stant M to the definition of complexity. There are two possible restrictions

of total paths to the redex. Consider the redex

{(z=wy), (z = N2}

If we abbreviate the first of these clauses as ¢; and the second as ¢y, the
two restrictions of paths are (cacq, 2’z2) and (¢1,yz). Now note that any
total path having the second of these restrictions has complexity which is a
function of the expression (M + 1) where M is a number greater than the
maximal complexity of an initial path terminating at a clause immediately
above c;. Hence, when such a path is mapped to a total path in the relation
given by the rewrite in which ¢y’ and y are identified, the complexity of such
a total path is still less than that of the original path, as it is the same

function of some number less than M.

Secondly, any total path restricting to (cac1, 2’22) has complexity which is a
function of some number less than M. Any total path in the relation given
by the rewrite which is generated from the first total path must also be an
instance of a total path generated from a total path having the other restric-
tion. Since we know that the complexities of such total paths are strictly less
than those of the corresponding total paths of the kind mentioned above,
we know that we have removed one path at the cost of adding others of

lesser complexity, and so the second complexity polynomial is reduced. [
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As before, it is easy to see that both the A —4 and A — 5-rewrites preserve
the second complexity polynomial. Further, we again have that the nesting poly-
nomial is reduced by the A — 5-rewrite, that it is preserved by the A — 4-rewrite,
and that 3 .crep(p) Nest(D)(c) is reduced by the A — 4 rewrite.

Hence we again have the required lemma:

LEMMA 9.4.13 (NORMALISATION)
The transitive closure —apg, of the union of the rewrites —a, —rg, and —g,

over the equality =,,, is normalising.

Proof As before, consider the set of triples (p(z), (), ) consisting of two poly-
nomials and an integer, ordered by the lexicographic ordering inherited from the
polynomial ordering and the integer ordering. The argument proceeds exactly as
before using the measure
(P*“(D)(), PV (D)(x), . Nest(D)(c))
c€Rep(D)
and the lower bound (0, 0, 0). O

This then gives us the required result.

THEOREM 9 (STRONG NORMALISATION)

If two relations D and E are equal in the transitive reflexive closure of the rewrite
relation —apg, and the equality =,,,, then any maximal sequence of one-step
rewrites of either D or F will terminate after a finite number of steps in a common

normal form up to =,,,.

This easily follows from confluence and termination of the rewrite.

Relations and Terms

Having given the rewrite on relations of Rel(H), we need to establish that it

corresponds to the equality of Lin™(H, 0), up to vestigial equality.

LEMMA 9.4.14
Given two I'; A-terms v and w of type A in Lin"(H, 0), T; A v = w: Aiff pp.a(v)

and pr.a(w) have the same normal forms up to vestigial equality.

We already know by the isomorphism of relational systems that the rela-
tions Rel(H) under the =, A rg,;-equality are isomorphic to the typing system
Lin(H, Onat(H, @, I*)). Therefore, we only need to show firstly that the higher-
order fn-equalities are soundly mapped to the closure of —g, on Rel"(H), and
that this rewrite is soundly mapped to higher-order gn-equality in the type theory.
These proofs follow the standard pattern.

235



9.5 Corollaries

Firstly we present some general corollaries of our strong normalisation result.

COROLLARY 9.1 (DECIDABILITY)
Given two I'; A-terms v and w of type A in the type-theory LinH(H, (), we can

decide whether or not they are provably equal.

Proof As before, simply reduce the relations corresponding to both terms to

their normal forms and test whether these are equal by =,,, decidably. 0]

COROLLARY 9.2 (CONSERVATIVITY (SYNTACTIC))
For I'; A-terms v and w of Lin(Q,0), if ;A F v = w: A in LinH(0,0) then
IAFv=w:Ain Lin(O,0).

Proof Just as the terms v and w of Lin(Q) are identically terms of Lin"(Q),
the relations D = pr,a(v) and D' = pr.a(w) are identically relations in both the
system Rel(Q) and the system Rel?(Q). Moreover, it is easy to see by considering
the form of the rules that if a higher-order relation contains no variables of higher-
order types (and hence no higher-order operator clauses) no higher-order rewrite
can apply to it. Hence, we have that no higher-order rewrite can be used in
rewriting the two relations D and D’ to their normal forms, and so the rewrites
that are used can also be used on the relations in the system Rel(Q). Hence the
normal forms of the relations are the same in both systems, and therefore they
are equal up to =,,, in the higher-order system iff they are in the general system.
This shows that if two relations are equal in the higher-order system they must
also be equal in the general system. 0]

We can now use our result to prove a fundamental result about the equality
of DILL(C). This result was first proved directly using similar methods by the
author early in 1996, and subsequently proved independently by Ghani [Gha96]

using a term-based method.

COROLLARY 9.3 (DEcIpABILITY OF DILL(C))
DILL(C) is decidable.

This follows since DILL(C) is isomorphic by lemma 7.6.9 to the higher-order
type-theory Lin™(H®, () which is decidable by corollary 9.1.

COROLLARY 9.4 (DEecipABILITY OF ILL(C))
ILL(C) is decidable.
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This follows from the previous result by theorem 1.

In order to give our next corollary, we need a lemma.

LEMMA 9.5.1

There is a conservative map of higher-order type-theories:
Lin?(0*, A%) — Lin"(0*, 0)

such that two terms in the source not involving the non-strict tensor are equal iff

their images are equal in the target.

Proof We prove this by giving translations in both directions:

16 :Lin™(OQ*, A®) — Lin"(Q*, 0)
v7 :LinH (0", 0) — Lin"(O*, A*)

such that I'; A F (17(e6(v)) = v: A is a provable equality judgement for any I'; A-
term v of type A in Lin™(Q*, A*) which does not involve the non-strict tensor.

We now define the maps. Firstly, 15 is the identity except on the tensor
constructs, where it maps the strict tensor types and terms to the corresponding
left-bracketed forms of the non-strict tensor.

Conversely, ¢7 is the identity except on the (non-strict) tensor constructs,
where it maps these onto the strict tensor constructs.

It is easily seen that both these maps are sound, and that ¢5 07 is the identity
up to provable equality on terms not containing non-strict tensors of Lin™(Q4, A%).
The result now follows since firstly if two such terms are equal then their images
under ¢ are equal by soundness, and if their images under ¢4 are equal, it follows
that their images under ¢ 0 17 are equal, from which we can deduce that they are
equal. O

We can now prove that the equational theories of all the action calculi we
have discussed are decidable. Similar results were previously obtained for the
cases AC(K) and AC. (K) by Milner [Mil93b], using a normal form syntax.

COROLLARY 9.5 (DEcIDABILITY OF AC(K))
The theory of AC(K) is decidable, and so are those of ACx(K), AC. (K) and
ACx _(K).

First note that we have conservative maps from Lin(K), LinA" (K), LinA™ (K)
and LinA" 7 (K) to LinH(Q*, A*), so that in order to decide an equality of any
one of these type theories it suffices to decide the image of the equality in

LinH(0*, A%), which can be done. But we can see by the form of the map ¢s
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that no term in the image of it involves the non-strict tensors. Hence any two
such terms are equal by lemma 9.5 iff their images are equal in LinH(Q*, (), but
this is decidable by corollary 9.1. Hence the result follows easily by the isomorph-
isms between the action calculi AC(K), ACx(K), AC. (K) and ACx _ (K) and their
respective type-theories.

It is interesting to note that it is straightforward to give relations for Lin(K),
and to prove that they have normal forms under rewriting, up to vestigial equality.
These are then normal forms for the action calculus by virtue of lemma 6.3.8.

However, we also have directly normal forms for the intuitionistic action cal-
culus, the molecular forms, due to Milner [Mil93b]. Hence it must be the case
that these two normal forms are ismorphic. We give a brief intuitive outline of
the translation from relations to molecular forms.

Relations map to molecular forms in which each operator clause goes to a
molecule, and the input variables of each clause become the binding inputs of the
molecule, and the outputs become the binding outputs of the molecule. Clauses
other than the operator clauses, which is to say tensor clauses, copy and discard
clauses and F'-clauses are mapped to substitutions, as in the intuitionistic action
calculus every arity is intuitionistic prime.

In the reverse direction each molecular form is mapped to a set by taking each
molecule to an operator clause in the set, with inputs and outputs connected to

F'-clauses and tensor clauses as appropriate in order to give the correct arity.
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Chapter 10

Conclusions

We now conclude by summarising our results, discussing the implications of the
work presented in this thesis, and then considering directions for further work,
in progress and longer-term. We argue that our generalised linear type-theory is
a useful general tool for the study of systems of typed computation. We showed
that it is expressive enough to account for a wide range of examples, and we
proved a substantial number of general results, applying to each instance of the

type-theory.

10.1 Results

Although we started this thesis by introducing DILL as an alternative formulation
of linear logic, in retrospect the main thread of the thesis is more clearly seen
based on the generalised linear type theory we introduced, and its semantics and

properties. In this view, the starting point is the following triangle:

Logic Lin(O)

Type-Theory Lin(Q,A) < Lin(O, A)-Models

In chapters 4 and 5 we gave the vertices of this diagram, and made precise
their connections. Further, we showed in chapters 8 and 9 that the equality of
the type-theory Lin(Q, ) is decidable. This equality is analogous to the equi-

valence of proofs naturally generated by some simple permutations, and perhaps
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more significantly, it is analogous to the equality of arrows in the initial Lin(Q)-
interpretation. The coherence problem for Lin(Q)-interpretations is the problem
of determining which diagrams of arrows built up from those present in every
Lin(O)-interpretation commute in all Lin(Q)-interpretations. We solved this prob-
lem using our term Lin(Q)-interpretation by showing that any diagram of such
arrows commutes in every Lin(Q)-interpretation precisely when it commutes in
the term Lin(Q)-interpretation, which by definition is when the appropriate term
equality is provable. Now this is decidable, and so we have an effective procedure
for determining when a diagram of arrows commutes in all Lin(Q)-interpretations.

We also considered an important sub-case of the triangle stated above in

chapter 7, as follows:

Logic LinH(H)

Type-Theory Lin™(H, A)  « Lin"(H, A)-models

This is the higher-order subcase, in which the logic is equipped with an expo-
nential and an arrow type, the type-theory incorporates a linear A-calculus and the
models also have exponential and closed structure. There is then a very natural
embedding of any linear type-theory into a higher-order linear type-theory built
over it, and we showed using a semantic construction that this is a conservative
extension.

We then extended the techniques used to decide the equality of Lin(Q, () in
chapter 9 to decide the equality of LinH(H, (). This corresponds to deciding the
coherence problem for the higher-order Lin"(H)-interpretations, which is signific-
ant, since for example it includes coherence for models of multiplicative exponen-
tial linear logic. This same extension also enables us to show syntactically that
LinH (0, 0) conservatively extends Lin(Q, 0).

In addition to presenting this well-developed theory of linear operators in the
case of the logic, the type theory and the models, we considered some examples.
Firstly, we showed that DILL, its type-theory and models arise as instances of
higher-order generalised linear logics, type-theories and models. We then have
as an easy corollary of our decidability results that the equality of DILL(C) is
decidable.
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Secondly, and more surprisingly, we showed that Milner’s action calculi and
their models correspond to a particular range of instances of the generalised linear
type-theories and models, as do their higher-order extensions. Again, our decid-
ability results enabled us to show that all of these action calculi are decidable, and
further we showed that the embedding of an action calculus into its higher-order

extension is conservative, via either our semantic or our syntactic proofs.

10.2 Extending Lin(Q, A)

Given the results we already proved in this thesis, we go on to consider some
desirable extensions to the framework, with their advantages and disadvantages.
The first two of these consist of extensions to the syntax and semantics of the
framework, to incorporate important computational ideas which we have so far
overlooked. The last three follow the program of chapter 7, where we pick out
a particular set of types, operators and equalities as a canonical expression of
a certain computational concept. In chapter 7, the computational concept is
higher-order behaviour, and in this section we will consider choice, recursion and

the negation of linear logic.

Rewriting

In contrast to our general linear type theories, Milner’s action calculi [Mil96] are
enriched with a notion of dynamics, which consists of a rewrite over the equal-
ity satisfying certain simple conditions. In the representation of process calculi,
the dynamics is crucial, since as the name suggests, it captures the operational
behaviour of the process calculi, whereas the equality represents a structural
congruence on processes. It therefore seems an obvious idea to add a rewriting
judgement to our general theory, possibly of the form I'; A v — w:A. Such a
rewrite would be closed under the equality, and under certain contexts, although
in action calculi dynamics are not closed under controls. It might further be
subject to some conditions, for example perhaps sufficient to prove the property:

AFv—u:A
AFv=uA

for values v. Another possibility would be to add a labelled rewrite, although we
shall not consider this further here.

We might then follow the example of Power [Pow96] and consider the se-
mantics of such a rewrite judgement, modelling it by an enrichment of the SMC

part of the semantics with a preorder. This preorder should then be subject
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to some conditions analogous to those on the rewrite, for example possibly that
morphisms in the image of the functor F' are maximal in the preorder.

Such an extension opens many possible lines of enquiry. Obviously results
and techniques of general term rewriting theory become immediately relevant,
and may well be adaptable to this framework, and similarly it makes possible
the study of process calculi dynamics, (even, perhaps, including bisimulation),
in a type-theoretic setting. Another interesting possibility, which we will briefly
sketch, is to relate the equality and the rewrite and study the interplay between
them. Given an extension of our type-theory with a rewrite judgement, firstly
define a morphism of type-theories in the obvious way based on maps on types and
operators, preserving the rewrite and the equality. Then say that one instance of
our type-theory implements another if I'; A - v = ¢': A in the first implies that
there exists u in the second such that A Fv — u:A and AR o — u:Ain
the second, and there is a morphism of type-theories from the second to the first.

Of course, this definition is most useful when there is a sub-rewrite of the re-
write in the first type-theory which has the Church-Rosser property. For example,
an instance of our type theory with the types and terms of LinP(C), but having
the # and n-rewrites rather than equalities would be an implementation of the
version presented with equalities. One might then be able to develop this idea to

relate operational behaviours and equality relations in the same framework.

Structure on Types

We might also extend our framework by adding more structure on types. Whereas
we have a complicated structure allowing us general operators on terms, the only
structure present in the type set Py, is the distinction between members of P; and
non-members of P;. However, in many cases there is obvious structure implicit
in the choice of type set, for example in the case of higher-order instances of our
theory. The type set in this case is freely closed under the binary operations —o,
®, the unary operator !, and the nullary operation I. Hence, we might specify
that the type set be constructed over primitive types using type operators, which

would then have arities of the general form

(H P])X(H PL)—>PL

i=1...r Jj=1...s
This should be read as saying that the type operator would take r intuitionistic
arguments and s linear ones, and return an arity. For example, the obvious type
operator ® would then have an arity Py x P, — Pp. Intuitionistic type operators

would then be defined similarly returning arities in P;.
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Given this structure on types, we could refine our specification of operators.
For example, the tensor introduction operator, which for every arities A and B
has an instance with the arity

; 04 (OB
()A® B

would be specified as a single operator of arity

This would be interpreted as meaning that for every two arities A and B, there
would be an instance taking pairs of terms of type A and terms of type B, and
returning a term of type the tensor type operator applied to A and B.

This would also have a significant effect on the semantics. Clearly, type op-
erators would be interpreted as a first step as functions on the objects of the
category in question. It would then be natural to insist that in the case of the
tensor, rather than having an appropriate natural transformation for each op-
erator instance over arities A and B, we should have one for each two objects
of the category. This change would substantially simplify the semantics of our
examples, for example by forcing the interpretation of the tensor operator to be

a tensor functor in all models of the appropriate equational theory.

Choice Constructs

Choice constructs are crucial to programming languages. However, although it is

possible to represent a coproduct construction in our general type-theory using

families of operators:

(CA)C" (CB)C
(CA® B)C'

inra g inla g Cases4 p.c,c’

(B oA (mﬁ@g

with appropriate equalities, this does not capture certain naturality properties
of the cases operator. Consider the bound assumptions C' in the above instance
of the operator. The operator is natural in the assumptions C' in the sense that
a cut into one of these assumptions should be proof-equivalent to two cuts, one
into each premiss of the operator instance.

Since the naturality we have incorporated into our type-theory is inherently a
multiplicative naturality, based on the implicit tensor of the context on the left, it
is insufficient to represent this additive naturality. We could amend this by adding

a class of additive operators, where we rename the existing operators multiplicative
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operators. These additive operators would have the defining property that an

operator of arity for example:

would have the logical rule

A AF A T;ABFDB
A, CFC

in which the contexts are combined additively rather than multiplicatively. Nat-
urality would then be defined with respect to this additive context discipline, and
the cases operator with its naturality would be satisfactorily captured.

However, it is not clear how this development might be extended to the se-
mantics. It seems likely that the cases operator given above would be soundly
modelled by a coproduct in our models, given suitable distributivity conditions,
exactly as the additive connective + in intuitionistic linear logic is modelled by a
coproduct [BBAPH93a|. However, it is not clear what would constitute a sound
model of a type-theory with arbitrary additive operators. Further, we can already
see that equipping such a type-theory with normal forms based on proof-nets is
a difficult problem, as the proof-net technology handling the additives [Gir96]
is substantially more complicated than that for the multiplicative-exponential
fragment, and in general, the proper treatment of the additives is a key point
in linear logic [Gir94]. Although there are presentations of proof-nets for linear
logic including the additives [Gir96], they all increase the complexity of the proof-
net representation substantially, and any analogous extension of relations would
cause the same complication.

In view of this state of affairs, finding the best way of adding choice constructs

to our framework seems to be one of the most outstanding existing problems.

Recursion

Another essential component of serious programming languages is some form of
iterative or recursive construct. We may define in our framework the obvious

recursion operators with arity

for each arity A, with the expected equalities. We would then expect this to cor-
respond to adding a trace operator on the symmetric monoidal part of the models,

in view of Hasegawa’s work [Has97]|. Further, also following work of Hasegawa,
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such a recursion operator might well be modelled primitively in the proof-nets
simply by allowing nets to be cyclic, with certain extra primitive equivalences. It
is not then clear how the extended proof-net framework might be equipped with
a confluent rewrite, and this problem is a substantial one.

We should also note that there are other approaches to adding recursion to our
models, notably by asking that the cartesian category have a fixpoint operator,
as in work of Fiore and Plotkin [Plo93b, FP94]. Since the models of our type-
theories interpret operators as natural transformations on the SM part of the
model, this semantic notion is not captured precisely by any instance of our
general type-theory. It remains ongoing and interesting work to relate these two

possible types of models for recursion.

Negation

Given that the linear type-theory corresponding to the multiplicative fragment
of linear logic has been shown to have a direct relation to the higher-order ac-
tion calculus, it is worth considering other connectives of linear logic, and their
incorporation in general linear type-theories. We have already mentioned the
choice constructions associated with the coproduct of linear logic, and clearly
this is essential to practical programming languages, parallel or not. The one
remaining connective is the classical negation. For as long as linear logic has
existed, there have been connections postulated between it and concurrency, for
example [Gir87, Abr93] and many others.

Further, there has been much work investigating the computational signi-
ficance of the boundary between classical logic and intuitionistic logic in both
conventional and linear situations [Par92, Bie96b, Bie96a, Ong96|.

Using our framework, we can incorporate some classical behaviour, motiv-
ated by the semantics of classical linear logic. Just as intuitionistic multiplicative
linear logic (without the exponentials) has as categorical models symmetric mon-
oidal closed categories, *-autonomous categories, which are symmetric monoidal
closed categories with a dualising object (intuitively modelling the nullary L)
are thought to be models of classical linear logic. Moreover, it has been shown
in [CS97] that *-autonomous categories are equivalent to symmetric monoidal
closed categories having a unary negation satisfying certain simple equalities.

Hence, we might add a unary classical negation operator (written (_)*) to any
general linear type theory by first closing the arities under the unary operator

(1)* and secondly by adding the two constants having arity:
( ALL) A ( A) ALL
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and suitable equalities, based on the categorical semantics. A first question
is what relationship the instance of our general type-theory corresponding to
DILL(C), augmented with this negation, bears to classical linear logic. Secondly,
we can now consider the extension of the system corresponding to higher-order
action calculi with this negation, and in particular its relationship to type-theories
for process algebra.

Investigating these two questions, we will obtain a better picture of the rela-
tionship between classical linear logic and concurrency not only on the syntactic

level but also via the inherited semantics of our type-theories.

10.3 Aims and Objectives

Finally, we consider general questions and directions for study which we feel are

raised by the work in this thesis.

Frameworks

Some might say (and indeed have!) that there is a needless proliferation of syn-
taxes in general, and of those which are variants of linear A-calculus in particular.
Moreover, there are many possible syntaxes for the same underlying semantic
situation.

We hope that our general linear type-theory may provide a means of correl-
ating these syntaxes and giving them a uniform presentation. By providing a
tight link between a range of interesting variants of the linear semantics and a
range of our type-theories, we have made it easier to reconstruct syntaxes for
particular semantic situations of this kind, and reason about their properties. In
addition to this uniformity of syntax and semantics, a general framework allows
us to consider a wider picture of syntaxes and translations between them, in an
organised setting.

Turning to the corresponding semantics, this organised setting makes it nat-
ural to study the translations between syntaxes as morphisms between their
categories of models, and characterise interpretations as initiality morphisms,
amongst other things. This perspective leads to interesting insights, including
the Yoneda argument of chapter 7.

On the other hand, we can see in this thesis that there is a place for diversity
of syntax; certainly the action calculus and our linear type-theory for it, whilst
having essentially the same semantics, each have salient features which justify

their use for particular applications. It is interesting to note that although his-
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torically their connection was discovered via the syntax, the semantics provided
by far the clearest indication of the connection once it was clearly established in
both cases.

We feel that the way forward given these points must be towards general
frameworks for syntax, with solid semantic foundations. Such constructions will
limit the proliferation of syntax, if adopted, and important variant syntaxes can
be presented and given semantics via translation to the appropriate instance of
the framework. In order to assist in this, we aim to extend our given framework
with canonical choice and recursion operators, and to consider other common
computational connectives to see if they have a canonical presentation in this

setting.

Proof Nets and Action Graphs

A slightly novel part of our presentation is the work on proof-nets, used to invest-
igate the properties of various equalities. Although this work is not familiar in
the context of type-theories, it is very significant that Milner [Mil96] developed a
theory of action graphs. Furthermore, Milner’s molecular forms [Mil93b] are re-
lated to our relational normal forms. We know from Milner’s work [Mil93b] that
two actions are equal in the theory of action calculi if and only if their molecular
forms are equal. We also know that two terms of the corresponding instance of
our type-theory are equal if and only if their relational normal forms are equal
under the vestigial equality. Hence, it must be the case that molecular forms
and relational normal forms are in one-to-one correspondence up to the relevant
equalities.

This result shows that there exists a close correspondence between these two
systems, but provides very little information about the intuition behind the cor-
respondence. We aim to investigate this correspondence, and the relative advant-
ages of the two syntaxes. More generally, we need to investigate the advantages
of graphical formulations over more traditional approaches for investigating de-
cidability.

Process Algebras and Type-Theories

On a more detailed level, the connection between action calculus and our general
linear type-theory raises many questions. Particularly interesting are those which
are created by the presentation of a familiar syntax in an unfamiliar setting.
Consider for example the m-calculus as an action calculus, and therefore as a type-

theory (given the rewriting extension proposed earlier in this chapter). This is a
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very unfamiliar presentation of a process algebra, which immediately highlights
certain points. One such is that the m-calculus in its original form has very little
typing structure compared to its term structure, in contrast with the normal
pattern in type-theories. It might be more natural to also consider typed variants
such as that proposed for example in [PRT93], and their relationship to the
original. It might also be worth studying the form of the input and output
controls in the type-theory, and comparing them with more familiar logical and
type-theoretic rules. These and other considerations would have an immediate
impact on process algebra theory.

In the reverse direction, we have already seen that the first-class rewriting
of process algebras can profitably be incorporated into our type-theory. Such
rewrites are often very different from those normally encountered in type-theory,
as they are rarely confluent or normalising. However, their behaviour is the key
to the theory of process algebras.

In the same way, we might expect other cross-fertilisation between these two

areas due to their common semantic foundation.

Linear Logic and Process Algebras

As has been previously mentioned in this thesis, broad connections have been
suggested between linear logic and process algebras. More particularly, process
calculi directly built on the proof structure of classical linear logic have been
given [Abr91, Abr94].

We aim to investigate this further, firstly by giving a set of instances of our
framework incorporating the classical negation operator of linear logic, and then
by considering the relationship between these and instances corresponding to
process calculi. There are obvious disparities between the proofs of linear logic
and conventional process calculi, notably the typing of linear logic contrasted with
the less detailed typing of process calculi, and the dynamics of process calculi
contrasted with the essentially static proof equivalence of linear logic.

However, we aim to construct a range of intermediate instances between clas-
sical linear logic and various process algebras, and thereby discover whether clas-
sical linear logic underlies them in the sense of being soundly embeddable into
them.

If this is concluded positively, then it may become possible to consider a

canonical foundation for process algebras and use it to classify some of them.
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10.4 Final Remarks

In this thesis, we have focussed on linearity. The wide range of applications of
our general framework, together with the examples in other areas of computer
science, provide evidence that computation is inherently linear with an underlying
intuitionistic calculus of values. Although the theory of intuitionistic logics, type-
theories and their semantics is very well developed in comparison to that of our
framework and similar constructions, it seems obvious from this work that once
the theory of linear-non-linear situations is equally developed, it will provide a
clearer foundation for studying a wide range of computational situations, from

resource-sensitive though imperative to concurrent computation.
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Appendix A

Basic Definitions

A.1 Syntactic Preliminaries

We need to present certain definitions which will be used throughout the thesis.
For the purposes of this appendix, we let Ob be a set of objects of some sort,

ranged over by o. ...

Sequences

We will often need to discuss sequences of objects of various types, and will need

to use functions on such sequences. Consequently, we give some notation:

NoOTATION A.1.1 (SEQUENCES)

Given objects o. .. of some kind, we will write 0 to denote an arbitrary sequence
of such objects. Where it is necessary to make explicit the elements of sequence,
we will write it as 01 ... 0,. We will generally write concatenation as juxtaposition,
and e for the empty sequence. Further, we will write the common operation of
‘cons-ing’ an element to the head of the sequence using a comma, so that for
example the expression o, O represents the sequence having as first element o
and as its ¢ + 1th element the ith element of 6, for i« = 1...r where r is the

length of the sequence O.

However, we will need to make an exception to this syntax in order to accom-
modate common practice in logics and type-theories; when we give sequences of
formulae of a logic or a type of a type theory, A; ... A,, we will write comma for
concatenation, and _ for the empty sequence. We will also use this convention
for typings x: A. In this framework we will elide the distinction between a one-
element sequence and the single element it contains, so that A,ff can be read
either as the ‘cons’ of A onto A or the concatenation of the singleton sequence A

and the sequence A
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Next we give some notation for applying functions to the elements of se-
quences. Given a function [ : Ob — OV, we will write fo for the function which
takes sequences of objects in Ob to sequences of objects in Ob' simply by using
the function f on each element of the sequence.

In the presentation of typing rules that we give, we need to say when one

sequence is a merge of two others:

DEFINITION A.1.2 (MERGE RELATION)
For sequences of objects 01 and 05, define the merge relation 6 = 01# 02 inductively

as follows:
e 0= _#0 holds, as does 0 = 0% _.

e 0,0=0,01#05 holds if 0 = 01#0> does.

Q

e 0,0=01#0,05 holds if 0 = 01#0, does.

Typings and Typing Contexts

We define several typing systems in this thesis, and a common component of each
of them is a notion of typing and typing context. Assume that we have a set of
variables X ranged over by z,y,z... and a set of types T'y ranged over for the
purposes of this section by 7T'. ...

Now, a typing is a pair of a variable and a type, which we write x:7T. We
will let sequences of typings be ranged over by I'A.... Where convenient, we
will write the sequence of typings x1:71} ...z, as Z:T, where Z and T are the
obvious sequences of variables and types respectively. For a sequence of typings
I' = &:T, we will then say that IT'| is the set of elements in the sequence T and
further that dom(I") is the set of elements in the sequence 7.

Now, a dual typing context, which we will often refer to just as a typing context
since most of our typing contexts are dual, is a pair of sequences of typings, written
I'; A. The intuitionistic part of the context is I' and the linear part is A.

Conversely, a single typing context is just a sequence of typings.

A.2 Categorical Definitions

In general, we will refer to categories using the symbols C and S, and will use
obj(C) to refer to the objects of a category C, ranged over by X, Y .... Also, we
will use C(X,Y") to refer to the set of arrows between X and Y in the category
C We will let such arrows be ranged over by f,¢g..., and write f : X — Y to
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indicate that f is in C(X,Y’) where the category is clear from the context. We
will write the identity arrow at object X as idx and write the composition of f
and g as f;g. We will let v,w... range over natural transformations, and write
v: F'— @ to indicate that v is a natural transformation from F' to G.

The following definitions can be found in [Mac71].

DEFINITION A.2.1 (SYMMETRIC MONOIDAL CATEGORY)
A Symmetric Monoidal Category (SMC) is a category C with a bifunctor ® :

C x C — C and natural isomorphisms

axX1,X2,X3 * (Xl ® XQ) ®Xs — X1® (XQ & Xg)
Fix : IT®X — X
liy: X®I — X
S,y : X X Y — Y & X
S.t.
(ax,y,x’ ®idyr);ax (vexny; (idx ®ay,x/y’) = a(xey),x/,y’; ax,v,(X'eY") (A.
axry; (IdX & |Iy) = (riX & Idy) (A
li; = rig (A.
(SX,Y ® idX/); Ay, X, X/} ('dY & SX,X/) = aAX,V,X'; SX,(Y®X'); AY, X/, X (A
5)_(%3/ = Sy,x (A.
SI.X; |IX = riX (A

A symmetric monoidal category is strict if the natural transformations i ri
and a are all the respective identities. This implies that the tensor and unit are
strictly associative. Note that the definition does not insist that the symmetry

be strict.

DEFINITION A.2.2 (SYMMETRIC MONOIDAL CLOSED CATEGORY)
A (strict) symmetric monoidal closed category (SMCC) is a (strict) SMC s.t. the

bifunctor ® has a right adjoint —o, or
CX®Y,X')~C(X,)Y — X')

where ~ denotes an isomorphism natural in X, Y and X’. We write the closed

structure as:

apxy (X =Y)@ X —-Y
Ay (f): X = (Y —o X') where [ : X QY — X'

For convenience, we will abbreviate the unit of the adjunction:

)\y(idX®y) = paxy : X — (Y —o (X & Y))
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DEFINITION A.2.3 (CARTESIAN CLOSED CATEGORY)

A cartesian (closed) category is a symmetric monoidal (closed) category in which
the tensor product is cartesian. We shall typically use the symbol x to represent
the product of a cartesian category, and use CC (CCC) to denote a cartesian
(closed) category. Further, we will write the arrows giving the cartesian structure

as follows:

dy : X — 1
pi IXl X XQ — Xz
cxy (X —- X xX
(f,g) : X =Y xYywhere f: X - Y, and g: X — Y5
If the cartesian (closed) category is strict, we can use the generic projections

Pir: X1 X ... XX, — X,

We now need to define the concept of functor between two SMCCs.

DEFINITION A.2.4 (SYMMETRIC MONOIDAL FUNCTOR)

A symmetric monoidal functor, abbreviated to SM functor,
(F,mxy,mi): (C,®,I,a,liri,s) — (C',&", I' a' IV r )

is a functor F': C — C’ with a map mi: I’ — F(I) and a natural transformation
mxy : F(X)®@ F(Y) - F(X®Y) s.t.

apx ryrxs (i[dra @ myx);mxyex = (mxy & idrx:); mxey.x; F(ax,y.x)

= e
0 N

ripy = (Mi®idpx);my x; F(rix)

SIFX,FY§ myx = mxy; F(sxy) (A.9)

A SM functor is strong if mi is an isomorphism and my y is a natural isomorph-
ism. It is strict when mi is the identity and my y is the identity transformation.
Under this definition it is easy to check that given two (strict, strong) SM func-
tors (F, mxy, mi) and (G, m’ y, mi’) their compose is (strict, strong) symmetric

monoidal when equipped with maps:

(GF, (Mpx py; G(mx,y)), (mi’; G(mi)))

REMARK A.2.5
Given a SM functor F' : C — (', notice that there is an induced natural trans-

formation
kX’y = (FX —0 (FapX’y; mX_Oy’X)) o pa’FX’F(X_Oy) : F(X —0 Y) — (FX —0 FY)
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DEFINITION A.2.6 (SYMMETRIC MONOIDAL CLOSED FUNCTOR)

A symmetric monoidal closed functor, abbreviated SMC functor, is a SM func-
tor. A strong SMC functor is a strong SM functor for which kxy is a natural
isomorphism, and a strict SMC functor is a strict SM functor for which kx y is

the identity transformation.

DEFINITION A.2.7 (CARTESIAN (CLOSED) FUNCTOR)
A cartesian (closed) functor between two cartesian (closed) categories is a SM
(SMC) functor which preserves the cartesian structure up to isomorphism. It is

strict when it preserves the cartesian structure up to equality.

DEFINITION A.2.8 (MONOIDAL NATURAL TRANSFORMATION)
A monoidal natural transformation from one symmetric monoidal functor (F, mxy, mi) :
C — C' to another (G, m'yy, mi’) : C — C' is a natural transformation v : F' — G
s.t.

Mxy;Vxey = (Vx @ vy);mYy (A.10)

mi; vy = mi’

—
?>
—_
—_

N—
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Index to Notation

b actions, or terms of the action calculus
e e constants in the type-theory DILL(C)
Ay € clauses of relations and pre-relations
g, b arrows in categories
Ly e e e indices
Lok e linear primes in the action calculus
T arities in the action calculus
O e generalised objects, only in appendix A
Dy e e e intuitionistic primes in the action calculus
AP P integers for index bounds
L8 PP terms of DILL(C)
Uy W e e terms of Lin(Q, A)
Ty Yy Z e e e e e variables from the set X
ABC............ formulae and types of DILL(C) and linear types of Lin(Q, A)
D relations and pre-relations
FoG . functors between categories
M, N terms of ILL(C)
O o operators of a signature O
Q, R . intuitionistic types of Lin(QO, A)
X set of variables
XY objects of categories
A axiom sets of Lin(Q, A)
A action models
o set of assumptions of DILL
C oo constant set from DILL-signatures
e DILL-signature
G models of Lin(QO, A)
H higher-order signatures
H o higher-order models
K controls of the action calculus
K action calculi signatures
K operator sets from action calculi signatures
L models of DILL(C)



ML linear type sets from generalised signatures

My intuitionistic type sets from generalised signatures
O e linear operators of generalised signatures
O e intuitionistic operators of generalised signatures
O output-parameterised sets of operators of Lin(Q, A)
O generalised signatures
P linear prime sets from action calculi signatures,

and primitive type set from DILL-signatures

Prooe o intuitionistic prime sets from action calculi signatures
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