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Abstract

This thesis studies two substructural simple type theories, extending the “sep-
aration” and “number-of-uses” readings of the basic substructural simply typed
A-calculus with exchange.

The first calculus, Asp, extends the al-calculus of O’Hearn and Pym by di-
rectly considering the representation of separation in a type system. We define
type contexts with separation relations and introduce new type constructors of
separated products and separated functions. We describe the basic metatheory of
the calculus, including a sound and complete type-checking algorithm. We then
give new categorical structure for interpreting the type judgements, and prove
that it coherently, soundly and completely interprets the type theory. To show
how the structure models separation we extend Day’s construction of closed sym-
metric monoidal structure on functor categories to our categorical structure, and
describe two instances dealing with the global and local separation.

The second system, Ainpic, is a re-presentation a of substructural calculus for
in-place update with linear and non-linear values, based on Wadler’s Linear typed
system with non-linear types and Hofmann’s LFPL. We identify some problems
with the metatheory of the calculus, in particular the failure of the substitution
rule to hold due to the call-by-value interpretation inherent in the type rules.
To resolve this issue, we turn to categorical models of call-by-value computa-
tion, namely Moggi’s Computational Monads and Power and Robinson’s Freyd-
Categories. We extend both of these to include additional information about
the current state of the computation, defining Parameterised Freyd-categories
and Parameterised Strong Monads. These definitions are equivalent in the closed
case. We prove that by adding a commutativity condition they are a sound
class of models for Aipic. To obtain a complete class of models for Aipic we re-
fine the structure to better match the syntax. We also give a direct syntactic
presentation of Parameterised Freyd-categories and prove that it is soundly and
completely modelled by the syntax. We give a concrete model based on Day’s
construction, demonstrating how the categorical structure can be used to model

call-by-value computation with in-place update and bounded heaps.
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Chapter 1
Introduction

This thesis is about substructural simple type theories and their application to
expressing separation and safe in-place update in programming languages. We
extend O’Hearn and Pym’s aA-calculus [Pym02, O'HO3] to a new calculus Agep
that allows finer control over separation. We also re-present Wadler’s linear type
system [Wad90] with non-linear types as the system Aipic and give it an equational
theory. We investigate its semantics and discover connections with categorical
models of call-by-value augmented with state information. The investigation of
the semantics of linear typing leads to a third calculus, the Typed Command
Calculus, a simply typed version of other type systems presented in the literature
for typed memory management, such as Alias Types [SWMO00] and the Capability
Calculus [WCMO0].

The motivation for both these investigations is a desire for more detailed
control of memory within programs. We use ideas from substructural logics to
formulate type systems that can express separation and memory access permission
control, both of which have been identified as useful for the safe expression of
memory management.

Control of separation is essential to prevent bugs arising from unintended
aliasing. Aliasing is a long standing problem in computer science, and has been
address by many researchers [Rey78, Pym02, Bak92, 1001, Red94, BNRO1, BS93].
Aliasing arises when a single piece of the computer’s store has two or more refer-

ences. Each reference in a program has assumptions connected to it, either for-

11



12 Chapter 1. Introduction

mally by the type system or informally in the mind of the programmer. Aliased
references that are not explicitly connected can become out of date with respect
to each other, and this can lead to hard to track down memory errors. This the-
sis presents a foundational calculus for controlling separation to prevent aliasing,
Asep- We introduce the ideas behind this calculus in Section 1.2 below.

Permission management is a way of stating the assumptions connected to a
piece of memory. Strict control of permissions is required to make sure that the
programmer is not able to treat a piece of memory using out-of-date assumptions.
The distribution of permissions must be tightly controlled if they are not to
become worthless. We use a substructural type system to accomplish this in our
calculus Ajppie. Our investigations of Ajypic Will lead us to develop extensions of
categorical models of call-by-value programming languages that directly include a
notion of permission management. We introduce Ainpic and our models in Section
1.3.

Before we introduce the main work of this thesis, we first describe the general

definition of substructural type theories, based on substructural logics.

1.1 Substructural Type Theories

r:Ael I'z:AFe: B
—— (VAR) (—1I)
I'kFz: A I'FX:Ae:A— B

'-e,:A— B eyt A
I'Feey: B

(—E)

Contexts, no variable x may appear more than once:

r == € | Iz A

Figure 1.1: The Simply-Typed A-calculus
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Substructural Type Theories arise by the removal of the structural rules im-
plicit in normal type theories. They are the Curry-Howard image of Substructural
Logics [Res00, SHD93].

Structural rules determine the manipulations that may be applied to contexts.
Given the normal typing rules of the simply-typed A-calculus (Figure 1.1), the
following structural rules are admissible:

Fa:Ay:ATl'Fe: B I'I"Fe:B

(CONTRACTION) (WEAKENING)
Ix: AT Felx/y]: B Fx:AT'Fe:B

e:Ay:BI'Fe:C

(EXCHANGE)
Iy:B,z:ATl'Fe:C

We explain each of the rules in turn, and why they are admissible. The rule
CONTRACTION permits the identification of two previously independent variables
in a typing derivation, allowing = to be used twice. It is admissible because
the context I' is shared between the two premises in the rule —E. The rule
WEAKENING shows that any derivation may have additional variables in the con-
text without affecting the typability of the term. It is admissible because the
rule VAR permits I to contain an arbitrary list of variables, as long as it contains
the one required. The final rule, EXCHANGE, permits the reordering of variables
in the context. It is admissible due to the form of the rule VAR, which does not
specify any particular order on the variables.

The type theories in this thesis are formed by restricting the application of
the structural rules, in particular CoNTRACTION. We reformulate the rules in
Figure 1.1 to explicitly state the application of structural rules, removing their
implicit presence in the other rules. This reformulation is shown in Figure 1.2.
We have altered the definition of contexts to be inductively constructed from
variable/type pairs, a constant I and a binary constructor “”. We have also
added a rule STrucT, parameterised by “valid” transitions I'y & I's between
such contexts, where p is a map of variables in I's to variables in I'y, applied as
a renaming in the STRUCT rule.

The restatement of contexts as constructed from type assignments, constants
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I'yFe: A I, 2y valid
——F—  (Ip) (STRUCT)
x:AFz: A [y Fpe): A
F,x:Al—e:B F1|_€1:A—OB F2|_€22A
(—I) (—E)
'Xx:Ae:A—oB FI,F2l_€1€QZB

Contexts, no variable x may appear more than once:

L' v=az:A | I | I',Dy

Figure 1.2: Basic Substructural A-calculus

and constructors will allow us to generate more complex contexts with different
structural rules applicable to the different constructors. The construction of
contexts in this way is inspired by the a\-calculus (described below in Section 1.2)
[O’HO03] and is used to express the logic of Bunched Implications [OP99, PymO02]
and also to uniformly present substructural logics in [Res00].

Along with this restatement of contexts as trees rather than lists, the restate-
ment of structural rules in terms of transitions also allows greater control'. We
have already mentioned the concept of valid structural transitions. These are de-
fined inductively by a collection of rules. All of our systems include the following

as valid structural transitions:

p(I"y =T Iy 21y valid Ty 2Ty valid
I & 17 valid Iy "2 T3 valid

[, &1y valid T, 2 T valid

00, T % 0y, TY valid [ = I valid

These four rules express: identity up to renaming (a-equivalence), sequential

composition, and two rules for congruence with the constants and constructors for

!The idea of representing structural rules as abstract transitions was inspired by [OPTT99]s
use of structural extensions which are sequences of structural rules.
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contexts. In the third rule, note that p; p’ = p'; p by the disjoint variable condition
on contexts. The empty mapping is not written in a transition: I' = I' valid holds
from the rules above for any I". We also wish to regard the comma as associative

and [ as its unit, so we include the following as valid transitions:

(Fl, FQ), I's & Iy, (FQ, Fg) valid
I,I' & T wvalid
I''l < T wvalid

The double headed arrows < indicate that these transitions may be applied in
both directions.

The valid structural transitions we have present so far are all implicit in the
system of Figure 1.1, by construction of contexts as lists. The three structural

rules identified above may also be expressed as structural transitions:

r=,1
[o(T )SW(F)}

(CONTRACTION) ————— (WEAKENING)

r I, TV valid I' = I valid

(EXCHANGE)
Fl, 'y < FQ, I'y valid

In the CoNTRACTION rule, the premise I' =, " states that the two contexts should
be a equivalent, i.e. equivalent up to renaming of variables. The notation v(I")
denotes to the list of variable names in I', taken in depth-first left-to-right order.

The rules in Figure 1.2, when we consider all of the named structural tran-
sitions as valid, have the same power as the original system. The rule VAR is
derivable from the rule Ip and repeated applications of the rules WEAKENING and
EXCHANGE; the rule —I is identical in form to —I; and —E is derivable from —E
and repeated applications of the rules CoNTRACTION and ExcHANGE. Conversely,
the rule Ip is a special case of VAR; the rules —I and —I are identical in form; and
—oF is admissible by repeated uses of WEAKENING and CONTRACTION to make the
context in both premises equal to I'y,I'y and an application of —E.

Removing admissible structural rules from the basic system of Figure 1.1

changes the meaning of terms and the function type. Removing CONTRACTION
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means that a function body may not use a variable more than once, and removing
WEAKENING means that a function must use a variable at least once. Note that
this basic reading of the removal of the structural rules does not hold when we
move to more complex substructural systems. See the description of the a\-
calculus below in Section 1.2.

The system may now seem to be overly complicated; we have added an extra
rule and a complex system of contexts and valid structural transitions to produce
a system with exactly the same typable terms. However, the new complexity
brings more flexibility. We can alter the definitions of contexts and valid struc-
tural transitions to get new systems. By reading the structural rules, and their
omission, as having computational significance, we can develop new type sys-
tems that have useful properties. In this thesis we will consider the removal of
ConTRrACTION and WEAKENING and their application to the expression of separa-
tion and in-place update. We introduce these in Sections 1.2 and 1.3 respectively.

Before we do that, in the rest of this section we introduce some more issues
common to all substructural type systems. We first discuss the introduction of
new type constructors given by varying the structural rules, then the effect of
these constructors on the equations of a type theory, and finally we discuss the

categorical semantics of substructural systems.

1.1.1 New type constructors

Varying the valid structural transitions allows the introduction of a new binary
type constructor, the tensor product: A® B. This has the following introduction
and elimination rules:

Fll—el:A F2|_62:B

(®I)
F17F2|_€1®62:A®B

I'NkFe : A® B Iy(z:Ajy:B)Fey: C

(®E)
DT Fletx®@y=e; iney: C

The introduction rule places the contexts in the same order as the terms; the

comma between the contexts mirrors the ® between the terms and types. In the
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®E rule, the context I's(—) represents a context with a missing sub-term, filled
in with = : A,y : B in the premise and I'; in the conclusion. The free variables of
e; are placed into the same subcontext as x and y. Note that the two variables
x and y are separated by a single comma in the context, matching the ® in the
pair being split. When new context constructors are introduced below, there will
be new tensor products connected to them in the same way.

Due to the close correspondence between the terms and contexts in the intro-
duction and elimination rules, the presence or absence of the structural rules has
an effect on the way in which we interpret the tensor type.

When all the structural rules are present, the tensor type behaves similarly
at the type judgement derivation level to the normal product type A x B. The

following judgements are derivable:
x:AF (z,x) : A® A i Al I

r: A BFlet (y,2) =zin (2,y) : B® A

In terms of structural rules, the judgements correspond to a use of the rules
CONTRACTION, WEAKENING and EXCHANGE respectively. If a rule is missing, then
the corresponding judgement is not derivable. Hence, the operations permissi-
ble on the type A ® B match the valid structural transitions applicable to the
corresponding context constructor.

Removing the structural rules does not prevent the system being extended
with the traditional product type. It can be introduced using shared contexts

and eliminated using projections:

P}_€1ZA1 F}_SQ:AQ F|_61A1XA2
(xI) (xE-i)
'k (e1,e3) : Ax B ' me: A

1.1.2 Type Theories

To be a type theory, there must be some notion of equality between terms. In the
case of the basic calculi presented in Figures 1.1 and 1.2, we have the following

two equations:

(Ax : Aey)es = eqfen/x]
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A Aer = e

These are the equational versions of the normal # and n reduction rules respec-
tively. They are the same for the non-substructural and substructural systems.
It is easy to see that if the left hand side of each equation is typable, then so is
the right hand side, under the same context and result type: for the 3 rule this is
by substitution, and for the n rule this is by inversion of the typing rules. When
we introduce the tensor product type, however, complications arise. We want the

usual # and 7 equational rules:

let (z,y) = (e1,e2) ines = esler/x,ex/y]

let (z,y) =ein (z,y) = e

Both sides of these rules are obviously typable, by direct application of the type
rules and by the substitution property. However, they do not cover all the pos-
sible equations that we desire between terms. Due to the presence of “parasitic
types” in the elimination rules for products, we must be able to permute these
eliminations with the other rules. For example, these two terms should be equal

when 2’/ and ¢ are not free in e;.

(let (z,y) = (let (2',y") = €1 in ey) in e3)

(let (2/,y') = ey in let (x,y) = eq in e3)
The traditional approach is to require a collection of commuting conversion rules
that state all the required permutations explicitly. However, this leads to un-
wieldy systems of rules, particularly when we must consider their interaction
with the syntax-free structural rules.
To avoid this problem, we adopt the approach of Ghani [Gha95] and use

generalised n expansion:

let (z,y) = ey in ex[(x,y)/2] = esle1/z]

This rule subsumes the commuting conversion rules, and when all the named
structural rules above are present, ensures that the product obeys the surjective

pairing property.
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Ghani’s rule is applicable in the As, and Aiypic calculi presented in this thesis,
but we are forced to use explicit commuting conversions in the Typed Command

Calculus. See Chapter 6 for details.

1.1.3 Categorical Semantics of Substructural Type Theories

In order to give the precise requirements for models of our substructural type the-
ories, we formulate categorical semantics for them. We do this in the style of the
cartesian closed category semantics for the simply typed A-calculus [LS88, Cro94|
by interpreting contexts and types by objects of a category C and judgements
['Fe: A by arrows [I'] — [A]. Equality of typed terms is modelled by equality
of arrows.

We interpret context constructors and constants by functors C" — C, where
n is the arity of the constructor. Valid structural transitions are interpreted as
natural transformations between multiple applications of the context constructor
functors. We define the interpretations by induction on the structure of contexts
and the derivation of validity, respectively. Tensor product types are interpreted
using the same functors as the context constructors to which they correspond.
Function types are interpreted using the usual right adjoints to the context con-
structors from which they are formed.

There are many ways of deriving valid structural transitions and, due to the
fact that the STrucT rule introduces no term syntax, we must ensure that all
derivations of the same valid transition I'; = T’y have the same interpretation. In
the case of the basic system with a single binary context constructor and unit, this
is exactly the coherence of symmetric monoidal structure on a category [Mac98§].
When we consider the semantics of As, in Chapter 3 and the direct semantics of
Ainple in Chapter 8 we will have to prove this for ourselves.

Because STRuCT introduces no term syntax, there may be many derivations
of a single typing judgement I' - e : A. We must ensure that each of these
derivations has the same interpretation. We do this following O’Hearn et al’s
proof of coherence of the interpretation of Syntactic Control of Interference Re-

visited [OPTT99], effectively by rewriting the derivation tree to a normal form
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and proving that the process of rewriting preserves the interpretation. To do this
we require an abstract characterisation of valid structural transitions and a way
of “factorising” them over applications of introduction and elimination rules that
preserves their interpretation. We do this for Aj,pic in Section 3.3.1. The other
substructural type theory in this thesis, Ainpic, also requires a proof of coherence,

which is completed in the same way.

1.2 The Separation Reading : o) and )\,

In this section we describe a way to express separation in typing contexts via the
aA-calculus and our extension, Agep.

The a\-calculus [O'H03, Pym02] is the typed A-calculus corresponding via the
Curry-Howard isomorphism to the Logic of Bunched Implications (BI) [OP99).
The aA-calculus combines a substructural type system without CONTRACTION or
WEAKENING with an intuitionistic type system. The contexts of the two systems
are mixed by allowing contexts to be constructed from two context formers “.”
and “;”. The comma only allows ExcHANGE, while the semicolon allows all the

structural rules. The contexts are given by the following grammar:
' == z: A ‘ 1 ‘ 1 | Fl,FQ ’ FI;FQ

with the usual condition that no variable z may appear more than once in a
context.

The aA-calculus has associativity and left and right unit transitions for both
the comma and [/ and the semicolon and 1, as well as congruence, identity and
composition. The interesting part lies in the fact that the comma and I have

only EXCHANGE:
Fl, Iy, & FQ, I'y valid

While the semicolon and 1 have all the structural rules:

r=,1
[o(T" )*:—;v(F)}

r ;T valid ' = 1 valid I'; Ty & Ty Ty valid



1.2. The Separation Reading : aX and g, 21

The introduction rule for the product type is altered from the formulation at

the end of Section 1.1.1 to make it clear that it is related to the semicolon:

F1|_€12A FQ"GQIB

(xI)
Fl;FQ F <€1,€2> :AX B

By the CoNTRACTION structural transition, the rule for product introduction from
Section 1.1.1 is derivable from this one. We could also use an elimination rule
for products similar to the let (z,y) = e; in ey construct for eliminating tensor
products. Such a construct is required for the more flexible products of Mg
introduced below and developed in Chapter 2, however.

The substructural function type A —x B is expressed in the same way as
in Figure 1.2, albeit with a different symbol to emphasise the difference from

presentations of the linear A-calculus.
F,x:Al—e:B Fll—el:A—*B le_egiA

(—1) (+E)
'FXxe: A% B Fl,Fgl—el@*el:B

Note the use of the comma in the premise of the introduction rule and the conclu-
sion of the elimination rule. The same pattern may be applied with the semicolon

to get the simply-typed function space:

Iz:AFe: B I'te, :A— B I'oFes: A
(—1) (—E)
I'raze: A— B I'i;ToFeer: B

Note that whereas we could have included the product type A x B without intro-
ducing the context constructor “;” by the rules in Section 1.1.1, the introduction
of the non-substructural function type A — B requires the use of “;” to formulate
the rule —I.

The inclusion of two kinds of function type alters the behaviour of the sub-
structural function type A =« B. Despite the lack of WEAKENING and CONTRACTION
we cannot regard it as a type of functions that use their argument only once, as in

the linear A-calculus [Wad93b]. Consider the following example due to O’Hearn
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[O’HO3]:

x: A ftA—A— BF fxx: B
v:Araf.fre:(A—-A—B)— B
Le: A+ af.frx:(A—-A— B)— B

IFXvaf frx:A+«(A—A—B)— B

Despite the fact that Ax is a substructural function abstraction, its body mentions
x twice. The function argument bound to f has no notion of any connection
between its two arguments, as it would if they had been combined in an argument
of type A x B, and may use both of them.

The aA-calculus has a strong reading in terms of separation. Reading the
comma context constructor as stating that the two halves must be separate — due
to the lack of CoNnTRACTION — and the semicolon as stating that the two sides
may share, we can give meanings to the two kinds of products and the two kinds
of function abstraction.

Since the two product types match the context constructors, we can imme-
diately read the tensor A ® B as a separated, or non-sharing pairing and the
product A x B as a pairing of values that may share resources. Due to the use of
a comma between the abstracted variable and the rest of the context, the function
type A = B can be read as the type of functions whose arguments are separate
from the function — the resources of the function itself being represented by the
free variables. Likewise, the use of a semicolon in the introduction rule of the
type A — B allows sharing between the function and its arguments.

For the sharing interpretation of the calculus, we may also allow weakening
for the comma. The simplest way to allow this is to identify the two units I and 1
with a single unit 1. This variant is called the affine a-calculus. In this variant,

we also have a derived valid structural transition called DERELICTION:
Fl; FQ = (F17 Fg), (1—\/1’ 1—\/2) = (Fla 1), (1, F,2) = F17 FIQ =a Fl; FQ

This rule states that we may forget the fact that I'y and I'y are separate and just

regard them as a pair that may share.
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There are other variants of the aA-calculus that replace or add binary context
formers and alter the structural rules that are applicable over them, in particular
the removal of ExcHANGE. This allows the expression of pointers from one heap
to another, but not in the opposite direction. See [O’H03| for more details

The context in the aA-calculus represents the permissible sharing relationships
between the individual free variables used by the term. For example, the context

(a:A;b: B),(c:C;d: D) represents the following separation relationships:

1<,

From the diagram it is easy to see that the two pairs a, b and ¢, d are not required
to be separate internally, and that there must be total separation between them.
This is the pattern of separation given by the structure of the context.

An obvious question is whether every possible pattern of separation may be
represented by an aA-calculus-style context. This is not possible. The use of two
contexts formers “” and “;” means that only so-called series-parallel separation
graphs may be constructed; graphs constructed from pairwise combination of
graphs with no separation or total separation. The following fact [BAGR97,
VTLS82| states that not all graphs are series-parallel:

Fact 1.2.1 (SP-graph Characterisation) A graph is series-parallel iff its re-

striction to any four vertices is not equal to the graph:

I,

The type theory for separation that we define and investigate in this thesis,
Asep, overcomes this problem by directly expressing an arbitrary pattern of sepa-
ration in the context. We will describe Agep, in depth in Chapter 2. Here we give a
quick overview, based on the general plan for substructural type systems we laid

out in Section 1.1. The contexts of A, are defined by the following grammar:

' = a:A | S(I'y,....,T)
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where S is a separation relation, defined in Definition 2.1.1 as a binary symmetric
relation on the contexts T'. The intended meaning of the separation relation is
that the variables in the contexts T refer to data which is separated according
to the relation. The context with the empty, zero-place separation relation gives
a representation of an empty context.

The valid structural transitions for g, include the identity, composition and

congruence transitions, plus the following transitions:

(FLATTEN) ——  (SINGLE)
S(T.8'(X), ') & S{s//i}(T. X, T [1(D) & T
s'Cs r=1r (© )
(S-WEAK) T ONTRACTION
S(T) = §(T) e )
o a permutation
(WEAKENING) (PERMUTATION)

I = [lo() S(T) & oS(oT)

All of these transitions can be justified in terms of separation, which we do in
Section 2.2. The grammar of contexts also gives rise to two new type constructors,

separation products and separation functions:
S(Ay,...,A,) Ay,...A, — B

In the case when S is a two place relation then depending on the particular
relation used, these are equivalent to the affine aA-calculus product types and
function types. The translation from the aA-calculus into Agp, is given in Section
2.4.1.

1.2.1 Semantics of Separation

There are categorical semantics for the aA-calculus and Ag, matching the general
scheme described in Section 1.1.3 above. For the a\-calculus, this is given in
[O'HO03, Pym02] as a category C with finite products for interpreting “;” /x and 1,
and symmetric monoidal products for interpreting “,” /x and I. The two function

types are interpreted by assuming that both product functors have right adjoints.



1.2. The Separation Reading : aX and g, 25

We define a categorical semantics for Ay, following the same scheme. We
assume functors S : CISl — C for each separation relation S, and natural transfor-
mations to interpret the valid structural transitions. We describe this semantics
in Chapter 3, carefully ensuring that we have enough coherence conditions to
coherently interpret valid structural transitions and typing derivations.

This semantics gives the abstract structure required to coherently and soundly
interpret Asp, but does not explicate its meaning in terms of separation of re-
sources. To do this, in Chapter 4, we construct categories with the required
structure from categories of functors from some category with structure, C, to
the category of sets and functions, Set. The basic idea is that the objects of C
represent abstract “resources” and functors C — Set interpret types as sets in-
dexed by the resources available. This is a generalisation of the frame, or possible
world, semantics of substructural logics [Res00].

O’Hearn, Pym and Yang [O’H03, Pym02, POY04] use Day’s construction of
symmetric monoidal structure in functor categories [Day70] to give a semantics
for the aA-calculus. Day defines symmetric monoidal structure on [C, Set| by a

co-end formula?:
Y.z
(A® B)X :/ AY x BZ x P(Y, Z, X)

where P : C°P x C°" x C — Set is a functor equipped with several natural trans-
formations. This construction also makes the given monoidal structure closed.
Since [C, Set] is always cartesian closed, this gives a model for the aA-calculus.

We extend Day’s construction in the Set case by considering functors Ps :
(C°P)Sl x ¢ — Set, with a different collection of natural transformations. We
prove in Chapter 4 that this gives the structure required to coherently and soundly
model Agep.

We connect this semantics to resources and separation in Sections 4.3.2 and
4.3.3. In Section 4.3.2 we consider “global separation”, where we treat each object
of the domain category as an individual resource. Resources may be combined

using coproducts and there is a predicate, modelled as a binary contravariant

2Day [Day70] also handles the case for codomain categories other than Set by using enriched
categories, but we only consider the case for Set in this thesis.
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functor to 2, for expressing separation. The second model, in Section 4.3.3,
models “local separation” where we consider embeddings of sub-resources into a

larger resource, and their separation and combination as embeddings.

1.3 In-place Update

In the second half of this thesis we investigate another application of the re-
striction of the CoONTRACTION rule — in-place update — by constructing a type
theory Ainpie, derived from Wadler’s linear /non-linear type system [Wad90] and
Hofmann’s LFPL [Hof00]. In-place update refers to the updating of memory cells
with new values, and possibly with different types to the original values. Chang-
ing the type of the data stored in a memory cell means that we have to careful
not to access the memory cell with out-of-date information about its type. This
would lead to run-time type errors.

In-place update is potentially useful because it allows the expression of explicit
memory management in a safe way. Explicit memory management means that
the precise use of memory within a program is controlled by the programmer, who
has to handle all allocation and deallocation and reuse of memory. This is already
present in languages such as C [[SO99], but the programmer is given no help in
making sure that they do not mistakenly use memory that has been de-allocated
or access memory with mistaken assumptions about its type. Another advantage
of safe in-place update is that the expression of low-level memory operations in
the typing rules gives programming language designers a handle with which to
control memory consumption and thus develop type systems for resource limited
programming. Hofmann’s LFPL (Linear Functional Programming Language)
[Hof00] is designed with this application in mind. We use LFPL as a guide for
the design of Aipplc.

Another potential use of in-place update is eased reasoning about side-effecting
programs. By making the types of the memory cells operated on by the program
explicit, the requirements on the initial and final states of the memory required

and delivered by the program are treated as normal inputs and outputs. This is
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in contrast to the normal situation where the state of the memory is implicit and
the programmer receives little help from the type system.

Also, we hope to be able to forget about the imperative interpretation of the
language and treat programs as a restricted subset of functional programs and
hence apply functional reasoning techniques such as g-reduction and substitution.
It will turn out, however, that the equational theory of Ay is affected by the
type system itself. The rule of substitution is no longer admissible. This is due
to a call-by-value interpretation being required by the typing rules.

We illustrate how the removal of CoNTRACTION allows us to type safe in-place

update. Let the following be primitive operations in a typed A-calculus:
storey : O ® A — [4] retrievey : [A] - [A|® A forget, : [A] — O

The operation store 4 takes a memory cell, represented by a value of type {3, and
a value of type A and returns a pointer to the same memory cell, now containing
that value of type A. The operation retrieve, takes a memory cell containing
a value of type A and returns a pair of the memory cell and the contained value.
The operation forget , is a no-op coercion that takes a memory cell and “forgets”
the type of the data it contains.

If we were to allow CONTRACTION in the calculus, then it would be possible

to type programs such as (where the free variable d has type ¢):

let x = storey,,(d,2) in

let y = storepyy(d, true) in

let (d',7) = retrievex in

1+ 4

This program fragment stores the integer 2 in the memory cell d, obtaining an
integer view of the memory cell, stored in x. It then stores the boolean true in
d, obtaining a boolean view of the same memory, stored in y. The third line then
attempts to read out the integer stored in the first line. However, this attempt

will fail since it has been overwritten by a boolean in the second line. This line,

3The type ¢ to represent unused memory is taken from LFPL [Hof00]. Diamonds are
precious, and so is unused memory.
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or the line following will cause a run-time error when it tries to use the boolean
value as an integer. Removing CONTRACTION makes the program above untypable
since we would not be able to use d twice.

The system without contraction is far too restrictive. There are types, such
as that of integers and booleans, whose values do not occupy any space in the
computer’s mutable store. Values of these types cannot alias one another, and
permission to use integers or booleans can be duplicated at will because they are
just values.

To fix this we follow the approach of Wadler [Wad90] and Hofmann [Hof00]
(see also [Wal05]) and introduce a distinction between stateful and state-free
types. Stateful types covers types that represent memory cells, such as [A]
or { above, or linked data structures that reside in the store, such as lists in
LFPL. State-free types are those such as integers and booleans that are manip-
ulated in machine registers or on the stack. State-free types may have the rules
of ConTRACTION and WEAKENING applied, as shown by these conditional valid

structural transitions:

sf(I) Sf) T=,T
= I valid r ORI o gid

where sf(I") is true if I' consists of only variables of state-free type.
The tensor product of two state-free types is considered state-free. There
are two function types A — B and A — B which are state-free and stateful

respectively. The difference between them is in their introduction rules:
Iz:Ate:B sf(I) I'Nz:AkFe:B
'FAx:Ae:A— B ''FXA xe:A—B

All of the free variables of a function of type A — B must be state-free (the
premise sf(I')). Therefore, values of type A — B contain no stateful part and so
are state-free. Values of type A —o B may have stateful variables free in them,
so they are stateful.

The calculus that we have just sketched, Aippic, is defined in detail in Chapter

8. It is capable of typing safe memory management operations such as in-place
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update and de-allocation. To use it for reasoning about programs as well, we
must establish an equational theory for its terms. An immediate obstacle is that

the rule of substitution is not admissible for this calculus:

Fll—el:A FQ(.Z’IA)F@QZB
FQ(Fl) F 62[61/1'] - B

This rule is the basis of reasoning about terms of the calculus by [-reduction.

The failure of the substitution rule is shown by the following judgement:
z:IntF (z,2) : Int ® Int

This judgement is valid if we assume that Int is state-free. Now consider another
judgement:
d : Cell - location(d) : Int

where the type Cell is not state-free. An attempt to substitute the term location(d)

for x in the first judgement would result in an untypable term:
(location(d),location(d))

The variable d appears twice in the term, but since d is of a non-state-free type
this is not possible.

We resolve this problem by noticing that all the operational semantics of this
calculus [Wal05, Hof00] have been call-by-value. That is, in the execution of a
term like let © = location(d) in (z,x), the sub-term location(d) is reduced to
a value (i.e. the location), before being used in the body of the let expression.
Direct substitution does not take this into account.

We study the semantics of Aj,pic to make clear the call-by-value execution
strategy and also to explicate the meaning of the removal of CoNTRACTION. There
are two ways to read the removal of CONTRACTION. One is to follow the reading
of the aA-calculus and Ay in Section 1.2 and view it as the control of aliasing.
Memory cells are aliased when they have more than one reference to them. In the
above program, the single memory cell d becomes aliased by using the variable

d twice. The prohibition of CONTRACTION prevents this. In terms of separation,
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a non-aliased memory cell has a single reference that is separate from all other
references. Non-aliasing is taken as primary in Reynolds’ Syntactic Control of
Interference [Rey78, Rey89] and the Separation Logic of O’Hearn, Ishtiaq and
Reynolds [Rey02, 1001].

Another view is that of permission control. If we view a value of type ¢
as a permission to store data in the memory cell it represents, then the lack of
CONTRACTION is the inability to duplicate a permission into two independent per-
missions. Once a permission has been “used up”, by the store, operation, it is
no longer available and we get a new permission [A] in return. In this reading,
the lack of WEAKENING means that we cannot discard a permission. This is the
“number-of-uses” reading of the lack of CoNTRACTION and WEAKENING in Linear
Logic [Gir87, Wad93b, Tro93]. The view as permissions has also been empha-
sised in recent work on type systems for imperative object-oriented programming
[BNRO1] and verifying concurrent programs in Separation Logic [O’H05].

We investigate the permissions view by extending categorical models of call-
by-value programming languages with attached sets of permissions. Types of
Ainplc Will be interpreted as pairs of value types and permissions to operate on the

state.

1.3.1 Semantics of In-place Update

In this section we will briefly describe the ideas behind our categorical semantics
of Ainpic to be studied in Chapters 5 and 8. We extend two categorical models of
call-by-value programming languages, Freyd categories and Computational Mon-
ads, described in detail in Section 5.1. We introduce our extension of them to
Parameterised Freyd categories and Parameterised Monads. We will use these to
give models of Ajypie. Since Aipple only corresponds to such structures that have an
additional commutativity property, we give a calculus directly related to them,
the Typed Command Calculus, in Chapter 6.

Both Freyd categories [PR97, PT99] and Computational Monads [Mog91]
model call-by-value by splitting it into two parts. First, they separate values and

computations (though values here are not exactly the values used in operational
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semantics). Freyd categories accomplish this by considering identity-on-objects
functors J : C — K, where C is category of “values” and K is a category of
“computations”. The computational monad approach considers a category C and
takes all arrows of the form A — TB to be “computations”, where T is the
functor part of the monad. Secondly, both approaches consider computations-in-
context, building on some symmetric monoidal structure of the value category C.
Freyd categories do this by requiring premonoidal structure on X, consisting of
two functors A©—: K — K and —S A : K — K that agree on objects, with some
additional natural isomorphisms, such that everything is strictly preserved by J.
Computational monads are required to have a strength 74 p : AQTB — T(ARB),
obeying some axioms. Power and Robinson [PR97] prove that, when J has a right
adjoint, these two notions are equivalent.

We augment these definitions to handle explicit typing of the state by adding
a parameter category S. Objects of S are intended to represent permissions
to access parts of the state. We extend the definition of Freyd category by
considering identity-on-objects functors J : C x § — K. Thus, every arrow
of I is tagged with a start and finish permissions object taken from S. We
form composite permissions by requiring monoidal structure on S. As well as
the premonoidal structure on K with respect to C, we also require premonoidal
structure with respect to S, allowing us to lift arrows in K to larger permissions

contexts:
(A.5) 5 (B, S)

(A5 ®8) =2 (B,5,989)

We also extend the definition of monads with strength to add the parameter
category by considering functors T : S°° x § x C — C with some natural trans-
formations. Lifting of parameterised computations to larger contexts is handled

by a pair of natural transformations:
[18,5,5,,A * T(S1, 52, A) = T(S1 ® 5,9 ® S, A)

HS@.51,95,4 1 T(S1,82,A) = T(S® 51,5 ®Ss, A)

As well as interpreting Ainpic in categories with closed commutative versions

of this structure, we also give a direct calculus, the Typed Command Calculus.
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This calculus directly matches the structure of the model and does not suppose

commutativity. Judgements of the Typed Command Calculus have the form:
TAFc: A S

where I and A are a value context and type respectively, and A and S are a per-
mission, or state, context and type. Permission, or state, contexts are disallowed
from using WEAKENING and CONTRACTION, but value contexts have access to all
the substructural rules. The Typed Command Calculus is defined and proven
complete for our categorical models in Chapter 6.

We also give a direct semantics of Ajypic in order to get a complete class
of models for the calculus. The structure required, which we will call In-place
Update Categories, is introduced in Chapter 8. The structures described in the
previous section will be instances of the structure. In-place Update Categories
make no mention of the permissions component of Ai,pic types, they just embed
value (state-free) types in a larger category of potentially stateful types.

We also give an instance of an In-place Update category based on a possible
worlds semantics, using Day’s construction, that demonstrates how the imper-
ative semantics relies on non-aliasing and also how it enables heap-bounded,

resource constrained execution, thus giving a semantics of LFPL.

1.4 Thesis Outline

The order of presentation in this thesis mostly follows the order of this introduc-
tory chapter. Our type theory for separation, Asp, is presented with its models in
Chapters 2, 3 and 4. Some of the work in these three chapters has been previously
published in [Atk04]. The presentation of work on the in-place update calculus,
Ainple, is presented in a slightly different order. We present our extensions of Freyd
categories and Computational monads in Chapter 5, the calculus corresponding
directly to these constructions in Chapter 6 and the presentation of Ai,pie itself
and its semantics in Chapter 8.

A short synopsis of each chapter is given here:
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Chapter 2: Syntax and Typing of A, This chapter formally introduces the
syntax and typing of Asp. We describe the formal representation of sepa-
ration via separation relations and use them to give the typing rules. The
notion of valid structural transition is defined which simplifies the manip-
ulation of typing derivations containing term-syntax-free structural rules.
A substitution lemma is proven along with several other admissible and
derived rules. Translations from the simply-typed A-calculus and the a\-
calculus are given. The equational theory is also described, and proven to
be well-defined. Finally, we give a type-checking algorithm for explicitly

typed terms, demonstrating the use of structural transitions.

Chapter 3: Categorical Semantics of A\, This chapter describes the cate-
gorical structure required to model Agp,. After recalling the definition of
symmetric monoidal closed structure, used to model the aA-calculus, we
then define the structure required to model the contexts and types of Asep,
introducing the structure required for each of the structural transitions in
turn and proving it coherent. We then show that the calculus as a whole
is coherent with respect to the interpretation, as well as being sound and

complete.

Chapter 4: Day’s construction and Presheaf models We extend Day’s con-
struction of monoidal products on functor categories to the structure re-
quired for A4, described in the previous chapter. We then describe several
instances of this construction: an abstract one starting from any category
with all the necessary structure apart from closure, and then two construc-

tions which illustrate the modelling of resources and their separation.

Chapter 5: Typed Computational Effects We recall the definitions of Freyd
category and Strong Monad and give examples of how they model compu-
tational effects in call-by-value languages. We then present our extension,
Parameterised Freyd categories and Parameterised Strong Monads. We first
give the basic definitions and show they are equivalent in the closed case

and then extend them to the state context lifting operations introduced
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above. These extensions are again equivalent. We also describe a second

form of closure that closes over contexts containing state.

Chapter 6: Typed Command Calculus We take the definitions of the pre-
vious chapter and define the Typed Command Calculus based directly upon
them. We prove that we can coherently, soundly and completely model the
calculus. We also describe the Alias Types system of Smith, Walker and
Morrisett [SWMO00] and relate it to the Typed Command Calculus.

Chapter 7: Heap Bounded State We give a concrete model of the Typed
Command Calculus based on Day’s construction that demonstrates non-

aliasing and heap-size-bounded computation.

Chapter 8: An In-place Update Calculus: \i,pc We present Ajpic, sketched
above, based on Wadler’s system with linear and non-linear types. We give
a well-defined equational theory and show that the constructions of Chap-
ter 5 coherently and soundly model the equational theory. We also give a
direct semantics of the calculus and show that it forms a complete class of

models for the calculus.

Chapter 9: Conclusions We finish the thesis with a summary of the achieve-

ments and a discussion of related and future work.

There are also two appendices. Appendix A contains the details of some of
the proofs of Chapter 5. Appendix B contains a theoretical justification of our
definition of parameterised monad by relating them to adjunctions with parame-
ters. We define a notion of parameterised algebra and Eilenberg-Moore category
and prove that, in the case of typed side-effects, the Eilenberg-Moore category is

equivalent to a natural category of typed side-effect algebras.



Chapter 2
Syntax and Typing of Ay,

In this chapter we describe the syntax and typing of Asp. We start with the
separation relations that will be used to record the separation constraints in the
typing rules, followed by the typing rules and the equational theory. We also
introduce the rules generating the valid structural transitions for Asp. They
will be crucial in helping prove both syntactic properties of the calculus in this
chapter and the connection between the syntax and the categorical semantics in
the next. We also present translations of some other typed A-calculi into Agep, and
a type checking algorithm. We finish the chapter by describing a syntax directed
type-checking algorithm for explicitly typed terms.

2.1 Separation Relations

Separation relations formalise separation relationships between members of the
context. We define the substitution of separation relations into one another,
and state some properties of this operation. These properties establish the well-
behavedness of substitution on separation relations and underlie much of the

reasoning we will do with separation relations.

Definition 2.1.1 (Separation Relation) A separation relation of arity n is a

binary, symmetric, non-reflexive relation on the set {0, ...,n — 1}.

35
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For a separation relation S, we write |S| for the arity of the separation relation.
We define the relation S C S’ between two separation relations to hold if and
only if |S| = |S'| and, for all x and y, xSy implies xS'y. A list [r1, ..., rg],, where
each r; is of the form z#y denotes the smallest separation relation of arity n
containing the pairs r;. We will often omit the arity when the intended size is
clear from the context. For a separation relation S and a permutation ¢ on the
set {0,...,|S| — 1} the notation ¢S denotes the separation relation with ioSy iff
o 1(i)So1(5).

Definition 2.1.2 (Substitution of Separation Relations) For separation re-
lations S and S’, with sizes n and n’ respectively, define the operation of substi-

tution S{S’/i}, where 0 <i <mn —1 as:

(x,y) € S{S'/i} ift
{ (x —i,y—i)e s norm’, (z) = norm’,(y) =i

(norm’, (z),norm’,(y)) € S otherwise

where:
T T <1

norm’, (z) = { i i<z <i+n

r—n'+1 x>i+n

Substitution of relations may be visualised as in Figure 2.1(a). For a pair of
positions x and y in S{S'/i}, either both z and y are in the range of S, or at
least one of them is in the range of S. In the first case we use the relation S';
otherwise, we map the positions back to S (up the diagram) and use S to judge
whether x and y are related. The function norm? does the mapping back to S.
Note that if a member of S is related to any member of S’ then it is related to all
of them.

A special case is that of substituting in the zero-arity relation. As shown in
Figure 2.1(b), this removes the substituted-for position from the relation.

The following lemma establishes some basic properties of substitution. In
particular, properties 3 and 4 ensure that if we perform two non-interfering (non-

overlapping) substitutions in two different orders then we always finish in the
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(a) (b)
S/

LT[ Is(s73) S{llo/3}

Figure 2.1: Substitution of separation relations

same state. This is useful for reasoning about the allowable manipulations of
contexts, since a nested context may always be substituted out to a single flat
context. These properties are also required for the categorical coherence axioms

(Definition 3.2.3) to make sense.

Lemma 2.1.3 The following properties hold, where S, S1, Sy are separation re-

lations.

1. S{S:/i} is a separation relation.

2. S{[li/i} =8
3. S{S1/i}{Ss/j +ny — 1} = S{S2/j}{S1/i}, where i < j

4. S{S1{S2/j}/i} = S{S1/i}{S2/i + j}

Proof Routine calculation with the definitions of substitution and norm?. O

2.2 Typing Rules: )\, Systems

We describe the definition of a A system in two parts. First, we describe the
types, contexts and valid structural transitions built from a set of primitive types.
We then define a A, system as a set of primitive types and a set of primitive typed
operations that generates a typing judgement. The remainder of the section then
establishes some simple meta-theoretical properties of the system and presents

some derived rules, relating the calculus to similar calculi.
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2.2.1 Types, Contexts and Structural Transitions

The types of the calculus are generated by the following grammar, given a set of

primitive types 7:
AB = XeT | A,...,A,—>B | S(A...,A)

where S is a separation relation of arity n 4 1 for function types and arity n for
tuple types. The extra place in the function types represents the resources used
by the body of the function. Assuming a countably infinite set of variable names,
ranged over by x, y, etc., the types then generate the contexts, as an instance of

the structured contexts described in the introduction:
LAO == x:A | S(Ty,...,T)

where the separation relation S is of arity n, and no variable x appears more
than once in a context. When writing the separation relations associated with
contexts we will often use variable names in place of numerical positions, where
appropriate.

We also consider contexts with holes by adding the following production to
the grammar:

raAe = —,

where a is a name for the hole, no hole name may appear more than once in
a context. We will write a context with a hole as I'(—),, explicitly naming the
hole, or as I'(—) when there is a single hole. The notation I'(A) denotes a context
with a hole filled in with another context A. We will also use the notation I'() to
indicate the “removal” of a hole by substituting the empty context []() into the
hole’s position in the parent context in the tree, or by replacing the hole by the
empty context when there is no parent context.

We define v(I") to be the list of variable and hole names in I" built from a depth-
first, left-to-right traversal. We write I' =, I when I" and I'” are equivalent up to
renaming of variables. Also, we define a(I") to be the set of type assignments in
[': that is, all the x : A pairs in T'. We define I'[x] to be the type of the variable

x in T', if it exists.
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A context I' determines a separation relation Sr on the variables it contains
by substituting out all the nested separation relations. When I' is z : A this is
defined to be [|;. By Lemma 2.1.3, it is easy to see that the order of substitutions
used to obtain Sy does not matter; we will always get the same relation. We
will often use Sr as a relation between variables; the connection between variable

names and positions is determined by the v(—) function above.

A structural transition is a triple I' & A, where I' and A are contexts (possibly
with holes) and p is a mapping of variables in A to variables in I (and possibly
holes in A to holes in I'). If p is omitted it stands for the identity renaming. The
rules in Figure 2.2 define a judgement I' & A walid which identifies a subset of

the structural transitions which are valid for Agep.

p(I") =T Iy 271, valid Ty 2Ty valid
—— (RENAMING) . (COMPOSITION)
' & 17 valid I, "2 T3 valid

(CONGRUENCE)
S(A) valid

((UN)FLATTENING)

(SINGLE)

J(T') < T valid S(?) = S'(?) valid (8-WeakeNING)

o a permutation on {0, ..., [S| — 1}

S(T) < 0S(oT) valid

(PERMUTATION)

=1

()0 (D] (CONTRACTION) —  (WEAKENING)
r =""[,1) valid I' = [J() valid

Figure 2.2: Valid Structural Transitions for Asep
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The rules RENAMING, CoMPOSITION and CONGRUENCE are the standard ones
for substructural type systems identified in Section 1.1.

We can justify the valid structural transition rules specific to Asp, by appeal to
the properties of separation. The rule (UN)FLATTENING expresses the fact that if
a variable is declared to be separate from a group of variables, it is also separate
from them all individually. The duplication of variables by CoNTRACTION is valid
since the right hand side has no separation: we may duplicate values as long
as we do not mind that they will share resources. The rule S-WEAKENING is
justified by observing that if we have a context which promises more separation
than we require, then we may forget about the extra separation. Transitions
WEAKENING and PERMUTATION are justified by the fact that we consider the
underlying combination of values to be given by a normal product type. The
SINGLE transition fulfils an administrative role mediating between bare contexts
and the trivial separated context. Many times it may be replaced by instances of
(UN)FLATTENING.

The following lemma brings all these justifications together. It characterises
valid structural transitions as transitions which preserve separation and types.
As well as showing that our choice of rules is complete, this characterisation will
be enormously useful in proving meta-theoretic properties of A, in this chapter
and proving the connection between the calculus and the categorical structure

defined in the next chapter.

Lemma 2.2.1 A structural transition I' & A is valid if and only if:
1. If 2Say then p(z)Srp(y), and the same for holes; and

2. For all variables = € v(A), Alz] = T'[p(x)].

Proof We prove the forward implication by induction over the derivation of a
valid structural transition. Note that all the rules preserve the types of variables,
and the CoNTRACTION rule, the only way of introducing maps that take two
variables to a single variable ensures that they are not required to be separate.
For the converse, we construct a canonical derivation of validity for a structural

transition I' & A that matches the specification given in the lemma statement.
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We do this in stages, composed with ComposiTION and CONGRUENCE:

1. For each variable z in I' generate, in place of x, a sub-context depending
on p~'(z): if p7'(x) = 0 then use WEAKENING to generate [Jo(); otherwise
repeatedly use CONTRACTION (and possibly RENAMING) to generate a con-
text of the form [|(x : A,[](...)), with the names and number of copies of
z dictated by p~!(x). Combine all these transitions with the CONGRUENCE
rule to produce a valid structural transition from I'" to a context with the

same variables as A, and a renaming action equal to p.

2. Repeatedly use FLATTEN and possibly SINGLE to produce the fully flattened

context;

3. Apply S-WEak and PERM in the empty context to give the context the

separation relation Sa;

4. Repeatedly apply UNFLATTEN and possibly SINGLE to produce the structure
of A.

Note that the final three stages produce valid structural transitions that do not do

any renaming, hence by CoMPOSITION the structural transition I' & A is valid. [

Using these contexts and structural rules we can simulate the bunches of
the affine aA-calculus. If we replace the context former " with [1#2](—, —)
and “” with [J(—,—) we can rewrite an a\ context into a Asp context. The
associativity of the two context formers is then a two-way derived rule formed

from two applications of FLATTEN and its inverse:
S(S(A1,Az), Az) < S{S/0} (A1, Az, Az) = S{S/1}(A1, A, Ag) < S(A1,S(As, A3))

where S =[] or S = [0#1]. Since we have S-WEAK and WEAK we are simulating
the affine a\-calculus.

In the affine aeA-calculus, the (appropriately restricted form of) S-WEAKENING
is derivable from CoNTRACTION and WEAKENING because the two unit contexts

are identified. In terms of the translation from a\ contexts to Asp contexts
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described above, the derivation is:

1#2(z: A,y : B) = [[(1#2](z: A,y : B), [1#2)(«" - A,y : B))
= [(#2(= : A, ]0), 1#2/(10, v : B))
= [(z: Ay : B)
= [l(z:Ay:B)

However, when the targeted context has a separation structure not expressible in

the form [|3(T',T2) this scheme fails. An example is:

(142,243, 3#4, 1#4)(w : A,z : B,y : C,z : D)
= [1#2,2#3,3#4)(w : A,z : B,y : C,z: D)

2.2.2 Terms and Typing Judgements

A Ap system is a pair (7, ®) of primitive types and primitive operations f :
A — B over the types generated from 7. A system generates a valid structural
transition judgement by the rules in Figure 2.2 and a typing judgement by the

rules in Figure 2.3 over the terms generated by this grammar:

e =
| As(xy s Ay, ooz, s Ay)e | eQgle, ... ep)
| S(er,...,en) | let S(xy,...,z,) =e; in ey

| fe

where f € ®.

We will write ®(A, B) for the subset of ® of the form f: A — B.

By reading the contexts as representing the resources used by the term we
obtain an informal justification of the typing rules. The rule ST uses the same
relationship between the contexts on the left as for the terms on the right; there-
fore, if the free variables of the terms obey the required separation then so will
the corresponding terms. The elimination rule for tuples, SE, exploits the struc-

ture of the contexts. The position of the hole in A(—) indicates the relationships
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I'Fe: A I & 17 valid

—— (In) (STRUCT)

x:AkFz: A C'Fple): A

TFe:A I'ke:S(A)  AS@:A)Fe:B
= —- (5D (SE)
S(T')ES(€):S(A) AM)Flet S(T)=eine : B
S(F,x:Z)l—e:B (SI) The:A-B AI—BZ:Z(SE)

THA(T)e: A -8B S(I, A) F e,Qg(e3) : B

'Fe: A fiA— Bed
' fe: B

(PrIM)

Figure 2.3: Typing Rules of a system (7, D)

that the resources used by the variables x; must have with the rest of A; by

substituting I' directly into this hole we are maintaining the same relationships.

The rules —-T and —>E can be understood similarly; in the introduction rule
we have the nested sub-context I' representing the resources used by the function
body, treated as a single block. The required separation between the function’s
arguments and the function itself are recorded in S, which becomes part of the

function’s type. The relations are then reconstituted in the elimination rule.

The Prium rule incorporates the set of primitive operations ®. We assume that

primitive operations consume no resources themselves.

2.2.3 Basic Metatheory

We now present some basic properties of Asp. We first concentrate on properties

of structural transitions, and then on derived and admissible typing rules.

A direct consequence of Lemma 2.2.1 is that this generalised form of CONTRACTION
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is valid:
—'(xSFy)

[y—a]

Fxz:A)() = T(x:A)y: A

where we have confused the variables = and y in I'(x : A)(y : A) and the holes
they are substituted for. Variables in A, contexts may be contracted exactly
when they are not required to be separate.

For reasoning about the use of valid structural transitions in type derivations,
we will need the following “factorisation” lemma that takes a valid structural
transition whose codomain is the final context of a typing rule application and
information about how the variables of the domain are distributed in the final
term and splits the structural transition into parts that must go after the appli-
cation of the typing rule, and parts that may go before. Using this lemma we
will rewrite derivation trees containing structural rules to a normal form and so

be able to prove coherence of the categorical interpretation (Theorem 3.3.4).

Lemma 2.2.2 The following two “factorisation” properties hold for valid struc-

tural transitions:

1. Given a valid structural transition T' & S(I'y, ..., T,) and a mapping ¢ from
v(I") to subsets of {1,...,n} such that for all z, i € §(z) implies p(y) =
x for some y in I';, there exist contexts Aq,...,A, and valid structural

transitions:
T2 S(A,...,A) A ET

Such that for all z, p(e) = a((f1 U...U B,)(x)) and for all x € v(I") and
y € a”}z), y € v(4;) iff i € §(x). Also, @ and the A;s are determined
solely by I', § and S.

2. Given a valid structural transition T' & I';(T'y) and a mapping § from v(I")
to subsets of {1,2} such that for all z, i € §(x) implies p(y) = z for some

y in I[';, there exist contexts A; and A, and valid structural transitions:

T2 A (A) A=) 21 () A 2T,
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Such that for all z, p(e) = a((f U G2)(e)) and for all z € v(I') and y €
a (z), y € v(A;) iff i € 6(z). Also, @ and the A;s are determined solely
by I' and §.

Proof  Construct the contexts A as having variables 27 for each z € v(I)
such that i € §(z) and separation relations zfSasz! iff #Sry. Set a(zf) = x and
Bi(z) = 2 @), They are valid since p is. Since o and 3 are constructed from p
they have the same renaming. Property 2 is proven similarly. 0

We can derive more usual rules for products and functions in the case of total

non-separation:
TFe:A The:[.(A) 1<i<n
THW(e): 4 T Fmle) : A

Fl—f:zLB I'Fa: A I'kFa,:A,
Pf—f@[]n(ﬁ):B

where m;(e) is defined as let [|,(z1,...,2,) =€ in ;.
Substitution is an admissible rule of As,. Before we prove this, we need the

following lemma that details how substitution interacts with the rule STRUCT:
Lemma 2.2.3 Assume:

e Typed variables z1 : A1, ...,x, : A, and contexts Ay, ..., A,;

e For each w;, zero or more variables yj, ..., y; ;

_

e A valid structural transition I'y (z; : A1)...(z, : 4,) = I’g(yl—AlS(y" t A
such that for all 7, j, a(yji-) = x; and for all 7, 71, jo, ﬁ(y§18p2y§2).
For each y; generate a new context from A; called A; by renaming the variables
so there is a valid structural transition A; g A’ such that p’ is a bijection. Then
there is a valid structural transition I'y (Ay)...(A,) £ Fg(Tl))...(A—”)> such that for
all 4, j and z € v(A?), B(x) = pi(2) and for all z € v(T'y(—)), B(2) = a(z).
Proof Simply define 3 to have the same action as « on variables in I's(—) and

the action of pé- for variables in A; The fact that for all i, jy, jo, —|(y§-1 Sp2y§2)

implies that this gives a valid structural transition. 0
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Lemma 2.2.4 (Substitution) The following rule is admissible:
['(z:A)Fe:B AFe: A
— —
I'A)Fe [e/x} : B

(SuBsT)

e
Proof By induction on the derivation of I'(z : A) Fe: B:

Ip Trivial.

StrucT The derivation ends in the form:
N
Doy’ : Ap)...(y" - Ap) e B
S —

Cy(zy: Ay 2 An) = To(y' 0 Ay (¥ Ay)
Fy(xy: Ay s Ap) Fal€e) : B

where a(y}) = x; for all yi. Applying Lemma 2.2.3 with o and N, we
get contexts A, renamings A; =N A’ and a valid structural transition f.
Rename each of the judgements A; - ¢; : A to get judgements A’ F ¢} = A;
such that e; = p;(e;) Apply the induction hypothesis to get a judgement:

—_ 1
Do(AY).. (A F€et fy', ..., e"/y"] : B
Applying STRUCT with the valid structural transition 3 gives:
N —_
Ti(A)..(A) F By, ..., e /y"]) : B

By the properties of 3 guaranteed by Lemma 2.2.3, ﬁ(e’[el/yi, € y"]) =

ale)|er/x1, ..., en/xy], as required.

SI The derivation ends in a rule application of the form:

— —
Dy(xy s A E f1 Ay T, Ap) b o An

—

S(F1<I1 . Al), e ,Fn<l’n . An)) F S(fl, e ,fn) . S(Al, e ,An)

—_—

Where each of the (z; : A;) are distinct by the definition of contexts. Apply
the induction hypothesis to each of the premises; obtaining judgements
Li(A) F f; [ei / xz] : A;. The result then follows using the SI rule.

SE, i»l, i>E, PriMm All these cases are similar to the previous case. 0
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e <
Lemma 2.2.5 (Strengthening) IfI'(z: A)F e: B and the 7 do not appear
O Fe:B.

Proof By induction on the derivation of I'(x : A) F e : B. The only way to

free in e then I

gain superfluous variables is via STRUCT(WEAK). O

Using Lemma 2.2.1 makes it possible to easily prove convenient inversion

principles for the calculus:

Lemma 2.2.6 (Inversion) The following inversion properties hold:

1. Given a derivation of I' - S(ey,...,e,) @ S(Ay,..., A,) there exist deriva-
tions of the judgements I'; ¢, : A;, 1 < i < n, and a valid structural

transition T' & S(T'y, ..., T,) such that for all 4, p(e}) = e;.

2. Given a derivation of I' - \5(7).e : A -2, B there exists a derivation of
the judgement S(I", ﬂ) ¢ : B and a valid structural transition I' & T”

such that p(e') = e.
Proof Property (1) — the second is similar — is shown by induction on the
height of the derivation. By the form of the term the only possible rules are ST and
STRUCT: in the case of SI the property is satisfied with the trivial valid structural
transition; in the case of STRuCT we apply the induction hypothesis and extend

the resulting valid structural transition by the current structural rule. U

2.3 Example: Independence of Data

As an example let us consider a primitive for analysing statistical data. This
analysis takes two items of data and returns a result. The analysis requires that
the data come from independent sources to be statistically valid; we capture this

constraint in the type of the analysis operation:
analyse : [1#2](D,D) — R
This operation is expressible in the aA-calculus by typing it so:

analyse: DxD — R
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Now consider three such analyses to be run over four items of data. It does
not matter if we use the same data twice in two analyses, only that each analysis

must operate on independent data. This can be represented as:
(analyse [1#2](a,b),analyse [1#2](b,c),analyse [1#2](c,d)): [|(R, R, R)

A context for this term should represent the constraints here as accurately as
possible; it should constrain sharing where required, but allow sharing as often

as possible. In A, the context can be written as:
[a#b, b#tc, c#td|(a: D,b: D,c: D,d: D)

Here the only constraints are between members of the context whose separation is
forced by the construction of the term. In contrast, the affine aA-calculus cannot
express this configuration. The restriction to binary combinations for expressing
separation forces a context where there is extraneous separation enforced. One

can get close using a context such as:

((a:D;d:D),b: D,c: D)

)

where ;" represents possible sharing, and ’,” no sharing. However, this requires
that a and ¢ be separate, whereas Ay, does not require this. By Fact 1.2.1 this

separation is not representable at all in the a\-calculus.

2.4 Equational Rules: )\, Theories

A Asep theory is a triple (7,®,%) where (7,®) is a Agp System and ¥ is a
collection of axioms of the form I'+e=¢": A where'Fe: Aand 'Fe : A. A
theory generates an equational judgement I' - e; = e5 : A by the rules in Figure
2.4.

The first two rules state that the equality judgements include the equality
axioms and that equality is preserved by the structural rules. The remaining four
rules are the 3 and n rules for products and functions. The premises for the
rules are more restrictive than the usual presentation, but Lemma 2.4.2 below

shows that the usual rules are derivable. The 7 rule for functions is standard.
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The=¢€:4)eX I"'Fe=¢:A T3T
(EQ-AX) (EqQ-STRUCT)
F'kFe=¢:A T'Eple)=p(): A

AfFe: A F(S(x:Z))I—f:B
— ——— (Ba-p-S)
I'(S(A)) F (let S(7) =S(€) in f) = fle/z] : B

AFf:S(A) T(z:S8(A)kFe:C
L(A)F (let S(T) =ein f[S(T)/z]) = fle/z] : C
ST,z:A)-f:B AFa:A

N l_ —_— (EQ‘ﬁ_)‘)
(I, &) = (XW(7).f)@s(@) = fla/]: B

(EQ-n-9)

TFe: A -2 B T gr

TF(A\S(Z).ey(T))=e: A B

(EQ-n-X)

Plus reflexivity, symmetry, transitivity and congruence rules.

Figure 2.4: Equational Rules
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The 7 rule for products is taken from Ghani’s rule for linear tensor products
[Gha95]. This rule subsumes the traditional 7 conversion rule, plus the commuting
conversion rules needed for typing rules with “parasitic formulae” [GLT89]. Due
to the inclusion of CoNTRACTION and WEAKENING for []2(A, B) products and
the unit [|o(), the system includes the expected extensionality rules for them as

derived rules:

Lemma 2.4.1 The following rules are derivable:

(1-x)
c:[J(A,B) F (let [[(a,b) = cin a,let [[(a,b) = cin b) = c: [|(A, B) !

T'ke: [Jo)
I lo() = e {lo()

Proof For the first rule, from right to left:

(n-0)

c
= let [|(z,y) = cin [[(z,y)
= let [[(z,y) = c in [[(let [[(a,b) = [[(z,y) in a,let [|(a,b) = [[(x,y) in b)
= [J(let [](a,b) = cin a,let [|(a,b) = cin b)
The steps are by applications of Eq-7-S, EQ-3-S and EQ-n-S respectively. The
second rule can be shown to be derivable by similar steps. 0J

Using the inversion rules above, the restrictive form of the 3 rules can be

relaxed to give the more usual presentation:

Lemma 2.4.2 The following are admissible equational rules

—>

AFS(E):S(A) T(SE:A)Ff:B
T(A) - (let (%) = S(@) in f) = fle/z] : B

FI—/\S(?).e:ZiB AFa:A
S(D, R) F (\(F).e)Qs(@) = elaja] : B

Proof In each case invert the premises by Lemma 2.2.6, apply the appropriate
equational rule and then apply STRUCT using the valid structural transition given

by the inversion. 0
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The equational theory always produces well-formed judgements:

Proposition 2.4.3 IfI'e=¢: Ais derivablethen 'Fe: Aand '€ : A.

Proof By induction on the derivation of I' - e =€’ : A. All cases are straight-

forward applications of the typing rules and Lemma 2.2.4. O

2.4.1 Translations

The simply-typed A-calculus may be translated into a subset of A, via a map

(1)*. For types and contexts:

A* = A, when A atomic
(AxB)" = [1(A", B)
(A—By = Ao pr
I = o)
(x: A = x: A"
([;T) = [[2(T, T3)
Terms:
= x
(e1,e2)" = [la(e], €3)

*

= let [Ja(z1,22) =€ in a;

= Az A)er

*

)

(mie)
(Ax: A.e)
)

(e1e9 = e1Qp,e;

This translation has the expected properties:

Proposition 2.4.4 IfI'F e: Ain the simply typed A-calculus, then I'* - e* : A*
in Asep. If I' = €1 = €5 : A in the simply typed A-calculus, then I'* - e} = €5 : A*

N Agep-

Proof By induction on the derivations. 0
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We extend the translation to the affine a\-calculus via a mapping (-)' (which
has the same value on simple types as (-)*). On types and contexts:
(AxB)' = [0#1]5(AT, BY)
(A Bt = At pi

(D1, Do)t = [0#1](T7, TY)
Extension to terms:

(e1 % e)’ = [0#1)a(el, eh)
)T = let [041]5(x,y) = €l in €}
(Nz: Ae)t = MOl A) el
)

(61@62T = ex@[g#lheg

We have written the term constructor of substructural function type of the a\-
calculus as A* and for the simply typed function as A rather than the A and «

used in [O’HO3]. This translation also has the expected properties:

Proposition 2.4.5 If 'l e: A in the a\-calculus, then I'T e : AT in A\, If
[t e = ey Ain the al-calculus, then I'T F el = el : AT in Ap.

Proof By induction on the derivations. ([l

2.5 Type Checking Algorithm

We now describe an algorithm for determining whether, for a given term e and set
of type assignments V', there is a type derivation I" F e : A such that (") C V.
This is again complicated by the existence of syntax-free structural rules; the
typing rules as given above do not determine exactly where structural rules must
be inserted to give a derivation. We prove that there is an algorithm that soundly
and completely determines the typability of Ay, terms. Moreover, the typing
context generated by the algorithm is minimal in a certain sense.

The algorithm operates by applying typing rules according to the structure of
the term. When a typing rule does not immediately apply we try to bridge the

gap by inserting instances of structural rules. This occurs in three ways:
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1. Rules with multiple premises (SI, SE and i>E) may not always be applica-
ble because their prospective antecedents may have shared variable names.
In this case we define an operation merge that takes several typing con-
texts that may share variables and attempts to integrate them into a single
context. This corresponds to a sequence of CoNTR applications in a typing
derivation. The operation may fail if a variable has two uses which are

constrained to be separate by the term.

2. In SE we need to determine whether the variables being pattern matched
can be made to obey the separation relation defined by the term syntax.
Also, we may need to change the separation relation to treat all the pat-
tern matched variables uniformly with respect to the rest of the context.
This corresponds to using S-WEAk and WEAK and is implemented by the

operation groups.

3. Similarly, for 5.1 we need to group the non-abstracted variables into a

single sub-context. This is implemented by the operation groups.

We define the algorithm by a set of syntax directed inference rules, as shown
in Figure 2.5. The rules define a judgement V,e = A, ©, where V is a set of type
assignments x : A (with no repeated variable names), e is a term, A is a type and

O is an abstract context.

Definition 2.5.1 An abstract context is a pair © = (V,S) of a set of type
assignments x : A or named hole —,, with no repeated variable or hole names

and a separation relation on the the variable and hole names.

As for concrete contexts above we write ©(—), for an abstract context with a
named hole. We will omit the name of the hole if it is not important. Where they
have disjoint sets of variables, we define the substitution of one abstract context

into a hole in another as:

01(02)a = (v(01) Uv(02),Se,{Se,/~a})
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r:AeV V,e|:>A,@
(ALG-ID) —y - =
Viee A (z: A fh) V,S(€) = S(A), merge(S(—), ©)

(ALG-SI)

‘/,61 = S(Z),@l
Vu {x : 21}762 = B> @2 groupl(Gg,S, [:U : :i]) = 6/2(_)

V,let S(7) = e, in ey = B, merge(0)(—), ©,)

(ALG-SE)

VU{z:A}ee= B,©  group(O,S,[r: A]) = &
V, (2 : Z).e =4 -2 B e

(ALG-—1)

(ALG—i»E)

—

Vife A BO, VasA6
V, fQs(7) & B, merge(S(j), O, 0)

Vie= A, © f:A— Bed
V,fee B,©

(ALG-PRIM)

Figure 2.5: Syntax-directed Typechecking Rules
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For a renaming «, a©® denotes the abstract context © with all the variables
renamed via a. When renaming a variable to the same name as an existing
variable the separation relationships of the two are merged.

By Lemma 2.2.1, we can use abstract contexts as the domains and codomains
of valid structural transitions.

The operation merge as described above is used to merge two abstract contexts
which share variables into a single context. Sometimes this is not possible since it
may require variables that are meant to be separated to be merged, hence merge

is partial.

Definition 2.5.2 Define the operation merge(0;(—),, O2) as:

undefined if 3z € Vis.t. 2Sg,a or 2.0, [x] # Oyx]
a™1(©1(aBy)) otherwise

merge(©1(—),02) = {

where V' = v(0;) Nv(03) and « is a renaming making all the variables in ©y

disjoint from those in ©;.

We define the iterated merging operator merge(@(——j,@) by the repeated
application of the unary merge operation. This is only defined if all the nested
applications of merge are defined.

We prove two essential properties of merge, required for the soundness and
completeness properties of the typechecking algorithm. The first property states
that each application of merge is witnessed by a valid structural transition. This
is required for the soundness proof. The second property states that merge does
not perform any more contractions than are required. This is required for the

completeness proof.

Lemma 2.5.3 The following two properties hold of merge:

1. If merge(©1(—),O5) is defined then there exists a valid structural transi-
tion merge(©,(—),05) & O,(a(O,)) such that p = o', where a is any

renaming that makes the variables in © disjoint from the variables in ©,.
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2. Given valid structural transitions I' = O;(A) and A A O,, such that «o
maps all variables in ©; to themselves and 3 does no renaming, there exists
a valid structural transition T' £ merge(a(©1(—)), a(©,)) such that p does

no renaming.

Proof For property 1 define p(x) = a~!(z). This preserves typings since merge
is defined. If 2S¢, (a0,)y then p(2)Smerge(@.(-),0,)0(y) also because merge is define.
For property 2 we have to show that if Smerge(a(0:(-)),a(02))¥ then xSry. This

follows by the fact that merge introduces no extra separation over ©; and ©,. [

The operation group; attempts to group variables into a sub-context with a
given separation relation. It may fail in doing this if the variables are already

constrained to be more separate.

Definition 2.5.4 Define the operation group(0,S, [z : Z]) on an abstract con-

text, separation relation and a list of type assignments as:

grOUpl(@, S, [[E : 3]) _ undeﬁned if 3.777;, LIZ'].CEzS@.’L'j and _l(I'ZSLUJ)
(O\{7 : A} U{—,},Se) otherwise

where the hole name —, is fresh and:

(
never ify=aand z=a

diySex; if z=ua
yS@/Z ~ Yoo
Ji.x;Sez ify=a

\ YSez otherwise

Similarly to merge we have two properties for group;. The first states that
there is always a valid structural transition to witness the operation of group;.
This is required for the soundness proof. The second states that group; is the
“best” way of grouping the variables into this context. Again, this is required for

the completeness proof.

Lemma 2.5.5 The following two properties hold of groups:

1. If group:(O,S,[T]) = ©'(—) then there is a valid structural transition
©.

o'(S(z: A) &
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2. Given a valid structural transition F(S(x—fi)) £ O that does no renaming
then, for some I'V(—), group; (0, S, ) = I''(—) and there is a valid structural
transition I'(—) 2 I''(—) that does no renaming.

Proof  For property 1, define p(x) = x. This is a valid structural transition
because group; only ever introduces separation. For property 2, group; is defined
since, by the existence of p, the variables T are not too separated. Define p/(x) =
x, this is a valid structural transition because group; only introduces separation
between members and the hole where it already exists, which is already in I'(—).

O

The last operation we need is group,. This is similar to group;.

Definition 2.5.6 Define the operation group,(©, S, [Z’]) on an abstract context,

separation relation and a set of type assignments as:
undefined if 3z;, xj.2;Sew; and —(z;57;)

group2(©, S, [T]) =< undefined if 3z € v(O)\{ 7}, x;.xSex; and —(0Sx;)
(O\{z: A},S6\{T}) otherwise

Lemma 2.5.7 The following two properties hold of groupa:

1. If groupx(O, S, [@]) = ©’ then there is a valid structural transition S(©’, z : Z) £
O.

2. Given a valid structural transition S(I', z : Z) £ © that does no renaming
then, for some I, groupy(©,S, =) = I and there is a valid structural

transition I' 2 I that does no renaming.
Proof Similar to Lemma 2.5.5. U

We can now prove the soundness of the typechecking algorithm, using the

properties of the operations.

Theorem 2.5.8 (Soundness) If Ve A, O then O Fe: A

Proof By induction on the derivation of Ve = A, ©.

ALc-Ip In this case © = [|;(z : A) and e = z so Ip provides a derivation of
r:AFz: A
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ArLG-SI By the induction hypothesis there are derivations of ©; - ¢; : A;. Rename
them all to be disjoint to get derivations of ©} I ¢, : A;. Apply SI to get a
derivation of S(@) - S(?) ; S(Z) By Lemma 2.5.3(1) there is a derivation
of ®F e: 9, as required.

ALG-SE By the induction hypothesis there are derivations of O - ¢; : S(Z) and
©y I €9 : B. By the third premise of this rule and Lemma 2.5.5(1) there is
a context O} and a derivation of @’Q(S(m)) ey : B. Renaming variables
in ©; and O to make sure they are disjoint makes it possible to apply SE to
get a derivation of ©5(0]) Flet S(T) = €] in €}, : B. Use Lemma 2.5.3(1)

to obtain the required derivation.

ALc-—21 By the induction hypothesis there is a derivation of © F e : A. By
Lemma 2.5.7(1) there is a derivation of S(©', x : Z) - e: B. Applying —51
gives a derivation of ©' F \5(x : Z).e : B as required.

ALG-—5E Similar to case for ALc-SI.

AvLc-PriM Apply induction hypothesis and apply PRiMm. O

Completeness is more complicated. We use the factorisation lemma, Lemma
2.2.2, proven above to locally rewrite the derivation tree into a canonical form that
moves contractions as far up the derivation tree as possible. This then ensures
that they can be simulated by use of merge in the typechecking algorithm.

We will need the following simple weakening lemma:

Lemma 2.5.9 If Ve A, and V C V' then V', e = A, O.
Proof Induction on the derivation of Ve = A, ©. OJ

As for the proof of categorical coherence (Lemma 3.3.3) we prove a stronger
property than is necessary. The extra valid structural transition allows us to do

the rewriting necessary.

Lemma 2.5.10 Given a derivation of ' F e : A and a valid structural transition
I" £ T then there is a derivation of a(I"), p(e) & A,© and a valid structural

transition IV 2 O, such that p’ does no renaming.
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Proof By induction on the height of the derivation of [' I e : A. Analyse by

cases on the last rule applied:

Ip Derivation looks like:
rz: Az A

An instance of the rule Arc-Ip gives a derivation of {x : A}, 2z = A, (2 :
A,[]1). Renaming via p and applying Lemma 2.5.9 gives a derivation of
a(I"), p(z) & A, (p(z) : A,[]1), and there is a valid structural transition
L p(x) : A, derived from p.

StrUCT The derivation ends in the form:
I"e: A I = T valid
'Fa): A

Extending p by o and applying the induction hypothesis gives a derivation of
a(I), p(a(e)) = A, © and a valid structural transition IV = ©, as required.

SI The derivation ends in the form:

F1|—61:A1 Fnl—en:An
S(Fl,...,Fn)I—S(el,...,en):S(Al,...,An)

Apply Lemma 2.2.2(1) to p to get IV = S(A4, ..., A,) and A; & I';. Apply
the induction hypothesis to the premises and the ;s to get derivations of
a(A;), fi(e;) & A;, ©; and valid structural transitions A; % ©; that do no

renaming. Rename via o and apply Lemma 2.5.9 to get derivations of:
a(T"), a(Bi(e;) B A, a(©;)
Apply ArLc-SI to these to get a derivation of
a(T"). p(8()) > S(A), merge(S(~), a6)

This is as required. The required valid structural transition is given by

Lemma 2.5.3(2).
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SE The derivation ends in the form:
Fl l-el : S(Al,,An) FQ(S(SEl : Al,...,l'n : An)) |_€2 - B
[o(Ty) Flet S(z4,...,2,) = €1 iney: B

Apply Lemma 2.2.2(2) to p to get ' = Ay(Ay), Ay AT and Aoy(—) &
I'y(—). Apply the induction hypothesis to the premises and the f;s to get
derivations of:

a(A1), Bi(er) B S(A), 01 a(Ay(S(x:A)), fales) = B, O,
and valid structural transitions A, B O, and Ay(S(x : Z)) ] O, both of
which do no renaming. Rename via a and apply Lemma 2.5.9 to get:
a(T"), a(Bi(er)) = S(A),a(01)  a(T)U{z: A}, a(Ba(e2)) = B, o(6:)
Apply Lemma 2.5.5(2) to get a context O, a valid structural transition
As(—) = O45(—) and the fact that group, is defined. Apply ALG-SE to get:

a(rl)’ p(@) = A, merge(a(@é(—)), a(®1))

as required. By Lemma 2.5.3(2) the required valid structural transition
exists.

5,1 The derivation ends in the form:

ST,z : Ay,...,x, Ay) Fe: B
Fl—)\s(xlel,...,xn:An).e:Al,...,AniB

We can extend p to a valid structural transition S(I”, z : Z) L ST,z Z)
Apply the induction hypothesis with this to get a derivation of:

a(S(I",z: A)), p(e) = B,©

and a valid structural transition S(I",x : Z) = O that does no renaming.
Apply this to Lemma 2.5.7(2) to get a context © and I" & @', This is the
required valid structural transition and an application of ALG-—5T gives

the required derivation.
5,E Similar to case of SL.

Prim Follows directly by the induction hypothesis. 0
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Theorem 2.5.11 (Completeness) If '+ e : A then there exists a derivation

of a(T'), e = A, © and a valid structural transition I' £ © that does no renaming.

Proof Instance of Lemma 2.5.10. O

Corollary 2.5.12 (Minimal Contexts) If I' - e : A then there exists a con-
text IV such that IV F e : A and for all I'” such that I' I e : A, there is a valid

structural transition IV = I that does no renaming.






Chapter 3
Categorical Semantics of Ay

In this chapter we describe the structure required of a category to soundly and co-
herently model Agp. Models in categories with this structure will form a complete
class of models. Following the general categorical interpretation of substructural
type theories sketched in Section 1.1.3 in the Introduction, we will interpret the
types and contexts of A, as objects and well-typed terms as arrows. Of par-
ticular importance is the interpretation of valid structural transitions as natural
transformations.

Before defining the categorical structure we require, we recall the definition
of a symmetric monoidal closed category and sketch how cartesian closed cate-
gories with additional closed symmetric monoidal structure, called Doubly Closed
Categories (DCCs), are used to model the aA-calculus.

In Section 3.2 we define the structure required to model Asp,. First, we define
separation products which are used to model the contexts and separation product
types, and the valid structural transitions FLATTEN and UNFLATTEN. We prove
that this structure is coherent in the same sense as Mac Lane’s property for
symmetric monoidal structure. The structure required to interpret the rest of the
rules for valid structural transitions is built up in pieces: first the S-WEAKENING
and PERMUTATION rules, and then the WEAKENING and CONTRACTION rules. At
each stage we prove that the structure is coherent, culminating in the fact that
the interpretation of a valid structural transition I' & A is independent of its

derivation, despite being defined over the structure of the derivation.

63
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While defining the structure required we also define a category with the struc-
ture built from the judgements of Ay, itself. We will use this to construct a term
model and prove completeness. We also give two small examples of categories
with separation products. To finish Section 3.2 we define closure for categories
with separation products, used to interpret function types, and separation func-

tors, functors that preserve separation product structure.

In Section 3.3 we define the interpretation of the typing judgements of a Asep
system in a category with the structure defined in Section 3.2. We prove that

this interpretation is coherent, sound and complete.

3.1 Symmetric Monoidal Structure

To fix notation we give the definition of symmetric monoidal structure [Mac98§]

on a category here:

Definition 3.1.1 Given a category C, symmetric monoidal structure on C is a
6-tuple (®, I, o, A\, p, o) consisting of a bifunctor ® : C x C — C, an object I of C

and natural isomorphisms:

aspc:(A®B)@C —- A® (B () A I®A— A paARI — A

oap: A®B - B®A

Subject to the following coherence diagrams:

a®D

(A9B)®C)®D 2 (A® (B®C))® D

[0}

(A® B)® (C ® D) a

[0}

A®(B®(C®D)) <2 Ag (B () D)
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(A)®B —*= A® (I ® B)

A®B

(BRA)®C — BR(A®C) —> B® (C® A)

B®o

IQA —2> AT

BRA—"= A®B
A
If the components of a;, A, p and o are all identities then this is strict symmetric

monoidal structure.

A category with a specified symmetric monoidal structure is a symmetric
monoidal category (C,®,1,a, A, p,o). We will usually just refer to C being sym-
metric monoidal and leave the rest of the structure implicit. Usually they will
be named as in this definition. When the symmetry natural transformation
c: A® B — B ® A is missing then the structure is known as plain monoidal
structure.

The importance of the coherence diagrams lies in the coherence theorem which
is derived from them. All instances of arrows built from the natural isomorphisms
of the symmetric monoidal structure and the ® functor and composition with the
same domain and codomain are equal. See Mac Lane [Mac98| and the extension
to the structure required for Ay in Section 3.2.

A category with chosen finite products has symmetric monoidal structure.

The bifunctor is the one derived from the x operation on objects and the unit
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object is the chosen terminal object. The natural transformations are given by

the appropriate combinations of pairing and projection.

Definition 3.1.2 A closed symmetric monoidal category C has, for each object

A, a specified right adjoint to the functor — ® A, written A — —.

The a)-calculus is interpreted in a category with chosen cartesian closed struc-
ture and symmetric monoidal closed structure, called a Doubly Closed Category.
Contexts are interpreted using the two different products and types are inter-
preted in the same way, using the two different products for the two different

product types and the closed structure for the two different function types.
] =1 [1] =1 [z : A] = [A] [Ty, To] =[] @ [T]

[Ty; T = [Ta] x [T2]

The interpretation of the rest of the aA-calculus effectively follows from this
definition. See [O’H03| and [Pym02] for more details on the interpretation of the
aA-calculus in Doubly Closed Categories. The structure we will present in the
next section is an extension of Doubly Closed Structure.

We also recall the definition of a symmetric monoidal functor, a functor that

preserves symmetric monoidal structure.

Definition 3.1.3 Given two symmetric monoidal categories C,D a symmetric
monoidal functor from C to D is a triple (F, Fy, F,) where F' is a functor C — D,
F} is a natural transformation FA® FB — F(A® B) and F; is an arrow [ — F'I,

such that the following diagrams commute:

(FAQ FB)® FC —*~ FA® (FB® FO)

FeFC FASF; [©FA —>— FA
F(A® B)® FC FAR F(B®C) FReFA F())
A Ry FIQFA —~ F(I® A)

F(a)

FA®B)®C) —2+ F(A® (B® ()
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FARQFB —~> FB® FA

F1 Fl

F(Ae B) =2 F(B® A)
When F} and F; are isomorphisms then the functor is strong. If they are identities

then the functor is strict.

Note that the “missing” diagram for p analogous to the diagram for A follows

from the diagrams for A\ and ¢ and the axioms of a symmetric monoidal category.

3.2 Categorical Structure for )\,

We begin by introducing separation products, a generalisation of monoidal prod-
ucts. This gives us the basic structure required to model contexts and tuple
types and the FLATTEN and UNFLATTEN structural rules. We will then consider
the extra structure required to model the other structural rules. For each piece
of structure we must also ensure that the appropriate interpretation is coherent.

To provide a completeness result, as well as an example of a category with
the required structure, we will demonstrate each piece of structure in the term

category constructed from the syntax of a theory.

Definition 3.2.1 For a Ay, theory T = (7,®,Y), the category Tmr has as
objects the types of the theory and as arrows A — B equivalence classes of
judgements [z : A+ e : B] under the equational theory.

Identity arrows for each object A are given by [z : A x : A]. Composition
figof f:A— Bandg:B — Cisgiven by [v: Ak g[f/x]: C].

Proposition 3.2.2 Definition 3.2.1 is a well-defined category.
Proof Identity is a left unit (right unit is similar):

[x:Abx:Al;[v: A f:Bl=[x:AF flx/x]: B]=[x: AF f: B
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Composition is associative:
(x: A f:Bl;[zx:BFg:C]);[x:CFh: D]
w: At glf/a]: Clila: C'Fh: D]

= [z: AF hlglf/x]/=]: D]

[z : A (hlg/2))[f /] - D]
w: At f:Blilz: BV hlg/al: D]
[x: A f:Bl;(J[t:BFg:Cl;[x:CF h: D]

where the middle line follows by usual properties of substitution. 0

3.2.1 Separation Products

Definition 3.2.3 (Separation Products) For a category C, separation prod-
uct structure is a triple (S, o, A\) composed of a family of functors S : C!S — C,

for each separation relation S and a family of natural transformations:
asusm.e)  S(A,8(B), 0) — ${}(4, B, T)
and a natural transformation:
Aa:[hi(A) — A
These must satisfy the following commutative diagrams:

1. It does not matter in which order we flatten sibling applications:

S(4,8/(B),C,8"(D), E) —~ S${8}(4,B.C,8"(D), E)

% %

${8"}(4,8(B),C, D, E) —~ S{S}{8"}(4, B, C, D, E)

2. It does not matter in which order we flatten nested applications:

S(A,8(B.8"(C), D), E) —* ${S}(A,B,8"(C), D, E)

S(id'A,a,idE)J/ ‘/a

S(A,84{S"W(B,C, D), E) —*~ S{S{S"}}(4,B,C,D,E)
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3. Flattening singleton separation products is the same as using A:

|

B, C)

S(A.1(B). T)~ s
WA

and

1(s(Z)) ;":&m

Note that in properties 1 and 2, the two different paths around the dia-
gram, top-right and left-bottom, give the same substituted separation relations
by Lemma 2.1.3.

We now prove coherence for separation products. In short, we wish to prove
that any two arrows constructed from instances of o, =%, A and A~! and compos-
ites of them with the same start and end points are equal. This is equivalent to
showing that there is a unique arrow between two instances of separation product
functor applications that is entirely constructed from as, a~!s, As and A~'s. We
will follow and adapt the technique of Mac Lane [Mac98] for monoidal categories.

The plan is to construct a category which forms a “model” of coherence in
that each arrow of this category should give a canonical natural transformation
in our target category that is equal to any other natural transformation with
the same domain and codomain constructed from the As and as. We call this

category W:

Definition 3.2.4 (Category W) For each separation relation S define the set
of words Wy to be:

Wi, = {llo0} Wi, ={lh(=), -}

Ws = {S'(wy, ..., w,)|3S .w; € Ws, AS=S{S1}, |9 >2

The category W has as objects the union of all such sets and for every wy, ws €

Wy, for some S a unique arrow w; — wo.

The objects of W are all the possible ways of applying separation product
functors, grouped by the separation relation they describe. The category W has
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separation products. The separation product functors are defined on objects by
the construction of words. The action on arrows and the as and As are all trivially
defined by the uniqueness of arrows.

The objects of W abstractly represent instances of applications of separation
product functors. For a category C with separation products, we map a word w

of size n to a functor C" — C:

F([Jo()) = *+— [Jo() F(-)=1d F(S(wy,...,wy,)) = S(Fwy, ..., Fw,,)

We can now state and prove the coherence theorem:

Theorem 3.2.5 (Coherence) For a category C with separation products and
any arrow w; — wo of W there is a unique natural transformation F'w; = Fw,

called the canonical natural transformation, such that the identity arrow [|o() —

Jo() is canonical, the identity transformation ide : [J; = []; is canonical, all o, o™t

A and A\~! are canonical and the composite and separation product of canonical

arrows is canonical.

Proof  We follow the proof of the similar proposition for monoidal categories
in [Mac98]. There appear to be several choices for a natural transformation
constructed from the separation product structure given an arrow of W. We will
show that they are all equal.

We describe the possible arrows by sequences of composable natural transfor-
mations 3, constructed from as, a~!s, As, A~!s and S(1%, 3, 1°)-composites, such
that the domain of the first arrow is Fw; and the codomain of the last is F'ws.
Sequences that consist solely of as and composites of them are flattening paths,
the those with a~!s are unflattening.

Note that any S(. . .)-nested instances of As may be replaced by the appropriate
as, so we need only consider As operating at the “top level” of the word structure.
After this replacement, if a A occurs in the middle of a sequence then it must be of
the form [|;(—) — — or its inverse and must be immediately followed by its inverse
(to allow other components to be applied), therefore the pair may be removed,
preserving the identity of the sequence. The only other possible locations for A

instances are at the start and end of the sequence, and these depend entirely on
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whether the start or end words are of the form —. Thus, A arrows are ignored in
the rest of this proof.

=) with a

For each separation relation S there is a word w® of the form S(
canonical flattening path from any other word with the same separation relation
then applying flattenings in a left-to-right, depth-first order. With the reverse,
unflattening, path this gives a canonical arrow between any two words.

The following diagram shows the components of an arbitrary sequence between
the images of two words, displayed as flattening arrows. The dotted lines show

the canonical paths to Fw®.

Ful Fu1 FUQ

The diagram illustrates that to show that the path across the top is equal to
the canonical path along the bottom it suffices to show that each of the triangles
commutes.

Using the two commutative diagrams for separation products the paths can
be rewritten to equal paths with all components that remove [|os at the start:

R e P

Fuw, Fzx Fuw®

_ T
The two arrows on the left contain only []p removals and z is v with all instances
of [Jo removed. All such sequences of [Jp-removing arrows are equal by the first
commuting diagram for separation products.

The two right-hand arrows are also equal by induction on the count of nested
non-[|; words, not including the outermost one. Note that every flattening arrow
decreases the count. When the count is 0 or 1 there is only one possible path.

For count > 1, consider branches of the form:

F(S'(wr,... wy)) —— Fu"
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There are always arrows for the dotted edges, making the square commute:

B=8(1%p,1):

v =95(1¢,4,1%) : If a = ¢ then complete the square by induction on |S]
(this is possible since u contains no instances of [Jo()). Otherwise,

complete the square by functorality of S'.

~v =« : If v flattens in position a + 1 and ' is an instance of « then
complete the square as an instance of the second commuting diagram

for separation products. Otherwise, complete the square by naturality.
B=a:

v =S'(1¢,4/,1) : Similar to the second sub-case above.
’y =

a : If v and (8 operate on the same position then they are equal and
the square may be completed by identity arrows. Otherwise, complete

the square by the first commuting diagram for separation products.

By the induction hypothesis we know that any two paths from z are equal,

hence any two paths from w; to w®

are equal. So we can define the unique
canonical natural transformation to be the canonical path constructed. All of the

natural transformations listed in the theorem statement are obviously canonical.
O

From separation product structure we may define two distinct monoidal prod-

ucts.

Proposition 3.2.6 A category with separation products also has two monoidal

products ® and ©, defined as:

A® B = [ls(A, B) A® B = [1#2)2(A, B)

sharing a unit I = [Jo(). The associativity natural isomorphisms are defined as

(where 00 = ®, ©):

AD(BOC) - S(A, B, C) °=5 (AOB)OC
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where S = [|3 or [1#2, 143, 2#3]3 as appropriate. The unit natural isomorphisms

are defined as:

I0A 24 4 ADI =2 4
Proof The required coherence diagrams hold by Theorem 3.2.5. U

Separation product structure is present in the term category:

Lemma 3.2.7 The category Tmr has separation products.

Proof Define the separation product functors as:
S(Ay,...,An) =S(Ay,..., Ay)

S(F)=[r:S(A) Flet S(T7) =2 in S(filyi/al,- .., fulyn/2]) : S(B)]

1

Define the instances of o and o™ as (omitting the contexts and result types):

let S(@,b, €)=z inlet (D) =bin S{SHT, b, 7))

let S{S'}(@, b, ¢)=21in S(@,S(D), 7))

Define the instances of A and \7! as:
[z:[1(A) Flet [J1(2) =2 in z : A] [z: AF[J1(x) : []1(A)]

The fact that these obey the correct equations and are natural transformations

follows by routine calculation with the equational theory. U

3.2.2 Permutation and S-Weakening

The two structural transitions PERM and S-WEAK are similar in that they both
operate on a single instance of a separation product — unlike (UN)FLATTEN — and
do not duplicate or discard members — unlike CoNTR and WEAK. Both may be
treated as straightforward natural transformations and have similar diagrams for
their coherence proofs.

We first define Pre-Permutation and Pre-S-Weakening structure on a category

with separation products and what it means for the two structures to commute
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with each other. We will then define a notion of substitution for these transitions
into separation relations and vice versa, and use this to state the coherence axioms

required for full Permutation and S-Weakening structure.

Definition 3.2.8 (Pre-Permutation Structure) Pre-Permutation for a cat-
egory with separation products is a family of natural isomorphisms ~y[os], indexed

by separation relation S and permutations o on the set {0,...,|S| — 1}:
Ylos] : S = ¢S
such that the following laws are obeyed:
Yoslivloss] = l(o;07)s] Yids]a = ida Yos] ™ = os]

Definition 3.2.9 (Pre-S-Weakening Structure) Pre-S-Weakening for a cat-
egory with separation products is a family of natural isomorphisms ([S’, S] indexed

by pairs of separation relations S C S’:
(s',8]:8'=8
such that the following laws are obeyed:
¢[S,8T:¢[8, 8" = (15,57 C[S,8]a = ida

Definition 3.2.10 A category with separation products, pre-permutation and
pre-weakening commutes pre-permutation and pre-weakening if all instances of

the following diagram commute:

vlos]

S(Ala <o 7An> - O_S(Aa(1)7 cee 7A0'(n))

¢[S,S"] ¢[oS,05]

vlos]

S'(Ay,... Ay

oS (Aot - - Aon))

The first two definitions define the basic structure required for interpreting
PERMUTATION and S-WEAKENING. The laws that each must obey will allow us to

rewrite formal homogeneous sequences of composed permutation or S-weakening
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transformations into single steps, thus providing a canonical form for such se-
quences. Definition 3.2.10 will allow us to move permutations and S-weakenings
past each other, providing a canonical form for sequences containing both types
of transformation.

To provide a canonical form for paths also involving as and their inverses is
trickier. The problem stems from the fact that the flattenings and unflattenings
affect the separation relation that the transformation is operating upon and it
is not immediately clear that it is always possible to preserve the meaning of a
permutation or S-weakening when its separation relation is modified.

Our solution is to consider the substitution of transformations into separation
relations and separation relations into transformations. Following the operation
of substitution on separation relations, as represented in the category by the
« natural isomorphisms, we commute transformations with flattenings by per-
forming the appropriate substitution on the transformation. We first define an

abstract notion of transformation that is suitable for formalising substitution.

Definition 3.2.11 An abstract transformation is a pair of separation relations

Sy, So such that |S;| = |Ss| and a bijection:
D{O,,|Sl|—1}—>{0,7|82|—1}
This is written as (S, [, So).

We identify two classes of abstract transformation that are captured by the
pre-permutation and pre-S-weakening structure above. Abstract transformations
that strictly preserve separation correspond to permutation natural transforma-
tions. Abstract transformations that are the identity on positions but may discard
some separation correspond to S-weakening natural transformations. Given an
abstract transformation of one of these classes, there is a natural transformation
that models its action. We write the associated natural transformation as O since
the start and finish separation relations will be clear from the context. Substitu-
tion of abstract transformations into separation relations and vice versa preserves

these classes:
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Definition 3.2.12 Given an abstract transformation (Si,,Ss), a separation

relation S and position ¢, define abstract transformations:
o (S{Sy/i},S{O/i},S{Ss/i}), substituting O into position i of S. Set:

S{0/iH(w) = { et orm () =4

x otherwise
o (S1{S/i},0{S/i},S2{S/i}), substituting S into position i of (. Set:
O{S/i}(x) = x — base! (norm’ (z)) + base- ¥ (O(norm’ (z)))

where:
T ifx <ijg

base’ (z) = {

r+n—1 ifx>1
Clearly, a permutation transformation that undergoes substitution remains
a permutation transformation, as does an S-weakening transformation. We may

now state the required property that a category must have to be able to commute

transformations and flattening:

Definition 3.2.13 A category with separation products has permutation struc-
ture if it has pre-permutation structure and for each permutation transformation

(S1,0,Sy) the following diagram commutes:

S(A,8(B).0) =% s(A 08(@B),T)

« La
—_—

O s(osy(A,0B,70)

»

S(4,8(B),0) 0s(O(4,8(B), T))

S{S'}(A4,B,0) s 7y OS{S'}O{s"/i}(A, B, C))

Likewise, a category with separation products has S-weakening structure if it

has pre-S-weakening structure and for each S-weakening transformation (Sy, 0, Sy)

the above diagram commutes.
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These four diagrams, along with the diagram in Definition 3.2.10, allow us to
construct a canonical path between two words with separation relations S; and
So where S C Sy, performing arbitrary permutations, such that any other path
is equal to it. The canonical path extends the canonical path of the proof of The-
orem 3.2.5 by flattening to the fully flattened word, performing the permutation,
then the S-weakening and then unflattening to the final form. To formalise this

we need to extend the definition of arrows in the word category W:

Definition 3.2.14 (Category W') The category W’ has as objects pairs (w, o)
of objects of W and permutations on the set {0, ...,|S| — 1} where S is the sepa-

ration relation of w. It has a unique arrow (wq, 1) — (ws, 09) if Sy, C Sy, -

The objects of W’ are also abstract functors constructed from separation prod-
ucts, as was the case for W, but they may also permute their variables. Define
a map from objects of size n of W’ to functors C" — C as G'({(w,0)) = ¢*; Gw
where G is as defined above and ¢ is the functor satisfying (A1, ..., A,); = Agg).
By the discussion above we have the following coherence theorem for categories

with separation products and permutation and S-weakening that commute:

Theorem 3.2.15 (Coherence 2) If a category C has separation products and
permutation and S-weakening that commute, then for any arrow f : (wy,01) —
(wa, 02) of W' there is a unique natural transformation G'((wy, 1)) = G'({wa, 02))
called the canonical natural transformation such that the identity arrow []_0() —
[Jo() is canonical, the identity transformation ide : [J; = [ is canonical, all a,
a~ !, v and ¢ are canonical and the composite and S separation combination of

canonical arrows is canonical.

The definitions of monoidal products on a category with separation products
from Proposition 3.2.6 have extra properties when the category also has permu-

tation and/or S-weakening:

Proposition 3.2.16 Given a category C with separation products take the def-

initions of monoidal products from Proposition 3.2.6.
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1. If C has permutation structure then both monoidal products are symmetric,

with the symmetry given by the appropriate instance of ~.

2. If C has S-weakening, then there is a natural transformation A©®B = AR B,

given by S-weakening.

3. If C has S-weakening, then C is linearly distributive in the sense of [CS97,
CS99]. The distribution natural transformations are given by the compos-
ites:

AG (B®C) 2 [041,042)(A, B,C) — [0#1](A,B,C) = (A® B) © C

(B2 C)® A= [042,142](B,C, A) — [142](B,C,A) = B® (C ® A)

4. If C has S-weakening and permutation that commute, then the linear dis-

tribution of part 3 is symmetric in the sense of [CS97].
Proof The coherence diagrams all follow from Theorem 3.2.15. U

The term category has the all required structure, as expected:

Lemma 3.2.17 The category Tmt has permutation and S-weakening that com-

mute.

Proof Define the permutation natural transformations as:
[z : S(A) Flet S(z1, ..., 20) = 2 in 0S(To1), - -, Togm)) : 0S(0 A)]

Define the S-weakening natural transformations as:

—

[z S(A) Flet S(ar,...,2n) =2 in S'(z1, ..., 20) : S'(A)]

That these definitions obey the conditions may be verified by calculation with

the equational theory. 0

3.2.3 Weakening and Contraction

The final piece of structure required for interpreting valid structural transitions
is that for the rules WEAKENING and CONTRACTION. As above we will give coher-

ence requirements for the two natural transformations that we require and prove
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that this gives coherence. The conditions we state will actually be weaker than
we require to model the calculus itself, but they will be sufficient to model the
contexts and valid structural transitions. We will give the complete structure in
Section 3.3.

The rules WEAKENING and CONTRACTION will be interpreted by two natural
transformations:

discard s : A — []o() dupy: A —[]2(A, A)

We motivate the coherence requirements we impose by considering the con-
struction of a canonical derivation of a valid structural transition in the proof of
Lemma 2.2.1. We will use this canonical derivation as the canonical path in the
coherence proof below.

Recall that the canonical path is constructed from a structural transition
I' £ A that preserves separation and types by first using WEAKENING and
CONTRACTION to match the action of the map p on variables. It then uses the
rest of the rules to transform the resulting context to A. Therefore, the canonical
path corresponds to the arrow:

L(mk,);i

The notation I' denotes a functor derived from a context I' by the separation
products with an argument for every variable. The natural transformations mk, :
A — [J2(4, .., [lo()) are composed from dup and discard to give |p~'(x)| copies
of the variables position. The natural transformation ¢ is the canonical natural
transformation as defined from Theorem 3.2.15.

We need to ensure that any two constructions of mk, are equal. We do this by
requiring that, for every object A, the triple (A, dup 4, discard 4) is a comonoid.

We will prove coherence by induction of an arbitrary path and show that it is
equal to the canonical path. In the case of components built from any of o, A, 7, ¢
the equality is covered by Theorem 3.2.15. In the case of components built from
discard 4 and dup 4, we need a way to commute them with the natural transfor-
mation 7. To do this we require that a single instance of w or dup operating on

an application of a separation product functor may be decomposed into multiple
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discards or dups operating on the constituent parts, composed with a canoni-
cal natural transformation. This ensures that we can commute post-composed
instances of discard and dup to the mk, instances that operate on individual
variable positions.

We gather the requirements into a definition:

Definition 3.2.18 (Discarding and Duplication) A category with separa-
tion products and permutation and S-weakening that commute has discarding

and duplication if it has a pair of natural transformations:

discard s : A — []o() dup,: A —[]2(A, A)

such that the following diagrams commute. Both must preserve separation struc-

ture:
discard , - 5(%52) —
s(4) U HL0) s() Y ([ A)
discard —s “ dup —s 72
s(A1) s(A)
0 [2(S(A),S(A))

where i; and iy are the canonical natural transformations between these in-
stances of separation product functors. Further, for each object A, the triple

(A, dup 4, discard 4) is a comonoid:

A
dup 4 dups
[2(A4, A) [2(4, A)
[2(ida,dup ») (2(dup 4,ida)

[2(A; [l2(A, 4)) —— [l2([l2(4, 4), 4)
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To show coherence we again extend the definition of word category to cope
with words that may use repeated variables. The arrows of this category must
obey the same separation preservation condition that we identified for valid struc-

tural transitions in Lemma 2.2.1.

Definition 3.2.19 (Category W”) The category W” has as objects triples
(w,n, f) of objects of W, natural numbers n < |w| and maps f : {0, ..., |w| -1} —
{0,..,n — 1}. An arrow (wy,ny, fi) — (wa,na, fo) where ny = ny is a map
p:40, ... |w|—1} = {0, ..., |we| — 1} such that p(f2(i)) = f1(7) and if iS,,,j then
p(i)Sw, (7).

Given a category C with separation products We again define a map from
objects of (w,n, f) € W” to functors C* — C as G"({w,n, f)) = f*; Gw where
f* is the functor satisfying f*(Ai,...,A,); = Asu) and G is the functor defined

above for plain separation products.

Theorem 3.2.20 (Coherence 3) If a category C has separation products, per-
mutation and S-weakening that commute and discarding and duplication, then
for any arrow p : (wy,nq, fi) — (wa,na, fo) of W” there is a unique natural
transformation G”((wy,n1, f1)) = G"({wa, na, f2)) called the canonical natural
transformation such that the identity arrow [Jo() — [Jo() is canonical, the identity
transformation ide : [|; = [ is canonical, all a, o™, v, ¢, discard and dup are
canonical and the composite and S separation combination of canonical arrows

is canonical.

Proof As for Theorems 3.2.5 and 3.2.15 we define a canonical such natural
transformation and prove that all other candidates are equal to it. The canonical
natural transformation is defined using the construction of a derivation of a valid
structural transition in Lemma 2.2.1. By the argument outlined above, it is equal

to any other path constructed from the structure. 0
The following proposition states what happens when some or all of the require-

ments for discarding and duplication are fulfilled by finite product structure.

Proposition 3.2.21 Assume a category C with separation products, permuta-

tion and S-weakening that commute and discarding and duplication.
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1. If the object [Jo() is a choice for terminal object (so that wais the unique

arrow) then the separation product preserving axioms is automatically ful-
filled.

2. If C has products then [Js(A, B) being a suitable choice for them is equivalent
to the following diagram holding:

Do(A4, B) 722 11, (05(A, B), [l2(A, B))

id Hj(ﬂ (A,discard ), H (discard 4,B))

J2(asA,a50)

[2(4, B) <—— Ta([l2(4, [[00)); [2([lo (), B))

where the projections are defined as:

m = [J2(A, discardp); a; A 7o = [|o(discard 4, B); a; A

And for f: X — Aand g: X — B, define (f,g) = dupx; [|2(f, 9).

Proof Part 1 is immediate by the uniqueness of the arrows to the terminal
object. For part 2, if the [] (A, B) is a product with the stated definitions then
it the diagram certainly holds. For the converse we require this diagram and the

comonoid properties of discard and dup for this to be a choice for the product. [

Again, the term category has the required structure:

Lemma 3.2.22 The category Tmr has discarding and duplication such that
[Jo[] is terminal object and [|2(A, B) is a product.

Proof The unique arrow from any object A to []_0 is defined as:

[z AF{lo() : [Jo0)]
This arrow is unique by the -0 equational rule. The arrow dup, is defined as:
[z: AF [la(z, 7) : [[2(A, A)]

By calculation with the equational theory this can be seen to satisfy the equations.

In particular, the derived n-x equational rule gives the surjective pairing property.

0
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3.2.4 Separation Functors

We now state what it means for a functor to preserve the structure we have

defined so far.

Definition 3.2.23 (Separation Functor) For two categories C, D with sep-
aration products with permutation, S-weakening, discarding and duplication, a

separation functor is a functor F' : C — D and a family of natural transformations:

A S(F(A)) — F(S(A))

.....

Such that they preserve the natural transformations of the structure (where [J €

{7, (} for the third diagram):

S(id, Fyy id)
S(F(A), F(8'(B)), F(C)) Fos)

[(F(4) —— F(a) S(F{A)) —2 §(OFA))
4 PO Fg Fgy
— F(O) , —
F((4)) F(S(A)) — F(S(O(A)))
A" R([00)) F(A) —2- (F(A), F(A))
discard ‘/ Flo m d
o0 P4, 4)

A separation functor (F,{Fg}) is a strong separation functor if the natural trans-

formations Fg are actually isomorphisms.
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The following properties of separation functors are a direct consequence of the

definition:

Proposition 3.2.24 1. A separation functor (F,{Fs}) : C — D is also a
symmetric monoidal functor (Definition 3.1.3) in the two monoidal products
defined in Proposition 3.2.6 with the comparisons given by FJj, in both cases

for the unit and Fjj, and Fjoyy) for the two products.

2. If the discarding and duplication structure on two categories C and D is
given by finite products and F' preserves finite products then the final two

diagrams in the definition hold automatically.

3.2.5 Two Example Separation Categories

Example 3.2.25 (Structural Morphisms) The structural morphisms of the
previous chapter provide a simple example of a category with separation structure
with permutation, S-weakening, weakening and duplication. This construction is
less complicated than the full-blown term category construction. The objects of
the category are contexts over a type language with only one type, where we
identify two contexts if they are a-equivalence. The morphisms of the category
are structural morphisms. That is, a morphism I' — A maps positions in A to
positions in I', preserving separation. Clearly, we can define all the structural
morphisms and they obey the coherence requirements trivially. We will call this

category SepCtxt.

Example 3.2.26 (Rel”) This example is a simplified version of Reddy’s model
of Interference Controlled Algol [Red94], we have changed from using the category
of coherence spaces and linear maps as a base to just using sets and relations since

we do not require fixpoints. Define the category Rel” as:
Objects Pairs (X, #x) of a set X and a binary symmetric relation # C X x X;

Arrows f: (X, #x) — (Y, #y) are relations f C X x Y such that if (z1,y1) € f
and (zq,ys) € f then yy#yyo implies x1# x2s.
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The intuition behind this definition is that the objects are sets of “events” with a
relation that states when two events are independent. An arrow is a collection of
input/output pairs (x,y); to see output event y one must observe input event z.
The independence condition on arrows states that if two outputs are independent
then the corresponding inputs must be independent: arrows may not introduce
dependencies.

Define separation products as:

SIX 1, #x0)s o0 (Xs #x,)) = (Xa 4 o+ Xoyia#tjoy 0S5V (i = § At x,y))

Thus, a separation product consists of tagged events from its constituent compo-
nents, and two events are independent if they come from independent components
(as specified by S), or if they are from the same component and are independent
there.

The A natural transformation is just the obvious isomorphism. The flattening
and unflattening natural isomorphisms do the obvious renumbering: assuming
objects Ay, ..., Ai—1, By, ..., B; and (4, ..., Cy, define a to consist of components

like so:

-

{(l.a,l.a) | 1<l<iNa€ A}

(i.0.b,(i4+1).b) | 1<I<jAbe B}
) | lglgk‘/\CGCl}

This is easily seen to obey the independence condition, naturality and the two
commuting diagrams. Likewise, permutation and S-weakening are the obvious
renumbering and forgetful relations. The separation functor [Jo() is interpreted
as the empty set, with the trivial independence relation. This is a suitable choice
of terminal object in Rel* and so have discarding. Duplication is interpreted by

the arrow:

dup = {(a,l.a) | a€ A}U{(a,2.a) | a€ A}
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Note that there is no similar arrow A — [1#2] (A, A). For all elements a € A

- 2

we would have to have a# 4a, which is not in general true. Reddy terms objects
A such that Ya € A.a# aa passive and uses them to interpret passive types in

Interference Controlled Algol.

3.2.6 Separation Closure

The final property we require of a category to model A4}, is that for function types.
As usual this is specified as requiring the existence of specified right adjoints to

existing functors.

Definition 3.2.27 A category with separation products is separation closed if
each functor S(—, _A>) : C — C has a specified right adjoint [Z S, —]:C —C.
Call the isomorphism of homsets A:

A:C(S(A, B),C)=C(A,[B =)

—& S

and the counit evs 4 5 : S([A — B, Z) — B.

Lemma 3.2.28 The category Tm(7,F, ®) is separation closed.

Proof  For each separation relation S the functor [Z N B] is defined as

A -2 B on objects and on arrows [fi] : Bi — A; and [g] : C — D as:

—

[z: A S ok A (). g[xQg(filz /2], ..., fulza/2]) /2] : B N D]
The unit and counit of the adjunction are:

S —

[2: AFX(T)S(z, ) : A - S(4, 4))

[z:S(A =5 B, A)Flet S(f, @) = = in fQg(@) : B

These can easily be seen to obey the adjunction laws. 0
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3.3 Interpretation of )\,

We collect all the requirements on a category to soundly model Ay, in a single

definition:

Definition 3.3.1 A \,-category is a category with separation products, per-
mutation and S-weakening that commute, discarding and duplication given by

finite products and separation closure.

Given a Agp system (7, ®) and a Agp-category C, an interpretation of (7, ®)
in C is a pair of maps Z : 7 — ObC and Z4 5 : ®(A, B) — C([A], [B]) where [-]

is defined on types as:

[A] = Z(A) [S(Av,.... 4)] = S([A], - .-, [AaD)
[A1,..., A, = B] = [[Ai], ..., [A.] = [B]]

Contexts are interpreted as functors C"* — C, where n is the number of holes:
[v: Al =x—[A] : 1 —>C

[S(T1, o, TW)] = ([T1] % oo % [T4]);S: CM*=* ¢ [~ ] =1d:C—C

We will just treat the interpretation of contexts with no holes as objects of C.
Valid structural transitions I' & A are interpreted as natural transformations
[T] = p*; [A], where p* is the functor that makes [A] have the same arity as
[T'] by mapping holes according to p. The interpretation is defined by induction
over the derivation in Figure 3.1. Typing judgements I' - e : A are interpreted

as arrows [['] — [A] by induction over their derivation as shown in Figure 3.2.

3.3.1 Coherence

Since we have defined the interpretation of typing judgements by induction on
the structure of their typing derivations we are faced with the possibility that a
single typing judgement may have two different interpretations. Fortunately, it
follows from Theorem 3.2.20 and the factorisation lemma, Lemma 2.2.2, that any

two derivations of the same judgement have the same interpretation.
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p(l') =T"
[T LT valid] = id [S(T,S(A),0) < S{S'/i}(T, A, ©) valid] = a

S Cs
(D) < T valid] = A [S(T) = (T) valid] = ¢[S, 9]

o a permutation on {0, ..., [S| — 1}

[S(T) < oS(cT) valid] = ~[os)

(PERMUTATION)

=1

- (CONTRACTION)
[ ()o@

Ix (T, 1) valid] = dup

(WEAKENING)
[T = []() valid] = discard

RENAMING, CoMPOSITION and CONGRUENCE are defined by the identity, natu-
ral transformation composition and application of separation product functors

respectively.

Figure 3.1: Interpretation of valid structural transitions
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["Fe:Al=e [ 21 valid] = s
[o:AFx: A =idpy [T'F ple): A] = s;e

[THe:A] =e
[S(T)FS(e) : S(A)] =8(@)

(ST)

[The:S(A))=e [AS@E:A)rFe :B]=¢
[JAT) Flet S(T) =ein € : B] = [A](e); €

(SE)

[S(D,z: A)Fe:B]=e
[[FXs(T)e: A -5 B] = Ale)

(1)

[[Fl—f:ziB]]:f [AFa:A]l=a
[S(T, &) - fas(@) : B] = S(f, @);ev

(--E)

[TFe:A]=e
[T'F fe:B] =e;Zap(f)

(PrIM)

Figure 3.2: Interpretation of typing judgements
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The method we use is adapted from the proof of the coherence of the interpre-
tation of Syntactic Control of Interference Revisited by O’Hearn et al [OPTT99].
This method operates by locally rewriting the derivation tree by pushing con-
traction rules upwards until they reach the point where the two variables they
are contracting are introduced into the same context. This effectively gives us
a canonical form for the derivation and hence a way to show that any other
derivation is equal. The factorisation Lemma 2.2.2 allows to do this rewriting.

Another possible approach is to give an explicit syntax for every typing deriva-
tion so that typing derivations are uniquely specified by judgements. A set of
rewriting rules would then allow rewriting into a normal form. This could then
be used to show that every judgement in the original system has a unique inter-
pretation. This is the approach taken by Curien and Ghelli [CG92] for System
F<. We choose the approach taken here to avoid the formulation of a second
calculus where the structural rules are made explicit in the term syntax.

First we observe that the interpretation of valid structural transitions is co-

herent:

Lemma 3.3.2 If m; and m, are two different derivations of a judgement I' &
A walid then [m] = [m2].
Proof Follows directly from Theorem 3.2.20. U

The following lemma is an adaptation of the key coherence lemma of [OPTT99].
It is a stronger property than we require; the extra structural morphisms are the
pieces of derivation tree that we will need to rewrite using the previous two lem-

mas and commute upwards in the tree.

Lemma 3.3.3 Given derivations m; and my of judgements I'y - e; : A and
'y F ey : Arespectively and valid structural transitions I' 26 T'; such that pi(er) =
pa(e2) then [p1]; [m] = [p2]; [m=].

Proof Induction on the sum of the heights of the derivation trees m; and 7.
Name the term pi(e;) = pa(e2) as e. Proceed by case analysis on the final rules

applied in each derivation:

Both end with Ip: By Lemma 3.3.2.
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One ends with StrucT: Append the valid structural transition to the appro-

priate structural morphism and apply the induction hypothesis.

Both end with SI: The derivations both end in the form:
Filkeil:Al le—emAn
S(Fil, Ce 7Fln) l_ S(eil, ey em) . S(Al, Ce ,An)

where the derivations of the premises are labelled 7;q, . . ., m;,. Apply Lemma
2.2.2(1) to the p;, using the distribution of variables in e for ¢, to get struc-
tural morphisms a4, ay and E}, 32) such that a; = ag. The result follows by

the calculation:

[ Im] = [ed;S(IBul. - - [B1n]); S([Iruall, - - [min])
= [ol;S(I8ul; Imuls - - - [Binl; [m1n])
= [al; S(IBal; w2l - - - [B2nll; [m2n])
= [p2]; [2]

where the middle step follows from the induction hypothesis and the equal-
ities between interpretations of valid structural transitions follows from

Lemma 3.3.2.

Both end with SE: The derivations both end in the form:

Fil l_ €1 - S(Al, Ce 7An) FZQ(S(xl . Al, R A An)) l_ €2 - B
Fig(ril) F let S($1, e ,xn) = €1 in €9 : B

where the derivations of the premises are labelled 7;; and ;5. Apply Lemma
2.2.2(2) to the p;, using the distribution of variables in e for ¢, to get
structural morphisms o = a3 = aa, (11, Si2 and (a1, S29. The result follows

by the calculation:

[ods [mi] = [oal; [Ta2] ([r11]); [zl
= [a]; [Biz]; [Tr2]([G11]); [Ta2]([m11]); [zl
= [[Oé]]; [[Al]]([[ﬁn]]; [[7711]]); [[ﬁm]]; [[7T12]]
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[[04]]§ [[Al]]([[ﬁzﬂ]; [[@1]])% [[522]]; [[7T22]]
[a; [B22]; T2l ([821]); [P22] ([7r21]); [22]
= [pa2l; [m]

Both end with —>-I: The derivations both end in the form:
S(Ty,x1 : Ay, ...,z Ay Fe: B
Fi F )\S(xl,...,xn).ei : Al;-.-,An i> B

where the derivation of the premise is labelled 7[. The result follows by

calculation:

FAR GRS PAN(EA)
= AS([pa]. id); [71])
= A(S([pal, id); [m3])
= [pa]; A([m3])
= [p2]; [m]

Both end with —-E: Similar to the case for SI.

Both end with Prim: Trivial, since this rule is interpreted by post-composition.
O

Theorem 3.3.4 (Coherence) If m; and 7y are two derivations of the same

judgement T' e : A then [m] = [m2].

Proof Instance of Lemma 3.3.3. ]

3.3.2 Soundness and Completeness

Now that we are sure that we can interpret typing derivations in a well-defined
way, we must make sure that the category soundly models the equational theory
of the calculus. We do this with reference to a definition of a model of a A,

theory.
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A model of a Ap theory (7, ®,X) is an interpretation (Z,Z4 p) of the system
(7, ®) with the condition that for all the axioms I' - e; = e5 : A in ¥, it is the
case that [T'Fe;: Al =[T'F ey : A].

We begin by the proving the standard result about the interpretation of sub-
stitution. This follows the structure of the proof of the well-typing of substitution.

—_—

Lemma 3.3.5 (Soundness of Substitution) If [I'(z: A) Fe: B] = e and
— — —

for all i, [A; F a; : A;] = a; then [T'(A) F ela/z] : B] = [[](a);e

Proof By induction on the derivation of I'(z : A) F e : B. This follows the

structure of the proof of Lemma 2.2.4, the result follows by simple categorical

reasoning about the interpretations. 0

Soundness is a direct consequence of this:

Theorem 3.3.6 (Soundness) For a Ay, theory T and a model M of this the-
ory,if 'Fe=¢:AinTthen [[Fe: Al =['F¢€' : A] in M.
Proof By induction on the derivation of I' F e = ¢’. All cases are straightfor-
ward — either by simple calculation or substitution (Lemma 3.3.5). U
To prove completeness, we construct a model of a A, theory T in the term
category Tmr we have developed in Lemmas 3.2.7, 3.2.17, 3.2.22 and 3.2.28.
There is an obvious interpretation of the system component of T in T that
maps primitive types to their corresponding objects and primitive operations f
to arrows [z : A F fx : B]. To show that this is a model, we must prove a
connection between the interpretation of a judgement I' - e : A and an arrow of

Tmy. To this end, for a context I', define the corresponding type I' by induction.
r: A=A S(Ty,...,I) =S(Ty,...,Iy)

And given a judgement I' e : A, then z : T F T, z,e : A is derivable, where:

y:Az,e=ely/7|

S(T'y,...Th),z,e =let S(xy,....,x,) =z in Iy, 2y, ..., Ty, s €

Proposition 3.3.7 (Term Model) The interpretation of a theory T in T as
defined above is a model with the property that [['Fe: Al = [z : T F T, z,e: Al
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Proof The property of the interpretation holds by induction on the derivation
of I' F e : A and reasoning about the interpretation using the equational rules.
This, along with the construction of arrows of Tmr as equivalence classes, implies

that the interpretation is a model. O

Theorem 3.3.8 (Completeness) If [I'Fe; : A] = [I'F ey : A] in all models
thenI'Fe; = ey : A.

Proof  We prove the contrapositive. Assume I' F e; # ey : A. This implies
that v : T FT,z,e; #, 7,65 : A. Hence [I' e, : A] # [T F ey : A] in the term

model, i.e. the interpretations are not equal in all models. O




Chapter 4

Day’s Construction and Presheaf
Models

In [Day70], Day shows how closed (symmetric) monoidal structure on functor
categories may be generated from promonoidal structure on the domain category,
of which (symmetric) monoidal structure is an instance. In this chapter we extend
Day’s construction to separation products, in the special case of functors into
Set, by defining proseparation structure and showing how this generates closed
separation products on the functor category. A category with separation products
(not necessarily closed) will form an instance of proseparation structure. To show
how Agp models resources and their separation we give two models based on
separation. The first, in Section 4.3.2, models global separation where there is a
fixed notion of separation between resources. The second, in Section 4.3.3 models
localised separation, where the notion of separation is local to the resources used

in particular separation product.

Day’s construction is a generalisation of the frame, or possible world, seman-
tics of substructural logics [Res00]. Instead of boolean valued predicates on a
partial order of possible worlds, we model types as Set-valued functors over a cat-
egory. Functor category semantics were used by Reynolds and Oles to model the
block structure of Idealised Algol [Rey81, Ole82]. Pym, O’Hearn and Yang used
Day’s construction to provide a models of BI and the a\-calculus [POY04, O’HO3]

95
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by constructing closed symmetric monoidal structure on the functor category from
(possibly partial) symmetric monoidal structure on the domain category.

In Day’s original paper he used the term premonoidal for the structure he
requires on the domain category. We use the terms promonoidal and prosep-
aration by analogy with profunctors, a categorical generalisation of relations
[Win05, DS95, Bor94].

Since Day’s construction is defined in terms of ends and coends, we shall first
recall the definitions of dinaturality, end and coend and state some useful facts
about them. We then give the definition of proseparation structure, our adapta-
tion of Day’s promonoidal structure, and then give three examples of classes of
categories with the correct structure. The second and third of these give us an

explicit resource interpretation of Asp.

4.1 Dinaturality and (Co)Ends

We now recall the definition of dinaturality, ends and coends and some useful
facts about them. The material in the first subsection is a re-presentation of the
section on dinaturality and (co)ends in [Mac98|, §I1X.4-8, and also some parts
from [CHWO02]. The second subsection contains a definition and a lemma from

[Day70] that will be useful in the next section.

4.1.1 Definition and Properties

Dinatural transformations generalise the definition of natural transformations
by describing transformations between functors that have both covariant and

contravariant arguments.

Definition 4.1.1 (Dinatural Transformation) For functors F,G : CxC°® —
D, a dinatural transformation from o« : FF = G is a family of arrows a¢ :

F(C,C) — G(C,C), indexed by objects C of C, such that for every f : A — B
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in C the following diagram commutes:

F(B,B) -2+ G(B, B)

F(y \G(f;B)

F(B, A) G(A, B)

Fm\ %(;f)

F(A,A) —> G(AA)

It is easy to see that this definition specialises to the definition of natural
transformation when F’ and G are both constant in their first or second arguments.
A special case occurs when either F' or (G is constant. The case when F is

constant is called a wedge o : X = G-

G(B, B)

NL’B

G(A, B)

/
T 4,

G(A, A)

The case when G is constant is also called a wedge o : F' — X. Ends and coends

are universal such wedges:

Definition 4.1.2 (End) An end for a functor F' : C°® x C — D is a universal
wedge. The object part of the end is written [, F 1 F(A,A). That is, there is a
wedge 5 : [ F o F(C,C) = F such that for any other wedge o : X = F', there is a

unique arrow h: X — [, F o F(C,C) making all instances of the following diagram

commute:
F(B,B)
/// \B
BB
x = . [F(C,C) F(A
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Definition 4.1.3 (Coend) A coend of a functor F': C°®® x C — D is a couni-
versal wedge. The object of the wedge is written is written fA F(A, A). That is,
there is a wedge §: F' = fc F(C,C) such that for any other wedge o : F = X
there is a unique arrow h : fc F(C,C) — X making all instances of the dual of

the above diagram for ends commute.

We will be concerned with (co)ends with the codomain category D equal to
Set and where C is small. A choice for ends and coends in Set is given by the

following proposition:

Proposition 4.1.4 ((Co)Ends in Set) A choice for the end of a functor F :
C° x C — Set is given by:

| P = (o e TLFAANVS - A BF(. Byen = F(A f)aa)
A A
A choice for the coend of a functor F' : C°? x C — Set is given by:
A
| P = (S ) ~
A
where ~ is the least equivalence relation such that:

(Ayx) = (B,y)if 3f : B— AJze€ F(A,B)x=F(A, f)zANy=F(f,B)z
Proof See [CHWO02]. O

By this proposition, an end in Set is isomorphic to a subset of the product
of the sets F'(A, A) for all objects A in C which respect the action of the arrows
of C. We shall use ends as a generalisation of the V quantifier of logic. Dually,
coends in Set are isomorphic to a quotient of the disjoint sum of sets F'(A, A)
for all A. We shall use coends as a generalisation of the 3 quantifier. We shall
not formalise these connections.

Given the informal connection to existential quantification, we read the ele-
ments of the universal wedge G4 : F(A, A) — fc F(C,C) can be read as “sum-
ming out” the variable A; instantiating the existential with the witness A.

To demonstrate the reading of ends as a categorical generalisation of uni-

versal quantification that respects naturality, the following proposition gives a
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description of the natural transformations between two functors in terms of an

end.

Proposition 4.1.5 (Ends and Natural Transformations) Given functors F, G :
C — D, ends describe the set of natural transformations F' = G.
€. DI(F.G) = [ DIF(4).G(A)
Proof See §IX.5 in [Mac98]. O
Given this formulation of natural transformations as ends, we can restate the

Yoneda Lemma in terms of ends:

Proposition 4.1.6 (Yoneda Lemma) Given functors F' : C — Set, G :

C°® — Set and an object B of C, the following are isomorphisms:

[ e, a). )= () Jiecan).can=cm)
These isomorphisms are natural in B and F'.

We now state some propositions which give more useful properties of ends
and coends. Firstly, if the functor F' has additional parameters such that the end
J, F 1 F(A, A, P) exists for all P, then this induces a functor in the parameter. This
proposition will allow us to use ends and coends to define objects of a functor

category.

Proposition 4.1.7 (Parameterisation) Given a functor F': P xC®? xC — D
such that for every object P € P it has an end ap : fA (P,A,A) = F(P,—,—),
there is a unique functor H : P — D such that H(P f A(F(P,A,A) and the

following diagram commutes for every f: P — P’ in 77 and C € C:
H(P)=[F(P,A4) e ppc,c)
H(f) F(f,C,0)
H(P) :£F(P’,A,A) 0 pp o)

The dual proposition also holds for coends.

Proof This is Theorem IX.7.2 in [Mac98]. O
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It is also possible to express ends and coends as limits and colimits in a certain
category. Therefore, standard facts about preservation of limits carry over to ends

and coends:

Proposition 4.1.8 (Ends and Homsets) Given a functor /' : C®® x C — D
and an object B of D, the homset functor D(—, —) preserves ends and reverses

coends:

/D(B,F(A,A)) %D(B,/F(A,A))

A

D / F(A, A), B) = /A D(F(A, A), B)

Proof Follows directly from Proposition IX.5.3 in [Mac98], showing that ends
may be expressed as limits in a certain category and the fact that homset functors

preserve limits. O]

It is also possible to change the order of iterated ends, in the same way that

iterated limits may be interchanged:

Proposition 4.1.9 (Interchange of Iterated Ends) Let F : A% x Ax(C x
C — D be a functor such that for all A, B € Atheend [, F(A, B,C,C) exists and
for all C, D € C the end [, F(A, A,C, D) exists, then there is an isomorphism:

// (4,4,0,C) = // (4,4,C,C)

Proof This is the Corollary in §IX.8 in [Mac98|. U

Finally, in this section, we state the Density formula:

Proposition 4.1.10 (Density Formula) Given functors F' : C — Set and

G : C°? — Set, the following are isomorphisms:
A A
d:/ F(A)x C(A,B)=~F(B)  dy ;/ G(A) x C(B, A) = G(B)

All natural in B and any other variables in X. Moreover, the inverse d—! obeys
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the following diagram:
Xa —2- / R(a,z) x Xx

qa

(tid,id)

R(a,a) x Xa

A similar diagram holds for do_pl.

Proof  See Section 7.2 in [CHWO02]. The property of the inverse can be seen
to hold by working directly with the choice of coends in Set given above. 0

4.1.2 Day’s Notation for Coends Involving x

We will make heavy use of coends of the form fA F(A, —)xG(A, —) where F and
G are functors of different variances in A into Set. Following Day, we abbreviate
such expressions to F'(A, —)xXG(A, —), the repeated variable A showing the bound
variable of the coend. The rest of this subsection is a re-presentation of some of
[Day70] on the properties of such expressions.

Observe that for every expression X involving uses of X there is an expression
X formed by replacing each X by x. There is also a canonical natural transfor-
mation gx : X — X defined by applying the universal wedges of the coends in a
depth first manner.

We now state the following lemma from [Day70], which shows that this ¢y is

in fact a universal wedge for a multiple coend of all the variables bound in X.

Lemma 4.1.11 Let Y be a functor into Set and X be an expression built using
X. Let f: X — Y be a transformation, natural in all the variables bound in X.

Then there is a unique g such that the following diagram commutes:

¥
\
Y

Y
Proof This is Day’s Lemma 2.5. U



102 Chapter 4. Day’s Construction and Presheaf Models

We now describe some of the applications of this Lemma noted by Day and
used in his construction. They will be useful in the next section.

When f = h;qy : X — Y we write the induced arrow as h : X — Y. Further,
when h =i X j, then we write ixj instead of 7 X j. We can treat x as being a
two argument functor.

When h is one of the isomorphisms of symmetric monoidal structure of x in
Set, the uniqueness given by Lemma 4.1.11 ensures that the coherence theorem

for x also holds for x.

4.2 Proseparation

We are going to interpret the types of Ay as functors from a category of resources
into the category Set of sets and functions. Thus, each type is interpreted se-
mantically as a family of sets, indexed by the available resources.

To interpret separation products and functions we extend Day’s construc-
tion for monoidal products and functions on functor categories. Day defines
promonoidal structure on the domain category and shows how this can be used
to define monoidal structure on the functor category. Day formulated his def-
initions and results for general functor categories [C, V], where V is a complete
and co-complete category and C is a small, V-enriched category. For simplicity
we shall restrict to the case where ¥V = Set. In this case, C is a normal small
category.

In this restricted case, the first half of Days’ promonoidal structure consists

of a pair of functors:
P :C°®° xC°®° x C — Set J :C — Set

These are used to define the monoidal products and the unit objects respec-

tively. The monoidal products are defined by the coend formula:

a,b
(A® B)x = / Aa x Bb x P(a,b, )
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To finish the definition Day requires three natural isomorphisms:
Aap © JrX P(x,a,b) — C(a,b) pab : JrxP(a,x,b) — C(a,b)

Qapea © Pla,b,2) X P(x,c,d) — P(b,c,z)xXP(a,x,d)

These must obey axioms similar to the coherence axioms for monoidal struc-
ture. These isomorphisms are then used to generate the structural isomorphisms
for the monoidal structure on the functor category. Their axioms ensure the
satisfaction of the axioms for monoidal structure. Monoidal closure follows auto-
matically from these definitions. Day then shows that the monoidal structure on
the functor category can be made to be symmetric by postulating the existence
of an extra natural isomorphism, obeying appropriate commuting diagrams.

We shall extend this definition to cover the structure required to model Asp, by
requiring the existence of a family of functors Ps, indexed by separation relations
S. This definition, with the attendant isomorphisms and commutative diagrams
in given in the next subsection, along with a proof that the do indeed satisfy the
definitions of the previous chapter.

The next two sections, give the additional isomorphisms to give permutation
and S-weakening structure and then duplication and weakening structure. Finally
we show that, as for Day’s construction, separation closure in the functor category

follows from these definitions.

4.2.1 Base Definition

Definition 4.2.1 A category C has proseparation structure if it has, for each

separation relation S, a functor:
Ps: (C°P)Bl % ¢ — Set
And natural isomorphisms:
a: Ps(F,8)xPs(T,5, T ,u) = Py (T, 5,

t,u)

and

X : Py, (a,b) = C(a,b)
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Such that the as obey two commutative diagrams:

Pg/ (T, b)x(Pgi (d,d)xPs(@,b,T,d, &, —)) ——> Pgn(d,d)x(Pg/(T,b)xPs(@,b,,d, e, —))
idX & idX &
Pg/ (T, b)xPgrgny (@b, 2, d, 2, -) Pgin(d,d)xPgrgn (@, T, T, d, 2, -)

Pyrsiyqsry (@, 0,2, 4,2, )

and,
Pgi/ (T, 2)x(Pg/(V, 2, d,y)xPs(T,y, 2, —)) — (Pgr (T, @) x Py (B, 2, d,y)xPs (T, 9, 2, )
idX & ax1
Py (T, 2)x Pgrgry (@, T2, d, e, ) Pgrigny (B, 2, d,y)xPs(@,y, 2, —)

PS{S/{S//}}(E’,_b), -, d,e,—)

The form of the substituted separation relations makes sense by Lemma 2.1.3.
Further, the A and @ must obey the following two diagrams:

Py(b,2)x Ps(@ 2, @, =) — @0,
id><:\
Ps(@,x,7¢,—)xPyb,r) —— Ps(@,z,T,—)xC(b,x)

and,

Ps(@, z) x Py(x, —) Ps(a,—)
idx A

Ps(@,z)xC(x, —)

The commutative diagrams express the same conditions as the required di-

agrams in Definition 3.2.3. Indeed, each of the diagrams above will imply the

corresponding diagram for the separation products in the functor category.
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We now define how the proseparation structure is used to define separation

structure in the functor category.

Definition 4.2.2 (Separation Products on [C, Set]) Define separation prod-

ucts as the functor:

—

S(A) = Ayar x (Asazx (... Apanx Ps(@,—))...)

and the flattening natural isomorphisms « by:

—

8(4,8'(B), C)
= Aax(BbxPy(b,b))xCex Ps(T,b, 7, -)
~  AaxBbxCex Py (b, b)xPs(T,b, 7, ~)
= AaxBbxCexPysh(@, D
= S{S}(A,B.0)
The natural isomorphisms A are defined by:

[:(A4) -
= AaxPy(a,—)
il AaxC(a,—)

doa

Proposition 4.2.3 Definition 4.2.2 defines separation products on [C, Set].
Proof  Proposition 4.1.7 ensures that the definition of S actually defines a

functor. The definitions of & and A give natural isomorphisms by Lemma 4.1.11.

It remains to show that the definitions of o and A satisfy the required properties.
The second condition for A holds by examination of this diagram:

Aax (Ps(@,x) xPy(x, ) |

\

IR
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The topmost triangle commutes by the definition of «; the leftmost by natu-
rality; and the bottom by Day’s Lemma 2.9. Hence the inner diagram commutes.
The first condition for A holds by a similar diagram and an application of Day’s
Lemma 2.7.

The first diagram for & can be seen to imply the first diagram for a by
examination of the special case in the following diagram:

Adx Bbx (Pgi X (Pgr X Pg))

$(B) ——> S{s}(A,(B) — > AdxBbx (P X Pg(gry)
u‘ idX & ° ‘/a idX &
AdxBbx (Pgs X (Pgrr X Ps)) ${8"}(8(A), B) ——— s{s'Hs"}(A, B)

=
id X (id X &) idX &

mimi(Ps/iPs{s// })

The outer edge of the diagram commutes by the first diagram for & and
the outer diagrams commute either by the coherence of the isomorphisms, the
definition of «, or naturality. Hence, the inner diagram commutes, as required.

The second diagram for o commutes by similar reasoning. O

4.2.2 Permutation and S-Weakening

Again, we must take care to get the correct coherence axioms. These are derived

from the coherence axioms from the previous chapter.

Definition 4.2.4 (Proseparation Permutation) A category C that has pros-
eparation structure has permutation if it has a family of natural isomorphisms,

indexed by separation relations S and permutations o on the set {0,...,|S| —1}:

—

vlos] : Ps(7,1) = P,s(o(7),7)
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Subject to the following equations:

Yosl;vlohs] = 7l(o:07)s] Vids 4 = ida Ylos]  =7log!]

and the following two commuting diagrams:

— Wrs\/]y‘d
PS,( b 7b)§PS(E>7b7?7 _) - PU'S’(J(

i

Psgsny (@, v, e, ) ————— Ps(osn (@, o(

Q)

where the substitution of permutations into separation relations and vice versa
is as defined in Definition 3.2.12.

Definition 4.2.5 (Proseparation S-Weakening) A category that has pros-
eparation structure has S- Weakening if it has a family of natural transformations,
indexed by pairs of separation relations S C S':

Q[S/, S] . PS/(?, CL) — Ps(ﬂ), a)
Subject to the following equations:

C[S,S/];C[S,,S”] = C[S,S”] C[S7S]A = idy

And also the analogues of the two diagrams from Definition 4.2.4 for the ¢ natural
transformations. Moreover, if the category has permutation and S-weakening
then the following diagram should commute:

(

= los]
1l ([0 8,05]
(@ Tos]

Py 7(1) PGS(U(E))>G)
qs.s
Ja) —% Pogi(0(@), a)
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Definition 4.2.6 (Permutation and S-Weakening in [C,Set]) Define the fam-
ily 7los] : S(A) — a8(o(4)) as

Alali(Aza,gé(. .. Ananips(ﬁ, —)) .. )

sidx (... xv[os])

— As1)o(1) X (A2 @) X (- - - Ao(n) o) X Pos (0 (@), —)) .. .)

R

Define the family ¢[S,S'] : S(Z) — S’(Z)) as:

Alali(AQCLQi(. .. AnanﬁPS(E), —>) .. )
idﬁ(...ﬁ_([}&sl]) Alalﬁ(Azagﬁ(. .. AnanﬁPS/(W, —)) .. )
We can now show that these definitions do indeed define permutation and

S-weakening in [C, Set].

Proposition 4.2.7 Definition 4.2.6 defines the permutation and S-weakening
of Section 3.2.2 in [C, Set].

Proof We only verify the properties for the permutation natural transforma-
tions; the S-weakening properties are almost identical.

The definition of y[og] is a natural isomorphism by Lemma 4.1.11 with the
fact that fﬁa\s] is a natural isomorphism. The algebraic laws hold by the algebraic
laws for the proseparation permutation. Therefore this definition satisfies the
requirements of Definition 3.2.8.

The commutativity of the two diagrams involving v and « (Definition 3.2.13)
follows from the commutativity of the two diagrams involving 7 and @, by similar
diagrams to the proof of Proposition 4.2.3. Similarly, the diagram involving ~

and ¢ (Definition 3.2.10) follows from the diagram requiring 7 and Ecommute. O

4.2.3 Discarding and Duplication

The final piece of structure required to model Ayp is that for discarding and

duplication. We are only able to construct categories where the object [Jo() is

the terminal object because it is not possible to give an arrow from an arbitrary

functor of [C, Set] to [Jo() just by information on C. As before, there is a one-one
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correspondence between the axioms for the structure in a proseparation category

and the axioms for the functor category.

Definition 4.2.8 (Proseparation Weakening and Duplication) A category
with proseparation structure, permutation and S-weakening has weakening and
duplication if Py, (a) = {*}, so that Py, is the (unique up-to isomorphism) termi-

nal object in [C, Set|, and there is a dinatural transformation:
dup: 1 == Pp,(—,—,+)

These are subject to the following commutative diagrams for left and right
unit (where id, maps to the identity arrow for each a):

idg

1 C(a,a)
dup, X
Py, (a,a,a) Py, (a,a)
(id,") a1

qa

P[]2(a,a,a) X HO(a) _— P[]Z(a7x,a)§P[]0(1:)

1 o C(a,a)
dupa by
Py, (a,a,a) Py, (a,a)
(id,!) a1

q(l
P[]z(a, a, a) X P[]O(a) E— P[]Z(LE, a, a)ip[]o (.CE)

The following diagram for associativity must commute:

(dup,dup)

1

P(a,a,a) x P(a,a,a) P(a,a,x)xP(a,z,a)

(dup,dup) &

P(a,a,a) x P(a,a,a) LN P(a,a,x)xP(x,a,a) - P(a,a,a,a)
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The following diagram for surjective pairing must commute:

id,(id,);duy
P(a,b, xi <*>p>}3(a,b,x) x (P(a,b,z) x P(z,x,x))

{1,id) x ((1id) xid)
(P(b) x P(a,b,z)) x ((P(a) x P(a,b,z)) x P(z,z,1))
v x (g0 xid)

id (P(b)x P(a,b,)) x ((P(a)xP(a,b,x)) x P(z,x,))
ax(axid)

P(a,z) x (P(b,x) x P(x,,2))

Qax

(idx &)

P(a,b,x) =<—— P(a,z1)x(P(b,z2)xP(x1,x2,x))

Finally, the following diagram for the preservation of separation structure

must commute:
(sdup,{...,id)...)

Ps(a@,x) (P(ai,a1,a1) X (... x Ps(@,x))...)
(id, (id,;dup)) day-an
Ps(@,z) x (Ps(@, %) x Pz, z,7)) (P(a1,a1,b1)x (... xPs(b,x))...)
Qzax mia;m;a
PS(77y)§(PS(E)’ Z)ép(lh Z"r)) PS’(max)
(idxa);& -
¢

Definition 4.2.9 (Weakening and Duplication in [C, Set]) Given a prosep-
aration category C, with weakening and duplication define define dup as the com-

posite:

Az
Az X (Az X P(z,x,1))

(id,(id,;dup))
—
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=5 Aax(Abx P(a,b, x))

Proposition 4.2.10 Definition 4.2.9 defines the required discarding and dupli-
cation structure in [C, Set], where [|]2(A, B) is the product.

Proof The defined family of arrows is clearly natural in A. Naturality in x
follows from the dinaturality of d/u?) Since Py, (a) is the single element set, and
[Jo()(a) = Py,(a) by Definition 4.2.1, then [Jo() is the unique (up to isomorphism)
terminal object in [C, Set];

The diagram for right unit in Definition 4.2.8 implies the diagram for right
unit in 3.2.18. The left unit case is similar. Consider the following diagram,

which contains the definitional unfolding of the required diagram for [C, Set] in

the centre:
idx a1 idxa— 1
Aa x C(a,a) ———————> Aa X P(a,a) ——— > Aa x (P(y)xP(a,y,a))
(id,;id)
da da da
a1 idx A1 idxa~?!
Aa AzxC(z,a) ————> AzxP(z,a) —— > Azx(P(y)xP(z,y,a))

idx (ly xid)

(id,(id,";dup))

idX (1q Xid)
Aa X (P(a) X P(a,a,a))

Along the top row, the first triangle commutes by the definition of d~! and the
two squares commute by the definition of the x notation. The bottom “square”
also commutes by the definition of the X notation. The outer edges of the diagram
are equal by the properties of finite products and the diagram for right unit in
Definition 4.2.8. Hence the inner diagram commutes, as required.

The axiom for associativity may be seen to hold in similar fashion by writing
out the required diagram in terms of the definitions of a and dup, then noting
that the commutativity of the associativity diagram for d/@ implies the commu-
tativity of this diagram, using Lemma 4.1.11, naturality and the properties of

finite products.
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Similarly, the required diagram for separation preservation holds; the two
sides of the diagram generated by unfolding the definitions can be shown to be
equal to two arrows derived from the two sides of the diagram in Definition 4.2.8
for separation preservation. The proof relies on the uniqueness property of the
arrows induced by Lemma 4.1.11.

Finally, the case for surjective pairing is similar to the previous case. The
proof again relies on the uniqueness property of the arrows induced by Lemma

4.1.11. U

4.2.4 Separation Closure

We now show that, given the definition of a category with proseparation structure,

the resulting functor category is separation closed.

Proposition 4.2.11 When C has proseparation structure then the category

[C, Set] is separation closed. The function objects are given by:
[Z S, Blag = /[A1Cb1§(- . (Ana, X Ps(ag, @, ¢))), Bc]

Proof  We show that the functor [Z N —], defined on objects as above, is

right adjoint to the functor S(—, Z) in [C, Set].
C. Set](S(X, 4), B)
= /{/ Xag x (Aja1x ... Ps(ag, @,¢)), Bc

=~ /c/ao [Xag x (Aja1 X ... Ps(ag, @,¢)), Bc]
~ // [Xao, [(Ararx . .. Ps(ag, @, ), Bl
~ //[Xag,[(Alali...Ps(ag,ﬁ,c)),Bc]]

I

/ [Xao,/c [(Ayarx . .. Ps(ao, @, ¢)), Be]

:/p%@Lﬂ]

ag

= [C,Set]|(X [A —>B])
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In order, these lines are justified by: Definition 4.2.1 and Proposition 4.1.5; Propo-
sition 4.1.8; Currying; Proposition 4.1.9; Proposition 4.1.8; the definition above;
and Proposition 4.1.5. Each of the constituent parts is a natural isomorphism, so

the resulting isomorphism of homsets is natural in B and X. 0

Summing up the results of this section we have the following theorem:

Theorem 4.2.12 If C is a small category with proseparation structure as de-
fined in Definition 4.2.1, Permutation as defined in Definition 4.2.4, S-Weakening
as defined in Definition 4.2.5 and weakening and duplication as defined in Defi-

nition 4.2.8 then the functor category [C, Set] is a Asp-category.

Proof This is Propositions 4.2.3, 4.2.7, 4.2.10 and 4.2.11. 0

4.3 Instances of Proseparation Categories

The previous section has shown that, given the correct structure on a category
C, the functor category [C, Set] can interpret Ay . In this section we shall give
three examples of proseparation structure.

The first example assumes that C has separation structure and shows how it
can be used to define proseparation structure. The second and third examples

show how Mg, models separation of resources.

4.3.1 Separation Categories

It is possible to dualise the constructions of Section 4.2 so that we require functors
Ps : C1SI x €% — Set. The rest of the definitions can be dualised appropriately
and the construction of separation structure takes place in the category [C°P, Set].

If C has separation structure with [Jo() the terminal object and [J2(A, B) the

product then it also has proseparation structure. Start by defining the functors

Psi
Ps(ay,...,an,a) =C(a,S(ay,...,an))
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These clearly have the correct variances by the variances of the homset func-

tors. Set A to be the Yoneda embedding of the \ arrows:

C(b,a)
e, [o(a))
- P[]o (aa b)

And set @ to be the composite:

Ps(b,b)xPs(a,b, ¢, x)
= C(b.8(D))xC(x,8(T,b, 7))
=% C(x,8(a,8(D), 7))
wY e, S{SN@, T, 7))
—  Pysy(@,0,7C,2)

For permutation and S-weakening, set 7/[0\5] to be C(id,y[os]) and @] to
be C(id,([S,S']). Lastly, define @oa as the function 1 — C(a, [J2(a, a)) whose

value is always the dup, arrow in C.

With these definitions we have the following result:

Theorem 4.3.1 The definitions above define proseparation structure on C with

permutation, S-weakening, duplication and weakening.

Proof The definitions should obey the axioms required for a proseparation
category. To save space, we only show two illustrative instances. Firstly, for the

first axiom for 7, consider the following diagram:

C(b,v)xid

Cb, 8/ (B))xC(z,8(7, b, 2)) C(b, 08/ (o8))xC(2,8(@, b, 2))
o:d
ad
. C(2.8(id,y,id)) .
& C(z 8(w,8(F),2)) —> C(z,8(w, a8 (¢ 7), 2)) &
C(z,x)
C(z,a)
, _ C(z,v) , —
C(z 8{8'}(@, b, 7)) C(z,8{o8"} (@, ¥, @)

The left and right inner regions commute by the definition of @; the upper
region commutes by the naturality of d; and the lower region commutes by the

appropriate axiom for . Hence, the outer diagram commutes, as required.
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The second axiom for 7 and the rest for 2 , X and @ can be shown to hold in
a similar way. The axiom describing the interaction between 7 and Z is a trivial

consequence of the appropriate axiom for v and (.

Secondly, consider the following diagram for the left unit diagram for c@,

where the outer edge is the one required to commute:

idg

R
U
L

R

The top inner region of the diagram commutes by the comonoid axioms for
dup; the next region down commutes by the properties of homset and functors
and their evaluation; the next one commutes by the properties of d; and the
final region commutes by Lemma 4.1.11. Hence, the whole diagram commutes,
as required.

The other diagrams for associativity, surjective pairing and separation preser-
vation all commute for similar reasons. Finally, c@ is a dinatural transformation

since dup is a natural transformation. O

We can simplify the expression of the objects of the closed structure of Propo-

sition 4.2.11 in this case:
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[A - Blag

= /[Alalﬁ(. - (AnanxC(c,S(ao, - - -, an)))), B

C

= // .../[Alal><...xAnanxC(c,ﬁ(ag,...,an)),BC]
~ // / [Avay % ... % Anan, [Ce,S(do, - an)), Be]]
~ // [Alalx...xAnan,/[C(c,ﬁ(ao,...,an)),Bc]]

1%

/ / [Aja; X ... x Apan, B(S(ag, - .., a,))]

where all the isomorphisms follow from the propositions in Section 4.1 and
are natural in A4, ..., A,, B and ay.

Thus this construction may be used to add separation closure to any non-
closed Separation Category, such as SepCtxt, defined in Section 3.2.5. This
construction also preserves the existing separation structure, in the sense of Def-

inition 3.2.23:

Theorem 4.3.2 When C has proseparation structure, the Yoneda embedding

Y : C — [C°P, Set] is a strong separation functor.

Proof Define mg to be the repeated application of the d isomorphisms:

SYay,...,Ya,)

Each of the required diagrams from Definition 3.2.23 can easily be seen to

hold by writing them out in terms of the definitions. 0
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4.3.2 Resources with Separation and Combination

The previous section gave a general family of proseparation structures, but we
still do not have a connection between the calculus and something resembling

resources with separation. We rectify this in this section and the next.

Definition 4.3.3 A Resource Category is a category R with finite coproducts
and a finite product preserving functor # : R°° x R°? — Set that is symmetric

in the sense that r#ry = ro#r; for all objects 11,79, and similarly for arrows.

We interpret the objects of R as representing the actual resources we are
concerned about. An arrow r; — 1o implies that anything that is possible with
resources 7 is also possible with resources ro. This is captured by the functorial
action of the objects of [R, Set]. The existence of finite sums allows us to consider
composite resources.

The functor —# — is a separation predicate on the objects of R. If r#ry # ()
then we regard r; and ry as being separate resources. This will be used to give
meaning to the separation relations. The functor is contravariant so that if two
resources are separate, and we take two “lesser” resources, then they will also
be separate. The fact that this functor is finite product preserving implies the

following isomorphism exists:
r#(r 4 ) Zrdr XL X r#r,

That is, a resource separate from a composite resource is also separate from them
individually. The symmetry requirement matches the definition of separation

relations as a symmetric relation.

Example 4.3.4 Let X be some set of individual resources. Take R to be the
category with objects the power set of X and an arrow r; — ry iff r; C ry. This

R has finite sums given by set union and a separation predicate given by:

ri#Ere = { by =0

1] otherwise

It is easy to see that R so defined is a resource category.
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Given a resource category R, define proseparation functors as:
—_—
Ps(r1,... 10, 8) = R(r,s) x I jyesri#r;
Define @ as the composite:
Y = — —
PS’(bvy) XPS(aay7 C,l’)

_ / "R % §) x (Ras) x Riy,z) x Rle.x) x S)

>~ (R(a,xz) X R(c,xz) x Sy x S') x /y(R(y,x) X Sy) X R(by + ... + by, y)

id X dop
>~ (Rla,x) X R(c,x) x Sy x S") x (R(by + ... + by, ) X Spi4. b,

~  Ra,r) X R(b,x) X R(c,x) x S{S"}

= Ps{sl}(ﬁ,?,?,l')

where the terms S, S’ and S{S’} stand for the products of all the separation
predicates required for the separation relations S, 8" and S{S’} respectively. The
terms Sy and S, stand for the two parts of S not involving and involving the object
y respectively, and Sy, 4. 1, is Sy with all instances of y replaced by by + ... + by,.

The transformation \ : Py, (a,b) = R(a,b) is the obvious isomorphism R(a, b) x
1 =2 R(a,b). The transformations 7 and Eare defined by the obvious isomorphism
and use of projection on the product of separation predicates respectively. The

dinatural transformation c@ is defined as:
@ = (z/d\a,z/d\a> 11— R(a,a) x R(a,a) = Py,(a,a,a)
where @ maps the single element of 1 to the identity arrow in R(a,a).

Theorem 4.3.5 The above definitions define R as a category with prosepara-

tion structure with S-weakening, permutation, duplication and discarding.

Proof  We check each of the conditions for the structure in turn. The Ps so
defined are clearly functors by their construction. The families of arrows a are
natural isomorphisms by their construction from natural isomorphisms. That

they obey the two required commuting diagrams can be seen by noting that the
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conditions boil down to the commuting of two instances of dop,, which are Day’s
Lemmas 2.10 and 2.11 [Day70].

The family \ so defined is clearly a natural isomorphism. It obeys the two
required interaction diagrams with @ by a direct consequence of the definitions.
The families defined for Permutation and S-Weakening are natural transforma-
tions by definition, and they clearly obey the required algebraic equations. The
commuting diagrams for permutation can be seen to hold by writing them out in
terms of the definitions and observing that since the functors R(—,x) and —#—
preserve products on R°? we can commute the permutation and flattening. The
commuting diagrams for S-weakening also hold by writing them out in terms of
their definitions. Similarly, the interaction diagram between permutation and
S-Weakening is easily seen to hold.

The value of Py, (a) is always 1, the terminal object in Set. The family of
arrows @9 is dinatural since id is. The four diagrams for duplication all hold
because of the way c@ is defined in terms of identity arrows and the equation

for the inverse of the density formula. O

Corollary 4.3.6 Given a Resource Category R, the functor category [R, Set]

is a Agep-category.

Given [R, Set| as a model of Ay, we can use the Yoneda embedding to add
extra types to the calculus to represent particular resources. For any object r of

a resource category R define a new type Y, interpreted by Yoneda:
[Y:] = R(r,—-)

Thus, in the case of Example 4.3.4 the meaning of Y, is the set of all resources
containing r. We can use this to specify fixed resources that other values must
be separate from. Consider an example where we have a region k representing
kernel memory in an operating system. Calls from the operating system kernel to
user programs must not pass references to kernel memory, since it is inaccessible

to user programs. This constraint may be typed as follows:

callUserProgram : [1#2](Yy, Message) — Result
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The representation of named resources in the calculus has a precedent in the

nominals of hybrid logic. See, e.g. [ABO1].

4.3.3 Finite Sets and Injective Functions

Our next example of a category with proseparation structure in the category of
finite sets and injective functions, I. We will define notions of separation and
combination in I that are distinct from the Resource Categories of the previous
subsection. This will give a different view, based on more localised notion of
separation rather than the global separation of the previous section.

We note that the category I has symmetric monoidal structure, given on
objects by disjoint union. This can be used, via Day’s construction to model the
aX-calculus. In fact, I is the free affine symmetric monoidal category over the
one object, one arrow category.

Our notion of separation in I is based on comparisons between the maps from
the bound variables of the coend defining separation products to the containing
resource. Thus separation is determined by how the sub-resources fit together lo-

cally, rather than by a global predicate as was the case with Resource Categories.

Definition 4.3.7 Two arrows with common codomain, f; : a; — = and f5 :

as — x, in I are separate, f1# f if the ranges of f; and f; are disjoint.

Lemma 4.3.8 Some properties of separation:

1. If f1#fo then foftfi:
2. If fi#tfo, then for all f:x — vy, (f1: F)#(fo; f);

3. If fi#fa, then for all f : af — az, fi#(f: fo)-

Proof  Property 1 is trivial. Property 2 follows from the injectivity of f.

Property 3 follows because pre-composition does not affect the range of f,. [
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Definition 4.3.9 Given a finite collection of arrows (f; : a; — x)1<i<y, form

the combination of them: | |, fi, equal to the union of the ranges of all the f;.

Each of the arrows f; factors through | |, f; as Z-#; incy, f,, where fi# is f; with
codomain restricted to its range and inc, , is the inclusion of | |; f; in =.

We now prove a lemma detailing how the separation and combination oper-
ations interact. This is what allows us to successfully model the flattening and

unflattening structural rules.

Lemma 4.3.10 Given an arrow f : a — =z, a finite collection of arrows (f; :
b; — x)1<i<n, and a separation relation S, |S| = n, such that for all i, f#f; and
for all (i,j) €S, fi#ff;, then f#fincy ;, and for all (i,5) € S, fi#f;.

Proof The range of inc is the union of the ranges of the f;, so if the range of
f is disjoint from all of them, it is disjoint from the union. Hence, f#inc. For

each of the f/, the restriction of its codomain does not change its range, so f;#f;
implies f/#f;. O

Lemma 4.3.11 Two properties concerning the interaction of composition and

combination. In both cases assume a finite collection of arrows (f; : a; — x)1<;<n.

1. Given an arrow h : x — 2/, there is an arrow h' : | |, fi — |;(fi; h) such
that incy. 5; h = h'; inay, and for all 4, fi#; ht = (fi; h)*.

2. Given arrows (g; : a; — a;)1<i<n, there is an arrow (g:)' : | ],(g:; fi) — LI, f:

such that (g¢>T; incl_lifi = incl_lz‘gﬁfi'

3. Given an arrow h : x — 2/, there is an arrow g : | |.(f;; h) — x such that
h; g = inc), g and for all i, (fi; h)#; g9 = fi.
Proof For property 1, define hf to be the restriction of h to ||; fi- For property
2, define (g;)! as the inclusion. For property 3, define g(e) = h~!(e), which is
functional because h is injective, and is total because | |,(fi;h) only contains

elements in the range of h. The equations in all three cases follow immediately. []
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Using our separation predicate we define the proseparation functors as:

Ps(ay, ..., an,0) ={(fr:a1 = b, ..., fn i an — b) | V(i,7) € S-fi#f;}

The action of the functors on arrows is the obvious pre- and post-composition
operations. By Lemma 4.3.8 these preserve the separation predicates.
Unfortunately, it is not easily possible to define the structural natural transfor-
mations from abstract components as we have done in the previous examples. We
define then by working directly with our choice of coends. With this definition,

the domain of the & arrows is:

Yy
/ Py(T,y) x Ps(@,y, 1)

= {wh:b=yfora—a fyry—a fore—a) | SASY &

where S and S’ represent the separation predicates required by the separation

relations and where = is the least equivalence relation such that:

(s T Fas o o) = s Fos Fos flns 1)
if Jg:y—y.fa Zfé/\fc:fc//\fwg:fé/\g?f{/ = fy

Define & : [* PS/(?, y)x Ps(@,y, ¢, x) = Pssy (@, ?, ,x) and its inverse

as:
([, Fos Tas fi TN = (Fas T T T2)
&V T o 7o) = (L oo 57 Fovinery s o)

Before proceeding we must check that this definition is well-defined.

Proposition 4.3.12 The families @ and @' so defined are functional, natural
in @, ?, ¢ and x and are mutually inverse.

Proof  Firstly, a is functional: if (y,ﬁ),ﬁ),fy,ﬁ)) ~ (Y, %, a9y, ge) then
their values under @ should be equal. Note that we need only check that &

respects classes with respect to the condition on ~ given above, the rest follows
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from the definition of & as the least equivalence relation. If there exists h:y — 3/

such that fy; h = g, and fy =h; gy then, for all fbi:

Jois fy = Joii Py 9y = 9b,3 9y

Hence, with the fact that f, = g, and f. = g., we have:

a([(y, Fos fas fir 1)) = QY T o 9 )

Also, a preserves the separation structure by Lemma 4.3.8. Therefore, @ is a
well-defined function. The function &' also preserves the separation by Lemma
4.3.10.

The naturality of @ is clear from the definition of the functorial action of Ps;
the pre- and post-composition operations are not interfered with by a@. Naturality
for a~! follows from the first two properties of Lemma 4.3.11 and the fact that
/ is an equivalence relation.

Finally, @ and @~! are mutually inverse:

a@ T T = al( fo fFToiney 700D

— T =
= (fa: [ 5iney, g, 1)

- = —

= (fm fbafC)

where the last line follows from the factorisation property of combination noted

above. Conversely:

@ os Jas for TN = @ (Fas Joi o 12)
= [ os £2), (o £)7, Favineyy, (st 12)]

)

The argument and result are equal by Lemma 4.3.11, part 3, and the definition
of ~. 0

The natural isomorphisms \ are just the identity. Permutation natural iso-

morphisms 7 just permute the tuple of arrows. By the first property in Lemma

4.3.8 the separation property is maintained. S-Weakening, (, is just the inclusion
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of sets of tuples of arrows. Weakening holds since Ps(a) is a single element set.

Duplication Cm is defined as:
Ma(*) = (ida?ida)
Since there is no separation required in Py, (a, a,a), this is well defined.

Theorem 4.3.13 The definitions above define proseparation structure on I.

Proof It remains to verify that each of the required diagrams commutes. The
two diagrams for @ commute since it does not matter in which order we compose
the arrows. The two diagrams for \ commute because A is the identity. The
two diagrams for 7 commute because permutation of the arrows does not affect
their composition with other arrows. The diagrams for Zcommute trivially. The
interaction diagram between 7 and Zalso commutes directly. The five diagrams

for c@ all commute because cm is defined in terms of identity arrows. ([l

Corollary 4.3.14 The functor category [I, Set| is separation closed.

We can relate the constructions in this section to Day’s original construction
by noting that P49, (a,b,r) = I(a®b,x). Therefore we have that our definition

of monoidal structure in [Z, Set] by Proposition 3.2.6 is isomorphic to Day’s:

a,b a,b
/ Aa x Bb x Pyyo,(a,b,r) = / Aa x Bb x I(a ® b, x)

Moreover, the Yoneda embedding preserves this structure.

4.3.3.1 Pullback Preservation

We could further refine this model of separation by restricting our attention
to pullback preserving functors. This has the effect that each value e € Ax
determines a least object of I that it requires (see Section 5 in [O’H93]). That
is, values determine the resources they need. Hence we can have a function supp
that gives the unique resource required by a value. In this case the definition of

separation products is very simple:

S(A1, .., Ap)e = {(ar, ..., an) € Ayzx..xAyx | V(i,7) € S.supp(a;)Nsupp(a;) = 0}
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It is also the case now that the S-Weakening arrows are monomorphisms.

We do not follow up these ideas here, except to say that the category of
pullback preserving functors I — Set is equivalent to the category of sheaves over
I°? with the atomic topology [MM92, Joh89] and also the category of nominal
sets [GPO1]. Nominal sets are the objects of FM-set theory, set theory over some
collection of atoms A. This set of atoms provides the resources on which our

separation constraints can operate.






Chapter 5
Typed Computational Effects

In this chapter we develop the constructions for typed computational effects
sketched in the introduction. We will use this in the next chapter to provide
a categorical semantics for a calculus with explicit state types, and in Chapter 8
for an in-place update calculus.

We first review two existing definitions for the categorical semantics of com-
putational effects: Freyd categories and strong monads. The definition we give
for Freyd categories is different to the one in the literature [PR97, PT99], but we
prove the two equivalent and our definition will be easier to extend to the typed
computational effects case. We also give some examples of Freyd categories and
strong monads, taken from the literature, showing how they are used to model
various computational effects.

In Section 5.2, we give our definitions for typed computational effects. The
first is parameterised Freyd categories in Section 5.2.1, an extension of the defi-
nition of Freyd categories. We also define a notion of closure for parameterised
Freyd categories and give some examples of parameterised Freyd categories, mod-
elling global typed state, category actions and composable continuations. Follow-
ing this in Section 5.2.2 we give our definition of parameterised strong monads,
an extension of strong monads. In Section 5.2.3 we show that, assuming closure,
the two definitions are equivalent up to isomorphism.

We build on these definitions in Section 5.3 by extending both definitions
to deal with the lifting of typed computational effects to larger effect types. In

127
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the case of state, this will allow the embedding of local computations in larger
states, in the sense of Separation Logic [Rey02]. We prove that the two extended
definitions are equivalent, up to isomorphism, in Section 5.3.3.

In Section 5.4 we define two extra conditions that apply to parameterised
Freyd categories and parameterised monads and show that they extend the equiv-
alences of the previous sections. We consider the mono requirement for parame-
terised monads, copying the mono requirement for normal monads [Mog91], and
extend this to a condition equivalent to the Kleisli functor being full and faithful
for certain objects of the parameterising category. We also consider an appro-
priate notion of commutativity for double parameterised Freyd categories and
monoidal parameterised strong monads. Finally in Section 5.4 we define a second
notion of closure for double parameterised Freyd categories. We call a closed dou-
ble parameterised Freyd category with this additional form of closure a Typed
Command Category.

The original idea for parameterised monads came from a post on the haskell-
cafe mailing list by Chung-chieh Shan!. The technical definitions of parameterised

monads and the rest of the work in this chapter are the work of the author.

5.1 Computational Effects

5.1.1 Freyd Categories

As mentioned in the chapter introduction, the definition of Freyd category given
by Power and Robinson [PR97] and Power and Thielecke [PT99] is different to
ours. We give their definition in Section 5.1.1.1 and prove that it is equivalent.
The definition that follows will be easier to extend to the parameterised case in
Section 5.2.

In Power and Thielecke’s original definition they require the base category C to
have finite products. We generalise this slightly to requiring symmetric monoidal

structure. Let (C,®, I, a, A, p,o) be a symmetric monoidal category.

lhttp://haskell.org/pipermail/haskell-cafe/2004-July/006448.html
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Definition 5.1.1 Freyd category structure on C consists of a category K and

three functors:
J:C—=K ©:CxK—=K S: KxC—=K
Such that:

1. J is identity on objects;

2. The monoidal structure of C is respected: A@ JB=JAS B = J(A® B)
and feJg=Jfcg=J(f®g);

3. The family of arrows Jay g ¢ is natural in the following pairs of functors:
(-10—2)0-3——-10(—2®—3) (-1©—2)0-3—-10(—206 —3)
(1 ®—2)0—3——19(—29—3)
The family of arrows Jo 4 p is natural in the following pairs of functors:
—10 —2— —280 — —19—2— 20—

The family of arrows J\4 is natural in the pair of functors — &1 — —, and

similarly for the right identity family, p.

The functors © and & are C-actions on the category K in the sense of [BCS97].

As with symmetric monoidal structure we refer to a tuple (C,K,J,©,0)
(where C itself is an abbreviation for a symmetric monoidal category) as a Freyd
category. As a shorthand we will just refer to some identity-on-objects functor
J : C — K as being a Freyd category and leave the rest of the structure as
implicit. We will refer to the two functors © and ©, along with their required
properties, as premonoidal structure. This is following Power and Robinson’s
definition (see Section 5.1.1.1 below), even though in our definition they cannot
be fully defined without the functor J.

Also following Power and Robinson, we define the notion of centrality.

Definition 5.1.2 Given a Freyd category J : C — K, an arrow ¢: A — A’ of K

is central if, for all arrows ¢ : B — B’ of K:

coB;Aod=Aad;co B
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The next lemma will be useful in establishing the connection between our
definition of Freyd category and that of Power, Robinson and Thielecke (Section
5.1.1.1).

Lemma 5.1.3 Given a Freyd category J : C — K, all arrows of the form Jf

are central.

Proof For any arrows f: A— A’ of Cand ¢: B — B’ of K:
JfeBAec=J(feB);Aec=foac=Acc¢J(feoB)=Acc¢JfoB

O

Definition 5.1.4 A Freyd category J : C — K is closed if the functor — © B
has a specified right adjoint for all objects B.

Closure is used to interpret function types and plays a crucial role in the
equivalence between Freyd categories and strong monads. We will use the no-
tation B — — for the chosen right adjoint to — © B. By Mac Lane’s Theorem
§IV.7.3 [Mac98|, the adjunctions give a functor — — — : K x K — C. We will

use A for the isomorphism of homsets:
A KA®B,C)=C(A,B—C)

and ev for the counit:

evap:(A—-B)®@ A— B

We now give some examples of Freyd categories that model some kind of com-
putational effect: global state, tracing and continuations. It is possible to model
many other kinds of computational effect with Freyd categories: see [BHMO02] for
other examples in terms of strong monads such as non-determinism and interac-
tive input/output, also Moggi [Mog89b] and Stark [Stad4] give a strong monad
for dynamic allocation. By Theorem 5.2.17, these strong monad examples can be

translated into Freyd category examples.



5.1. Computational Effects 131

Example 5.1.5 (Global State) Pick an object S of a symmetric monoidal
category C. Define K(A,B) = C(A® S,B ® S) and define J as identity on
objects and Jf = f ® S on arrows. Composition in K is just composition in C.
Define (for f: A — A’ and ¢: B — B'in K):

foc=af®ca’ cof=0®Sa;fRcatio'®s

It is easy to check that this defines a Freyd category.

This Freyd category is closed when C is closed. A choice for the closure functor
is given by:

A—-B=(A®S) —o (B®S)

The isomorphism of homsets is derived directly from the chosen closure on C.

By construing the object S as representing possible states, we can see how
this example models global state. Pure value-only computations are modelled in
C, while arrows in I have a “hidden” state component. The functor J embeds
the value-only computations of C into K by pairing them with the identity state
arrow. The two functors © and © provide a way of lifting a computation up to
a larger context.

When C is Set, we can define store and lookup operations suitable for mod-

elling a simple imperative language. Choose some set L of locations and a set V'

of values. Set S = VL and define:
store = ((I,v),s) — (*,s[]l — v]) € K(L x V,1)

lookup = (1, s) — (s(l),s) € K(L,V)
where s[l — v] is the function that maps [ to v and every other I’ to s(l').

Example 5.1.6 (Tracing) Given a monoid (M, e,-) we can define a Freyd cat-
egory J : Set — K where K(A, B) = Set(A, B x M) and J(f) = a+— (f(a),e).
Composition in £ is defined using the monoid operation - and premonoidal struc-
ture is defined using the finite product structure of Set. For every element m of
the monoid (M, e, -) we have an arrow write,, : 1 — 1in K defined as * — (x,m).
This Freyd category can be used to model programs that emit tracing information,
where the information is defined as the elements of the monoid and concatenation

is the monoid operation.
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Example 5.1.7 (Continuations) Given a cartesian closed category C with a
chosen object R, the structure of a Freyd category can be used to interpret the
order-sensitive aspect of continuations. Continuations abstract the concept of
“the next step” of a computation and first class continuations allow the program-
mer to manipulate the flow control of the program. They have been used to
provide denotational semantics of control flow features such as jumps and also
as a programming language feature in their own right. See [Rey93] for a history
of continuations and [SF89] for examples of the use of first-class continuations
in programming. The languages Scheme [CKR98] and SML/NJ (see [HDM93])
have first-class continuations.

Define (A, B) = C(RB, R?) for a chosen object R of C, with the identity-on-
objects functor J defined as Jf = R/. The functor © is defined as (for f : A — A’
inCandc:B— B in K):

feg=Mex.g\o.k(f(mz),b))(mz)

in the internal language of C. The functor © is defined similarly. It is easy to
check that this defines a Freyd category.

Since C is closed, this Freyd category is closed. A choice for the right adjoint
is:

A— B=RP= R4

using = and —~ both to stand for the exponential functor of C. The isomorphism
of homsets is defined using the adjunction for the cartesian closure of C.

The interpretation of a programming language in this Freyd category essen-
tially does a Continuation Passing Style transform [Plo75]. This transformation
makes the current continuation available and we can use it to implement first-class
continuations.

Write cont(A) for R4, the object used to interpret the type of A continuations.

Define two operators, using the internal language of C:

call/cc : K(I' x cont(A),A) — K(I', A)
call/cc = [+ AkXe. fk(e k)
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and

throwg : K(T, cont(A)) x K(I', A) — K(T', B)
throwg = (f,g) — Mkde.g(ha.f (A K a)e)e

The call/cc operator captures the current continuation (the argument k) and
passes it to the program. A continuation may be used via the throwg opera-
tion, which discards the current continuation (hence the arbitrary return type
interpreted by B) and passes control to the provided continuation.

Thielecke [Thi97] directly defines the structure required for interpreting lan-
guages with first-class continuations by starting with the definition of a Freyd
category and adding a self-adjoint functor — for interpreting continuation types.
His method has the advantage of not explicitly stating the semantics in terms of

continuation passing style. See also Selinger’s control categories [Sel01].

5.1.1.1 Power and Robinson’s Definition

In this subsection we describe Power, Robinson and Thielecke’s definition of Freyd
category [PR9I7, PT99]. They build up the definition in parts, concentrating on
the non-bifunctorality of the A ® B operation on objects.

Definition 5.1.8 Binoidal structure on a category K consists of, for every ob-

ject A € ObIC, a pair of functors:
Aeg - K- K —GA: K- K
such that A B= A& B.

For binoidal structure (©, ), we will write the object given by A©@ B = AS B
as A® B.

Definition 5.1.9 An arrow f : A — A’ of a category K with binoidal structure
is central if, for all arrows g: B — B, fe B;AA©g=A&g;fS B'. A central

natural transformation is a natural transformation with all components central.
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Definition 5.1.10 Symmetric Premonoidal Structure consists of a category K,

binoidal structure (€, ), an object I and four central natural isomorphisms:
aspe: (A®B)®C —- A® (B C) M I®A—A pa: AR — A

oa A B —B®A

Naturality in this case means natural in all the possible combinations of functors

making up the objects. For example, ¢ is natural for the pairs of functors:
Aog———-0A —G6B — Bo -

As with symmetric monoidal structure and our definition of Freyd categories
above, we refer to the tuple (K, 9,8, 1, a, A\, p, o) that satisfies Definition 5.1.10
as a symmetric premonoidal category. We will often omit everything except the

IC to save space and leave the other parts of the structure as implicit.

Definition 5.1.11 A strict symmetric premonoidal functor F' : C — K between
two symmetric premonoidal categories is a functor F' that strictly preserves all

premonoidal structure and sends central arrows to central arrows.

Definition 5.1.12 A Freyd category is a pair of symmetric premonoidal cate-
gories C, IC, where the symmetric premonoidal structure on C is given by symmet-
ric monoidal structure, and an identity-on-objects strict symmetric premonoidal

functor J : C — K.

Definition 5.1.13 A Freyd category J : C — K is closed if, for all objects
A € ObC, the functor J(— x A) has a specified right adjoint.

Theorem 5.1.14 There is a bijective mapping between our Freyd category def-
inition and that of Power, Robinson and Thielecke. This bijection extends to

closed Freyd categories.

Proof The first part is a special case of the upcoming Theorem 5.3.7. For the
second part, observe that, given the definitions in the proof of that theorem, the

two definitions of closure are identical. O



5.1. Computational Effects 135

5.1.2 Strong Monads

Moggi used strong monads to provide a categorical semantics for his Computa-
tional A-calculus, A¢, [Mog89a]. The computational A-calculus is intended to be
used as a meta-language for programming language semantics; the syntax of the
language under study is translated into A¢, with some extra constants, and the
interpretation of A¢ in terms of strong monads provides a categorical interpreta-
tion of the original language. The distinguishing features of the source language,
such as state, input-output, continuations or dynamic allocation, are modelled
by choosing an appropriate monad. The point of using strong monads is that
all these examples have a common requirement of the separation of values and
commands and sequencing, and this is provided by strong monads.

As in the previous subsection, let (C,®, I, a, A, p, o) be a symmetric monoidal

category.

Definition 5.1.15 A monad on C consists of an endofunctor T': C — C, and two
natural transformations: the unit n: Id = T and the multiplication p: T* = T.
These must obey the diagrams:

Tna nTA
TA ——T(TA) <——TA T(T(TA)) T~ T(TA)
idpa A idpa Tpa HA

pA
" T(TA) —™—~ 74

Given a monad (7,7, ), Moggi interprets programs in a call-by-value pro-
gramming language as arrows A — TB. The definition of a Kleisli category

forms a category of these arrows.

Definition 5.1.16 Given a monad (7,7, 1) on C, the Kleisli category Cr has:
Objects Objects of C;

Arrows A — B Arrows A — TB of C

Identities are defined as ny € C(A, TA) = Cr(A, A) and compositionof f : A — B
and g : B — C is defined as f;Tg; uc € C(A, TC) =Cr(A,C).
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There is an identity-on-objects functor Jp : C — Cr defined as Jrf = f;np on
arrows. When constructing the equivalence with (parameterised) Freyd categories
in Section 5.2.3, the Kleisli category will play the role of the category K in the
definition of a Freyd category.

In order to correctly model typing contexts, the monad structure must in-
teract with the symmetric monoidal structure of C. This interaction is provided
by a strength natural transformation. Moggi [Mog91] provides several other for-
mulations of strength for a monad in terms of functor categories and enriched
categories which serve to motivate the definition, but here we just use the formu-
lation in terms of a natural transformation. The definition of strength for monads

is originally due to Kock [Koc72].

Definition 5.1.17 Given a monad (7,7, 1), a strength is a natural transforma-

tion T4 : AR TB — T(A® B) that obeys the following diagrams:

(A B)®@TC —— T(A® B)® C)

IQTA ———=T(I®A) a
\ T A® (B TC) Ta
TA ART

ART(B®C) —= T(A® (B ())

A®T(TB) 2% T(A® TB)

A® B A®up Tr
A®nB M A®TB T(T(A® B))
A®TB —— T(A® B) T paeB

T(A® B)

Using the strength part of a strong monad we can define premonoidal structure

on the Kleisli category. Given a strong monad (7,7, u, 7), define functors (for
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f:A— A inCandc: B— B inCr):
ferc=fo®ctap cOr f=c® fio;m;To

On objects they are both equal to ®. This definition, generalised to parame-
terised strong monads, will lead to the equivalence between parameterised Freyd
categories and parameterised strong monads in Section 5.2.3.

In order to interpret function types we use the definition of Kleisli exponential.

We use the premonoidal structure just defined.

Definition 5.1.18 A symmetric monoidal category C with a strong monad
(T, n, 1, 7) has Kleisli Exponentials if, for each object B, the functor — ©r B :
C — Cr has a specified right adjoint.

As for closed Freyd categories, we use B — — for the chosen right adjoint and

the following symbols for the natural isomorphism of homsets and the counit:
A:Cr(A® B,C)=C(A,B— () evap:(A—-B)® A— B

We now give some examples of strong monads, matching the examples of
Freyd categories in Section 5.1.1. By the upcoming Theorem 5.2.17 we know
that this can be done for all closed Freyd categories, but we spell out the details
here to demonstrate the interpretation of computational effects in terms of strong
monads. As noted above, there are many other examples of strong monads which
model computational effects [BHMO02, Mog89b, Mog91].

Example 5.1.19 (Global State) The global state Freyd category in Example
5.1.5 can be expressed as a strong monad, as long as the symmetric monoidal
category C is closed. Choose an object S of C and define TA =S — (A® S)

with unit, multiplication and strength:

na = A(idags) pa =S —o evs (azs) Tas = AMA®evg (eg);a )

where A is the isomorphism of homsets for the closed structure and ev is the
evaluation natural transformation. Since C is already assumed to be closed this
monad has Kleisli exponentials. The operations store and lookup can be defined

as for the Freyd category example.
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Example 5.1.20 (Tracing) Example 5.1.6 can also be expressed as a strong
monad. Given a monoid (M, e,-), define T(X) = X x M and na = a — (a,e)

and pa = ((a,my), my) — (a,my - my) and 74 5 = (a, (b,m)) — ((a,b), m).

Example 5.1.21 (Continuations) Finally, the continuations Freyd category
(Example 5.1.7) can also be expressed as a strong monad. Given a cartesian closed
category C, choose an object R and define TA = REY with unit, multiplication
and strength (using the internal language of C):

ma=XaMeka  pa= AN fOKR KR tan = Ma, f) Mk f(Ab.k(a, b))

The call-with-current-continuation and throw operators may be defined as oper-

ators on the Kleisli category in a similar way to the ones for the Freyd category.

5.2 Typed Computational Effects

5.2.1 Parameterised Freyd Categories

As described in Section 1.3.1, we extend Freyd categories J : C — K by adding
a start and end object to each arrow of the category K, this is used to interpret
computations from some start state type to some final state type. State types are
interpreted in a category S. At this point we do not require any extra conditions
on this category. Typing contexts and result types are still modelled in C, so
symmetric monoidal structure is required to model them, and premonoidal struc-
ture is required to model the lifting of a computation (interpreted as an arrow
in ) to a larger context. The functor J is now an identity-on-objects functor
CxS—K.

Our alternative definition of Freyd category is easier to extend to this new
situation than Power, Robinson and Thielecke’s definition because it is no longer
possible to define premonoidal structure directly on X and have J preserve it.
We must take into account the way that C and S are incorporated into IC by J.

Let (C,®,1,a, A, p,0) be a symmetric monoidal category and let S be a cat-

egory.
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Definition 5.2.1 Parameterised Freyd structure on C,S with respect to C con-

sists of a category KC and three functors:
J:CxS—=K Q:CxK—-K S:KxC—=K
Such that:
1. J is identity-on-objects;

2. The monoidal structure of C is respected: A© J(B,X) = J(A,X)e B =
J(A® B, X) and f © J(g,w) = J(f,w) © g = J(f © g, w);

3. The family of arrows J(aapc,ids) must be natural in the following pairs

of functors:

(—16—2)8—3—=—10(—2® —3) (—19©—2)8—3—=>—19 (20 —3)
(1@ =)0 —3—> 18 (28 —3)

The family of arrows J(o4p,ids) must be natural for the following pairs of

functors:
—10 —2—= —280 —1 —19—2— 20—

The family of arrows J(A4,idx) must be natural in the pair of functors

— & I — —, and similarly for the right identity natural transformation, p.

As before, we term a tuple (C,S, K, J,©,9) a parameterised Freyd category
when it satisfies this definition. We will often just refer to a functor J : C xS — K
as a parameterised Freyd category and leave the rest of the structure implicit. The
definition of Freyd category (Definition 5.1.1) is a special case of this definition
when § = 1.

When verifying naturality of the structure transformations it is only necessary
to check that it holds for the K position. The naturality in the C arrows follows

automatically from the naturality of o in C:

(a,id);co (f®g)
= (a,id);id e (f ® g);c S id
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= (ayid); (id,id) & (f ® g);c o id
= (o,id); (id® (f ®g),id); c & id
= ((d f)®g,id); (a,id);c S id

Hence, if (a,id) is natural in the K argument it is natural in all arguments. A
similar argument applies to the other naturality conditions for associativity and

the other structure transformations.

Definition 5.2.2 A parameterised Freyd category J : C x § — K is closed if,
for all (B, S1) € ObK, the functor — © (B, S1) : C — K has a right adjoint.

We will use (B,S;) — — for the chosen right adjoint. As for closed Freyd
categories and Kleisli exponentials, we use the following symbols for the natural

isomorphism of homsets and the counit:
A:K((A® B,51),(C,52)) = C(A, (B, S1) — (C, 52))

eva,B,s,ss - ((A,51) = (B,5) ®A,S1) — (B,S)

Example 5.2.3 (Pair Categories) For any two categories C and S, set K =
C x § and J to be the identity functor. If C has symmetric monoidal structure

then J is a parameterised Freyd category with f © (g,5) = (f ® g, 5).

The rest of our examples all generalise the examples given for Freyd categories

to take advantage of the parameterisation.

Example 5.2.4 (Typed Global State) We extend Example 5.1.5. For any
category C with symmetric monoidal structure (®, I, a, A, p, ) and a category S
with a functor~: § — C, define the category K as having objects: pairs of objects
of C and S; and homsets K((A, Sy), (B, S:)) = C(A® 51, B® S;). Composition is
carried over from C and identities are given by the obvious pair of identity arrows.
Define J : C x § — K as the identity on objects and as (f, s) — f ® 5 on arrows.
Define (for f: Ay — Ay and ¢: (By,S1) — (B2, 52)):

fec=afoca™ cof=00S;afoca oS,
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It is easy to check that these definitions satisfy the properties required in Defini-
tion 5.2.1.
When the symmetric monoidal structure of C is closed then this Freyd category

is closed. A choice for the functor is given by:
(A,81) = (B, S2) = (A® S) — (B® 5))

the isomorphism of homsets is defined using the closed structure of C.
Given these definitions we can define typed storage and retrieval operations.
Assume that the symmetric monoidal structure on C is actually given by finite

products and that S has a terminal object I preserved by -~ and define:

storeg (§,I)—>(1,S)
1

storeg = Sx1 <%> x S
retrieves  :  (1,9) — (S, 5)
retrieves = 1 X S <7ﬂ$> Sx S

We will show in Appendix B that the parameterised monad corresponding to
this parameterised Freyd category (Example 5.2.11) arises as the parameterised

monad for the category of algebras with these operations obeying some axioms.

Example 5.2.5 (Category Actions) This example generalises Example 5.1.6
from monoids to categories. Take the category C to be Set. For any category
S with small homsets, define K as having objects: pairs of sets and objects of
S; and homsets: K((A,S1),(B,Ss2)) = Set(A,S(51,52) x B). Composition is
defined as:

A -5 8(S1,8,) x B % S(S1, S5) x S(Sa, S3) x C 5 S(S,,85) x C
where comp is composition in S. Set J(f,s) = (I;5, f), where §: 1 — S(S1, 52)
is the function picking out the element s and ! is the unique map to the single
element set. For f : (A;,S1) — (As,S2) and a : By — By, define a © f =

a X f;(my, (m,m3)) and similarly for f S a.
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As an application of this consider the category StkPrg of very simple stack
machine programs: objects are natural numbers denoting stack depths and the

arrows are generated from the following rules:

1 integer
0o 0 2ty 2 1y ey
e, .y
[C1.C3] €]
a — ¢ a+n—a+n

Composition of [¢7] : @ — b and [¢3] : b — ¢ is defined as [¢7, €3], which is an

arrow by these rules.
Taking J : Set x |StkPrg| — K as defined above, where |StkPrg| is the
discrete category with natural numbers as objects, we can define the following

arrows in /C:

pushy, : (Z,n) — (1,n+1) = i (x,[push.i])
add, : (1,n+2) — (1,n) = *+— (x,[add])
dup, : (IL,n+1) = (I,n+2) = *— (%,[dup])

where Z is the usual set of integers.

Thus, arrows in JC model programs that construct stack machine programs
that do not have the possibility of stack under- or over-flow at runtime and they
do this parameterised by a “value” context. One can also envisage more complex
examples involving typed stacks and the generation of programs with (backwards)
jumps.

Since Set is cartesian closed this parameterised Freyd category is closed. A

choice for the closure functor is:
(A, Sl) — (B, SQ) =A== (B X S(Sl,SQ))

where = is the set-theoretic function space. The isomorphism of homsets is

directly derived from the cartesian closure of Set.
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Example 5.2.6 (Composable Continuations) Parameterised Freyd categories
provide a way to interpret Danvy and Filinski’s composable continuations [DF89).
Composable continuations provide access to evaluation contexts smaller than the
whole program, delimited at runtime by the “reset” operator. The current con-
text is made available to the program by the “shift” operator. In contrast, the
“call with current continuation” operator described in Example 5.1.7 only allows
the entire program to be treated as the current context. The following is inspired
by Wadler’s attempt to express composable continuations in terms of monads
[Wad94].

Given a symmetric monoidal closed category C, define I to have objects pairs
of objects of C and K((Ay, As), (B1, B2)) = C(By; — By, A — Ay). Composition
in K is reverse composition in C. Define the functor J : C x |C| — K to be
J(f,A) = f — A, where |C| is the discrete subcategory of C.

For f:C — C" and g : (A1, As) — (B, Bs) define

f©g=XMezlet (z1,29) = x in g(Nb.k(fx1,b))xs

in the internal language of C.
In terms of the type system given by Danvy and Filinski in [DF89], a judge-
ment p,a = E : 7,3 is interpreted as an arrow ([p], [8]) — ([7],[a]). The reset

operator is interpreted as a function of homsets of K:
reset + K((A, B), (X, X)) = K((A,Y), (B,Y))
reset = fr— Aka.k(f(Ax.z)a)

Thus reset calls f with the empty context, represented by the identity function,
and its input a; feeding the output to the current continuation.
The functor J is value-closed since C is closed. A choice for the right adjoint
is:
(A1, A2) = (B1, By) = (By —o By) —o (A — Ay)
The isomorphism of homsets is directly definable from the closed structure of C.
With closure we can define the shift operator to complement the reset oper-

ator.

shift : K((E x (T, D) — (A, D), B), (X, X)) — K((E, B), (T, A))
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shift = f— Mke.f(Az.x)(e, \K't.K (kt))

See [DF89] and [Wad94] for examples of the use of shift and reset. This example
needs much more work to establish the precise categorical properties of shift
and reset, and to potentially axiomatise it without reference to an underlying

continuation passing interpretation, following the lead set by Thielecke [Thi97].

5.2.2 Strong Parameterised Monads

This subsection extends the definition of a strong monad to that of a strong
parameterised monad, where the parameterisation is over an arbitrary category S.
Strong parameterised monads, with the appropriate notion of Kleisli exponential,
will be shown to be equivalent to closed parameterised Freyd categories in the
next section.

As in the previous subsection, let (C,®, I, a, A, p, o) be a symmetric monoidal

category and let S be a category.

Definition 5.2.7 An S-parameterised monad on C is a triple (T',n, ), consist-
ing of a functor T': S°® x & x C — C; a family of arrows ng 4 : A — T(S, S, A),
for each A € ObC and S € ObS, natural in A and dinatural in S; and a family of
arrows (s, ,.95.4 : 1(S1,S2,T(Sa, 53, A)) — T(51, S, A), for each A € ObC and
S1, 59,53 € ObS, natural in S, S3 and A and dinatural in .S,. These transforma-

tions must obey the following commuting diagrams:

T(S1,52,145,,55,5,)
T(Sl,Sz,T(S%SS,T(SS,SzL,—)S) %SﬁShSQ,T(SQ,S@—))
MSl,SQ,S3,T(S3,S4,7) Hsl,SQ,S4

u51,53,54

T(SlaS37T(S37S47 _)) T(Sl’S4)

T<Sl7 527 _TSSlM’_jﬂ(Sl? Slv T(Sla S27 _))
T(S1,52,ms,) » KS1,81,87

HSq,89,59

T(Sl7 527 T(527 827 _)) - T(Sb 527 _)
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In Appendix B we will justify the name “parameterised monad” by relating
this definition to adjunctions with parameters.

Analogously to the case for parameterised Freyd structure, when S is the one
object, one arrow category this definition is obviously equivalent to the standard
definition of a monad. We now extend the definition of Kleisli category (Definition

5.1.16) to parameterised monads.

Definition 5.2.8 Given an S-parameterised monad (7,7, 1) on C, define the

Kleisli category Cr as:
Objects Pairs of objects of C and S;
Arrows Cr((A4,5S1),(B,S2)) =C(A,T(51,Ss, B)).

where identities are given by nas : A — T(S,S,A) and composition of f :
(A,51) — (B, Ss) and g : (B, Sz) — (C, S3) is given by f;T(S1,5%,9); 14, ,55.55.8-

The proof that this definition defines a category is almost identical to the
standard one [Mac98] §VI.5; the extra parameterisation plays almost no role.
There is also a functor Jy : C x § — Cp which is identity on objects and sends
arrows (f : A — B,s:S; — S2) to ns, .4;T(S1,s, f). The proof that this defines
a functor is by simple calculation.

The notion of strength generalises easily to parameterised monads:

Definition 5.2.9 Given an S-parameterised monad (7,7, ), a strength is a
natural transformation 74¢, 5,5 : A ® T(51,52,B) — T(5,52,A ® B) that

obeys the following commuting diagrams:

[@T(Sl,SQ,A) 47—) T(Sl,SQ,[®A)

T~

T(Sy,52,A)

T(S1,52,))
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(A® B) ®T(517527C) —— T(‘Sl?SQ? (A ® B) ® C)

[0}

A® (B®T(5,5,C)) T(81,52,0)

ART

A®RT(S1,S,BRC) —— T(S,5,A® (B (C))

e

A®T(S,S,B) —— T(S,S,A® B)

A®B

A®ns

A &® T(Sl, SQ, T(SQ, 53, B)) — T(Sl, SQ, A &® T(SQ, 83, B))
A®ps,,S5,53 [ T(S1,52,7)
A®T(Sy,Ss, B) T(S1,85,T(Sy, S35, A® B))

T
\ HSy,S85,53

T(S1,53, A® B)

As with non-parameterised strong monads we can define premonoidal struc-
ture on the Kleisli category using the strength. Given a parameterised strong
monad (7', n, u, 7), define functors (for f : A — A"inC and ¢ : (B, S;) — (B',5))
in Cr):

JOrc=[f®cTa s 5,8
cOr [ =c® fi00(8,9,8),45 Tar,51,55,8 T (S1, S2, 04, p7)

On objects they are both equal to ®. The definition is part of the equivalence
between parameterised Freyd categories and parameterised strong monads de-
scribed in Section 5.2.3.

In order to interpret function types we extend the definition of Kleisli expo-
nentials to parameterised strong monads and their Kleisli categories. We use the

premonoidal functors just defined.
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Definition 5.2.10 A symmetric monoidal category C with a strong monad
(T,n, pn,7) has Kleisli exponentials when, for all objects (B,S;) € ObCrp, the
functor — @ (B, S1) : C — Cr has a specified right adjoint.

We will use the notation (B, S;) — — for the given right adjoint. As above,

we will use the following symbols for the isomorphism of homsets and the counit:
A CT(A & B, Sl), (C, 52)) = C(A, (B, Sl) — (C, SQ))

evas,.B,s, | ((A,S1) = (B,5) ® A, S1) — (B, 53)

In the remainder of this section we show how some of the examples of param-
eterised Freyd categories can also be expressed as strong parameterised monads.
Example 5.2.3, pair categories, is not expressible because it is not closed. All
of the other examples are instances of the general Theorem 5.2.17, proven in
the next subsection, relating parameterised Freyd categories and strong parame-

terised monads.

Example 5.2.11 (Typed Global State) Example 5.2.4 can be expressed as a
strong parameterised monad when the category C is closed. Let C be a symmetric
monoidal closed category and S an arbitrary category with a functor ~: & — C.
Define T : 8P x § x C — C as T(S1,59,A) = 51 — (S2 ® A), where —o is
the closure functor of C. Monad unit, multiplication and strength are all defined
in the obvious way from the structure of C. A choice for Kleisli exponentials is
given by A — 57 —o (S ® B). The typed store and retrieve operations given
in Example 5.2.4 can also be expressed as arrows in the Kleisli category of this
monad.

We also show in Appendix B that this monad also arises as the composite of
an adjoint pair of functors between a cartesian closed category C and a category

of typed global state algebras.

Example 5.2.12 (Category Actions) Example 5.2.5 can also be expressed as
a parameterised monad. As before, let C be Set and S be any category with small

homsets. Define the functor part of a monad as 7'(S1, 52, A) = A x §(51, 52).

The unit and multiplication of the monad are defined using the identities and
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composition of S respectively. Strength is defined using associativity. A choice
for Kleisli exponentials is given by (A,S;) — (B,S2) = A = (B x 8(51,52)),

using the cartesian closed structure of Set.

Example 5.2.13 (Composable Continuations) Example 5.2.6 is also express-
ible as a parameterised monad, via currying. Given a symmetric monoidal closed
category C, define the functor part of the monad T : |C|°® x |C| x C — C as
T(Ry, Ry, A) = (A —o Ry) —o Ry, where |C| is the discrete subcategory of C and
—o is the functor for the closed structure of C. Monad unit, multiplication and

strength are defined as (using the internal language of C):
ns,a = Aa.\k.ka Sy.5.55.4 = ANk f (A K'E)

Ta.51.9.8 = MNa, f). k. f(Ab.k(a,]))

Note that these are all the same as the definitions for the normal continuations
monad 5.1.21, but with more variation in the types. The shift and reset operations
of Example 5.2.6 can also be given as operators on the Kleisli category of this

monad. Kleisli exponentials can be given by using the closure C.

5.2.3 Equivalence

The aim of this subsection is to prove that the definitions of strong parameterised
monad with Kleisli exponentials and closed Freyd structure on a given C and § are
equivalent up to isomorphism. We do this by constructing a category of each and
proving that the categories are equivalent. As a special case when § = 1 this will
prove that closed Freyd structure and strong monads with Kleisli exponentials
are also equivalent up to isomorphism.

As in the previous two subsections, let (C,®,I,a, A, p,0) be a symmetric

monoidal category and let & be a category.

Definition 5.2.14 The category CPF(C,S) is defined as:

Objects Closed parameterised Freyd structure on C, S with respect to C;
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Arrows An arrow [ : (Ky,J1,01,81,—1,A1) — (Kg, J2, 02,59, —2,As) is a

functor f : Ky — Ky that commutes with the structure:
Jis f = Idx f;©2=6; f [ X 1d; 02 = 0 f
Identities are identity functors and composition is functor composition.

Note that this definition implies that all the functors underlying arrows in

CSF(C,S) are identity on objects.
Definition 5.2.15 The category CSPM(C, S) is defined as:
Objects Strong S-parameterised monads on C with Kleisli exponentials;

Arrows Anarrow f: (Ty,n1, p1, 71, —1, A1) — (T, M2, pt2, T2, —2, Ao) is a natural
transformation f : T} = 15 : S°°® X § x C — C which must commute with

all the structure of the monad:

11,5,A
A ——— Tl(S S A) 1,82,
A®Ti(S,Ss, B )1ﬂ> T(S1,52, A® B)
n2.5.4 fs,5,4 A®fsl,52,3l lfﬁ'l,SQ,A®B
T2,A,571,59,B,
A@TQ(Sl,SQ, ) — TQ(Sl,SQ,A®B)
T2(S7 S> A)
(SbSQ;Tl 827537 5‘1%%} 517537A)
f31,52,T1(52,53,A);T2(517527f32,s3,14)l lfSLSS’A

S@ ,S1,S9,53,4

T5(S1, S2, T5(Ss, S3, A)) —— 15(541, 55, A)

Identities are identity natural transformations and composition is by com-

position of natural transformations.

We must show that these two definitions actually define categories. In par-
ticular, that the given identities are really arrows of the category, and that the

given composition is similarly well-defined.

Proposition 5.2.16 Definitions 5.2.14 and 5.2.15 define categories.
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Proof Identity functors trivially satisfy the requirements of arrows of CPF(C,S);

the three equations are trivially satisfied. Composed arrows are also well-defined:
Jisfi9="Josg=Js Id x (f;9);©3=1d x f;©29=©1;f;g

(fi9) x Id;63 = f x Id; G259 = Ga; f1 g

where each sequence of equations follows from the corresponding equations for
the arrows f and g. For CSPM(C,S), it is immediate that identity natural
transformations are the identity arrows. The composition of two arrows also

obeys the three diagrams:
ms 59 =129 = s T [9=AR fimg=AQ [;AQg;Ts

pi frg=T1f; fiues 9 =Tuf; fi19; 9508 = T1(f59); 595 s

where each sequence of equations follows from the corresponding equations for
the arrows f and g and, in the case of u, by naturality of these arrows. In both
cases, the fact that composition respects identities and is associative follows from

standard facts about functors and natural transformations. O

We now show that our two categories are equivalent and, as a special case,
that the non-parameterised definitions of Section 5.1 are equivalent. The bulk
of the proof, which is comprised of tedious checking of the requirements of the

definitions, is relegated to the appendix, in Section A.1.

Theorem 5.2.17 The categories CPF(C,S) and CSPM(C, S) are equivalent.
Proof We define a functor F : CSPM(C,S) — CPF(C,S) and show that it

is an equivalence. The functor F' is defined as:

(T7777,u77—7 - _7A)) = (CT7 JTv@T7®T7 - _7A)
f T=T15 — (g : (A731> - (3752)) = g; fSLS27B

where the functor F'f is necessarily always identity on objects. See Section A.1.1
for the proof that this definition is well-defined.

This functor is full and faithful. For every arrow f : F(T}) — F(13) of
CPF(C,S), define F~'f : T\ = T as f(idp(s,,5,,4)) (treating f as a function
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C(A,Ti(S1,52,B)) — C(A, T5(S1, 52, B))). See Section A.1.2 for a proof that this
is indeed an inverse operation on arrows.

This functor is also essentially surjective. Given an object X = (K, J,©,8,— —
—,A) in CPF(C,S), define an object Y = (T%,n%, uX, 7%, — =% — AX) as:

TX(S1,8,A) = (I,5)) — (A,S,)
mea = Mpa,S)
B sasea = AeviJ(p™h, So);ev)
Tisl’S%B = A(J(a,S1); A€ ev)
(A,8)) =~ (B,S;) = (A,8)) — (B,S,)
(A,8) =% f = (A4,8) = (J(p~, S2); AH(S))
A(f) = AMJ(pagp: S1); A7)

where ev = A7!(id). See Section A.1.3 for a proof that this is an object of
CSPM(C,S) and that FY = X.
Given that F' is full and faithful and essentially surjective, it follows that F

is an equivalence, as required. [l

5.3 Monoidal Typed Computational Effects

In this section we deal with extending the definitions in the previous section with
extra structure for embedding typed computations in larger state types. We prove

that these two definitions are equivalent in Section 5.3.3.

5.3.1 Double Parameterised Freyd categories

We extend the definition of parameterised Freyd category (Definition 5.2.1) to
allow computation in an state context by simply requiring premonoidal structure
with respect to § as well as with respect to C. The new definition is completely
symmetric in terms of C and § and it is only the definition of closure that distin-
guishes between them. We call the new definition Double Parameterised Freyd

structure.
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With two premonoidal structures we can define a single premonoidal structure
with respect to C x §. Using this, we show that double parameterised Freyd cate-
gories are equivalent to certain Power, Robinson and Thielecke Freyd categories,
as defined in Section 5.1.1.1.

Let (C,®,1,a,\ p,0) and (S,®,1,a, A, p,0) be symmetric monoidal cate-
gories. The two monoidal structures are distinct but we use the same notation
for both of them to maintain the connection with the definition of monoidal

structure. We hope that this does not cause too much confusion.

Definition 5.3.1 Double parameterised Freyd structure on C, S consists of a

category K and five functors:
J:CxS—K Qc:CxK—K Sc:KxC—K Qs : SXxK—-K
s KxS—K

such that J is identity-on-objects and (J, ©¢, S¢) and (J, ©s, Ss) obey the obvi-

ous adaptations of the conditions of Definition 5.2.1.

As before, we shall refer to a tuple (C,S, K, J, ©¢, S¢, Qs,Ss), where C and
S are symmetric monoidal categories, as a double parameterised Freyd category.
We will often just abbreviate this to the functor part J : C x § — K and use the

notation in the definition for the premonoidal structure.

Example 5.3.2 Extending Example 5.2.3, Pair Categories, if S is symmetric
monoidal, then the identity functor Id : C xS — C xS can be given parameterised

symmetric premonoidal structure with respect to S in the obvious way.

Example 5.3.3 Example 5.2.4, Typed Global State, can be extended to have
parameterised symmetric premonoidal structure with respect to & when S has
symmetric monoidal structure and the functor ~ : & — C is strict symmetric

monoidal. Define:
s05c=A®(5,95) 25 ©(A05) 255 (BeS) 2B (S, oS

cOss=A0(5®85)=(A05)25 =5 (BeS) @S5~ B (S, 5))



5.3. Monoidal Typed Computational Effects 153

These operations allow us to lift stateful computations up to larger states; we
can take a computation that operates locally, taking a state S; to a state Sy, and
embed it into larger start and finish states S ® S; and S ® Sy. This is the basis of
the frame rule and localised reasoning in Separation Logic [Rey02]. In Chapter
7 we give a more sophisticated example of a model of type-localised state using

functor categories that captures the non-changing size of the heap as well.

Example 5.3.4 The Category Actions example, Example 5.2.5, can be given
parameterised symmetric premonoidal structure with respect to & when S is

symmetric monoidal. Define:

(15,0) ®&xB

s@sc=AY 88,85 x S(S1,5) x BEES(S® 51,8, ® S,) x B

(e53) D

cOss=AS8(5,8) x Bx8(S,,5,) 2 S8, ® 5,8, ®S,) x B

Where 5 is the arrow 1 — S(S), S4) picking out the arrow s, and & is the action

of the monoidal structure of S on arrows.

We now show that double parameterised Freyd categories are equivalent to
certain Power, Robinson and Thielecke’s Freyd categories (Section 5.1.1.1). We
will do this by defining premonoidal structure on X using the two sets of pre-

monoidal functors. Firstly, the two premonoidal structures on J commute:

Lemma 5.3.5 Given a double parameterised Freyd category J : C x § — K,
then the following equations hold for all s : S — Sy, f : A1 — Ay and ¢ :
(B1,51) = (B2, 5).

sOs (f&cc)=[&c(ssc) (cGc f)Gss=(cOss)Se f

$sOs (cGe f) = (s©sc)Cc f fec(cGss)=(f&cc)Gss
Proof The first equation: s ©s (f ©c ¢) = (f ®id, s ® id);id ©s (id ©¢ ¢) =

f© (s©c). The second equation is similar.

The third equation, by the second equation and naturality:

sQs(cCe f)
= $0s(cGc[);(Ba® Az, 050 )
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(By ® Ay, 0); (c e f) Gs 53 (Ba © Ag,077)
(B1 ® A1,0); (cGs 5) Sc f;(Ba,o ') © Ay
(B1 @ Ar,05071); (s @s¢) Gc f
(s@sc)ce f

The fourth equation is similar. 0

With this we can unambiguously define parameterised symmetric premonoidal

structure with respect to C x S:

cO(f,s)=(c&c[f)Sss (f,s)oc=fec(sGsc)

It is easy to see that the structure transformations generated by the pairs of
structure natural transformations from C and § satisfy the required naturality
conditions.

Next, all arrows given by J are central in the sense of Definition 5.1.2. This
will allow us to establish that J is a strict symmetric premonoidal functor, and

hence part of the structure of a Power, Robinson, Thielecke Freyd category.

Lemma 5.3.6 Given a double parameterised Freyd category J : C x § — I,
all arrows of the form J(f,s) are central. That is, for all ¢ : (B, S]) — (B, S5):

(A1,51) © ¢ (f,8) © (B2, 53) = (f,5) © (B1,51); (A2,5) © ¢
Proof (Aj,51)©c¢; (f,s)5(Bg, S) = (f,s)©c= (f,s)5(B1,57); (Ag, So)ecO
The next proposition shows that double parameterised Freyd categories are
equivalent to certain Power, Robinson, Thielecke Freyd categories. As a spe-

cial case, when § = 1, this proves Theorem 5.1.14 that our definition of Freyd

categories and the Power, Robinson, Thielecke definition are also equivalent.

Theorem 5.3.7 Given a double Freyd category J : C x & — K we can define
symmetric premonoidal structure of I, in the sense of Definition 5.1.10, such that
J is a strict premonoidal functor.

Conversely, given a symmetric premonoidal category K, in the sense of 5.1.10,

and a functor J : C xS — K which is strict symmetric premonoidal, we can define
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functors ©¢, S¢, s, Ss such that J : C xS — K is a double parameterised Freyd
category.

These two operations of definition are mutually inverse.

Proof Take the pointwise symmetric monoidal structure on C x S arising from
the structure on the two categories.

Binoidal structure on K is given by (A4,5)@' f = A (Se f) and f&'(A,S) =
(f© A) e S. The natural isomorphisms for symmetric premonoidal structure on
IC are given by the pairing of the morphisms of the symmetric monoidal structure
on C and S, via J. Their naturality follows from the required naturality of the
parameterised premonoidal structure and the commutativity properties of Lemma
5.3.5. By Lemma 5.3.6, every arrow of the form (f,s) in K is central. Hence
J preserves centrality and, by construction of the premonoidal structure in AC,
strictly preserves premonoidal structure.

For the converse, define f ©¢ ¢ as the composite:

(Ax B,5) N (4w B I®S8)
<fﬂ?c (Ax B, I1® S
HPANSBLE) a8
(ldA/x—B’)A ) (Al % B,, S/)

The functor S¢ with respect to C is defined similarly. See the appendix, Section
A.2, for the proof that these definitions obey the requirements of a double pa-
rameterised Freyd category. Defining and verifying the symmetric premonoidal
structure (&g, Ss) with respect to S is almost identical.

That the two definitions are inverse can be easily seen by writing out the

definitions and comparing them. O

5.3.2 Monoidal Parameterised Monads

Extending parameterised monads to allow typed computations to be embedded in
larger state contexts is achieved by requiring two extra natural transformations on

the monad, adjoining extra state context to the left and right of the computation
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respectively. These will correspond directly to the premonoidal structure with
respect to S as defined for double parameterised Freyd categories in the previous

section.

Definition 5.3.8 An S-parameterised monad (7,1, 1) has monoidal multipli-

cation if there are transformations:

1©8,51,55,4 * T(S1,82,A) = T (S ® 85,5 ® S, A)

52,851,804 = T(S1,52,4) = T(S® 51,5 ® S5, A)

such that they are both dinatural in S, natural in all other variables and they

obey the following commutative diagrams:

T(Sla 527T(527 837 A)) & T(Sl X Sv 52 X 57T<527 537 A))

T(51®85,52@5,1ugs)
p T(S;®58,5 ®S,T(S,®5,5 S, A))
"
T(Sy, S5, A) fes T(S1®S,55® 8, A)

T(S1, 82, T(S2, 55, A)) =25 T(S® Sy, S @ Sa, T(S, S5, A))

T(S®51,5®52,15%)

" T(S® 51,8 ® S5, T(S @ Sa, S ® S5, A))
"
T(Sy, S5, A) ree T(S® 51,5 ® 53, A)
A 78,8, A) A s S A)

Leg!
Ti% ‘(@S nmx lusea

T(S®S,S®5 A) T(S®S5,S®5 A)
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Two diagrams for symmetry:

T(S1, S0, A) — 25~ T(S,® 8,8 ® S, A)

HS® ‘/

T(S®S1,5S® S, A§(%A%(S ® 51,5 ® S, A)

T(0,52®5,A)

T(Sy, S5, A) —2 » T(S® 5,5 ® S, A)

Hes T(0,5®52,A)

T(S,® 5,5 ® 5, A] 2232008, 95,5 @ Sy, A)

A diagram each for left and right units:
T(Sy, 85, A) 225 T(I ® 8,1 ® Ss, A)
T(A,S2,4)

‘/T(I@Sl,)\,A)

T<[ @ Sh SZ? A)

T(S1, o, A) 25 T(S, @ 1,8, ® I, A)

s A
m tT( wehed)

T(S1®1,55, A)

Three diagrams for associativity:

He(S2®S53)

T(S1, 57, A)

H®Sq

T(S1 ® 55,51 ® S5, A)

H®Ss

T((S; ® S5) ® S, (S, @ S3) ® Sy &) 222915, © ) © 8, 5. ©

T(S) ® (S2®S3), 5

157

® (Se ® S3), A)

T(a,Si@(Sg@S:;),A)

(52 X SS)? A)
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T(Ss, S}, A) s T(S; ® Sy, S, @ Ss, A)
us1e usie
T(S; ® Sy, 5, @ Sy, A) T (51 ® (52 ® 53),51 @ (53 ® S3), A)
Hesy T(,510(5@53),4)

1 SQ SgOt
T((Sy @ ) @ Ss, (S1 ® S)) @ S5, ) 222 (s, @ ) @ S5, 51 ® (S ® Ss), A)

T(Ss, 85, A) Hoese T((S, ® S5) ® Ss, (S1 @ S5) @ S, A)
T
T(Sy ® S3,5, ® S5, A) T((S1®S2)®Ss,0,A)
nsyo

T(S) ® (52 ® S5), 81 ® (S0 @ 85)1 4) L5, ® ) ® 85,51 ® (S © S), A)

Note that we do not have to necessarily require the two natural transforma-
tions. By the diagrams for symmetry, each can be expressed in terms of the
other.

Before we show the equivalence of this structure and double parameterised
Freyd structure we show how some of the example double parameterised Freyd
categories are expressible as monoidal parameterised monads. Note that, again,
the pair categories example (Example 5.3.2) is not expressible as a parameterised

monad because it is not closed.

Example 5.3.9 The typed local state example, Example 5.3.3, is expressible
in terms of monoidal parameterised monads. Take the strong monad defined in
Example 5.2.11 for typed global state and, assuming that S is symmetric monoidal

and the functor = : & — & is strict symmetric monoidal, define:
fise = A(S1 — (AR S) @ ev@ S5 A®0)  pes =AMaev® S a)

Several pages of tedious calculation show that these definitions obey the axioms

above.
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Example 5.3.10 Example 5.3.4, monoidal category actions, is also expressible
as a monoidal parameterised monad. Take the definition of the strong monad
from Example 5.2.12 and define:

fse = A x S(S1,9) T2 A X S(S® 81,8 ® Ss)

fos = A x S(S),8) 2 A X S(S;® 8,5 )

where S® and @S are the operations derived from the monoidal structure of §

using the identity arrow S — S.

5.3.3 Equivalence

We now extend the equivalence result of Section 5.2.3 to an equivalence between
closed double parameterised Freyd categories and strong monoidal parameterised
monads with Kleisli exponentials. As before, we define two categories of such
structures over a pair of symmetric monoidal categories C and S and show that
the two categories are equivalent. Much of the proof will be the same as for
Theorem 5.2.17; we only need to verify that the extra structure is preserved by
the equivalence.

As in the previous two sections, let (C,®, [, o, A\, p,0) and (S, ®, I, o, \, p,0)
be symmetric monoidal categories. The definitions of the two categories are
based on Definitions 5.2.14 and 5.2.15, extended with premonoidal structure with
respect to & and monoidal multiplication respectively. The arrows of categories

must preserve this new structure, as well as the old, in both cases.

Definition 5.3.11 The category CDPF(C,S) is defined as:

Objects Closed Double Parameterised Freyd structure on (C,S);

Arrows f: (Ky,J1,©c1,Cc,1,9s,1,0s,1, —1, A1) — (Ko, J2, ©c2, G2, O5,2, Os.2, —1
,\s) is a functor f: Ky — Ky that commutes with the structure:
Ji f = Jo Id x f;©c2=&c1; f Id x f;Gc2=Cc; f

Idx f;©s2=s71; f Idx f;6s2=0Cs1; f

Identities are identity functors and composition is by functor composition.
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Definition 5.3.12 The category CSMPM(C, S) is defined as:

Objects Strong S-parameterised monoidal monads on C with Kleisli exponen-

tials;
Arrows An arrow f:

(Th, 1, 1, T1s sty s, — —1 —, M)

- (T27772aM2aTQ;M@S,%/L@S,Q? — =72 _7A2)

is a natural transformation f : T} = T, : S°° x § X C — C which commutes

with all the structure of the monad:

A 278, S, A)

T1,A,51,52,B

A®T1(81,SQ, ) I T(Sl,SQ,A®B)

N2,5. fs,5,4 A®fsy,54,B l ‘/fSI,SQ,A(X)B
T2,A,5;,8
A®Ty(S1, 5, B) e T5(S1, 52, A® B)
TZ(Sa S7 A)
(517527T1 527537 511&93[,—4111 517537A)
f51,52,T1(32,53,A>;T2(S1752,fs2,sg,A)J stl,sg,A

Stz ,S1,52,53,4

T5(S1, S2, T5(Sa, S3, A)) —— 15(541, 55, A)

H®S,1

T1(Sl,52,A) — Tl(Sl ®S SQ®S A)

f51,89,A fs1®5,9,08,A

HI®S,2

TQ(ShSQ,A) — TQ(Sl ®S SQ@S A)

HS®,1

T1(S1,52,A) ——= TH(S® 51,5 ® S,, A)

fs1,54,4 fs®s1,5981,4

HS®,2

T5(S1,52,A) ——= TH(S ® 51,5 ® Sz, A)

Identities are identity natural transformations and composition is by natural

transformation composition.
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Proposition 5.3.13 Definitions 5.3.11 and 5.3.12 define categories.
Proof Essentially the same as the proof of Proposition 5.2.16. 0

Theorem 5.3.14 The categories CDPF(C,S) and CSMPM(C, S) are equiv-

alent.

Proof  We use the same structure as the proof of Theorem 5.2.17, defining
a functor F' : CDPF(C,S) — CSMPM(C, S) and showing that it is full and

faithful and essentially surjective. Define F' as:
(T, m, 11, 75 s, pise, — — — A) — (Cr, Jr, @g7®gv@g> ®§7 —— —A)
fTi=T, — (9:(A 51)— (B,S)) v g; fs,.5..8
where:
fece=foar cG¢ [ =c® f;0;7,T(51,592,0)
s @?‘; c=¢G M51®;T(S1 ® S27S & SéaB) C®§ § =G M@Sz;T<Sl & 52751 ®c, B)

See the appendix, Section A.3.1, for the proof that this definition actually gives a
functor. The proof builds on the first part of the proof of Theorem 5.2.17 (Section
A.1.1). Moreover, F' is full and faithful: see Section A.3.2.

This functor is also essentially surjective. Given an object
= (K, J,&¢, ¢, ©s,0s, — — —, A)
of CDPF(C,S), define an object Y = (T, n*, p*, 7%, pdy, g, — — — A) as:
TX(Sy, 8, A) = (I,5)) — (A,S)
77?,,4 = A(pa,S)
sy smssa = MeviJ(p™!, Sa);ev)

7',31(,51,52,3 = A
fae = A(Sesev)
pas = MevesS)
(A,81) =% (B,S:) = (A,8)— (B,S )
(A, 81) = f = (A,81) = (J(p™', S2); A7H(f))
A(f) = AJ(pagp: S1); A~ (f))
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See Section A.3.3 for the proof that this is an object of CSMPM(C, S) and that
FX=2Y.
Given that F'is full and faithful and essentially surjective, it follows that F'

is an equivalence, as required. 0

5.4 Refinements of the Definitions

In this section we present several extra refinements that one might apply to the
definitions above for certain situations. Each one is motivated by the monoidal
state example, Example 5.3.3. This example does not actually satisfy all the
conditions stated here, in particular the fullness property, but the model we give
in Chapter 7 based on functor categories does.

Firstly, we consider the mono requirement for parameterised monads, taken
from the mono requirement for normal monads [Mog91], and show that it implies
that, for the induced parameterised Freyd category Jr : C x & — K, the functor
Jr(—,S) is faithful for all S, and vice versa. We then extend the requirement
to the unit n4 ¢ having a right inverse for some fixed S. This is equivalent to
the functor J(—,S) being full. In the case of S = I this says that commands
that operate on the empty state are equivalent to pure values. We will use this
condition for the semantics of Aippic in Chapter 8.

The second extra condition we consider is commutativity. Commutativity
for double parameterised Freyd categories and monoidal strong parameterised
monads refers to the situation when, given two commands (A,S;) — (4',57)
and (B, Sy) — (B, S}), it does not matter in which order we execute them. The
motivation for this is that the two commands are operating on distinct pieces of
state and thus do not interfere with one another. The definition given here is
not a generalisation of commutativity for strong monads [Koc72] since it relies
on the parameterisation category §. Tracking the side-effects via objects of §
means that we can model state in a commutative double parameterised Freyd
category, unlike the case for commutative Freyd categories. We will make use of

commutative double parameterised Freyd categories in Chapter 8 for modelling
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Ainple-

The final extension we consider is closure on the category K for a double
parameterised Freyd category J : C x § — K with respect to the premonoidal
structure defined with respect to C x §. We will use this in the next chapter
to interpret function types that may close over pieces of state, rather than those

which have no state component, modelled by the closure defined above.

5.4.1 The Mono Requirement

The mono requirement for a monad states that all components of the unit of the
monad are monomorphic. In terms of computations, the requirement states that
values are included in the set of computations. Thus, if two computations con-
structed from pure values are equal, the pure values are equal. The parameterised
Freyd category counterpart is to require that the functor J(—,S) is faithful for
all S.

With double parameterised Freyd categories, we intend that the type of the
empty state is modelled by the monoidal unit object I in §. Computations
(A,I) — (B,I) operating on the empty state should therefore be in bijection
with arrows in A — B in C. That is, the functor J(—, 1) is full. The monad

counterpart is to require that the arrow n; 4 have a right inverse for all A.

Proposition 5.4.1 Under the constructions of Definition 5.2.8 and Theorems
5.2.17 and 5.3.14, the mono requirement and J(—, S) being faithful are equivalent.
The additional requirements of J(—, I) being full and 7; 4 having a right inverse

are also equivalent.

Proof  Jr(f,S) = Jr(g,S) implies f;nsp = g;nsp. By n mono, this implies
f = g, as required. For the converse, the unit of the induced monad is A(J(p, S)).
By naturality g; A(J(p,S)) = A(J(p;9,5)). It A(J(p;g,5)) = A(J(p; h,S)) then
p; g = p; h by the fact that A is an isomorphism and the faithfulness of J. Then
g = h since p has an inverse. Hence A(J(p,S)) is mono. Suppose additionally
that nr 4 has a right inverse 1y 4. Given an arrow f : A — T(I, I, B) then f;n] 4 :
A — B is such that Jr(f;n; g, I) = f. For the converse, define the right inverse
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to A(J(p,I)) as the inverse image of J(p~*, I);ev : ((1,1) — (A, I),I) — (A, I).
Using the faithfulness of J(—, ) it is easy to see this is as required. 0

5.4.2 Commutativity

Definition 5.4.2 A double parameterised Freyd category J : C x § — K is

commutative if all arrows of K are central (Definition 5.1.2).

Proposition 5.4.3 If a double parameterised Freyd category J :C xS — K is

commutative then K is symmetric monoidal.
Proof Centrality means we can unambiguously define ¢; ® ¢o = (¢; S¢ B) Ss

S9; 81 ©s (A’ ©c c2). The natural isomorphisms are all given by the images under

J of the symmetric monoidal structure on C x S. O

Definition 5.4.4 A monoidal strong parameterised monad (7,7, i, 7, fes, ftss)
is commutative if, for all arrows ¢; : A — T'(S1, 5], A’) and ¢g : B — T'(Ss, S5, B'),

the following two composed arrows are equal:

A® B
adc T(S1, 87, A') @ T(Ss, Sh, B')
N T(Sy, Sy, T(S1, S, A) @ B')
T (S, 85, T(S), S}, A ® BY))
Hsig T(S; ® S, 5, ® S5, T(Sy, 5., A' @ B'))
ORI (5, @ 5.5, S T(S) © 84,5, @ S A @ BY))
LN T(S © 5,5 ® S5, A'© B)
and
A®B
c18ep T(Sy, S, A" @ T(Ss, Sy, B)
T, T(Sy, S, T(S,, S5, B') @ A")

TR (S, 80, T(Sh, Sy A' @ B))
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H®Sq

B T(Sl®52751®527T(327 éaAl@B/))
T(51®52,S{®327M53®)

— T(SI®S27S£®S27T(S1®527Si®SQ7A/®B/)>

o T(S) ® Sy, 5 ® S5, A'® B)

Proposition 5.4.5 If a double parameterised Freyd category J : C x § —
K is commutative, then the induced monoidal strong parameterised monad is.
Conversely, if a monoidal strong parameterised monad (7,7, i, 7, pigs, ftsg) 18
commutative then the induced double parameterised Freyd category Jr : C xS —

Cr is commutative.

Proof By long tedious calculation. 0

5.4.3 K-Closure and Typed Command Categories

Definition 5.4.6 A double parameterised Freyd category J : C x § — K is
K-closed if, for all objects A € ObC and S € ObS, the functor (—S¢ A) S S has
a specified right adjoint.

We will write the right adjoint as (A, S;) —o —. Note that this definition also
works for monoidal strong parameterised monads by requiring the adjoint on the
Kleisli Category.

Since each object in K is actually a pair of objects in C and S, the object
(A, S1) — (B, S2) must be represented by a pair of objects. However, we will
write it as a single object in its own right. This is motivated by the examples
below: in the pair categories example, both components are dependent on the
exact function space we are describing; but in the typed monoidal state example,
the & component is always .

For discussing KC-closure it is useful to have a notation of monoidal structure
on objects in K. We define (A, S1)® (B, S2) = (Ax B, S1®5S5,). Note that, unless
all arrows in K are central, there is no corresponding structure on arrows.

Using this notation, we write the counit of this adjunction as:

evzsl,B,Sg : (A7 Sl) - (3752) ® (A> Sl) - (B, SZ)
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Example 5.4.7 (Pair categories) In the case of Example 5.3.2, the parame-
terised premonoidal category J : C X § — C x § is K-closed when C and S are
symmetric monoidal closed. Take the functor to be (A, S;) — (B,S;) = (A —o
B,S; — S). The isomorphism of homsets is derived directly from the closed

structure on C and S.

Example 5.4.8 (Typed Monoidal State) The monoidal state example, Ex-
ample 5.3.3, is K-closed when C is closed. A suitable choice for the right adjoint
is:

(A4,81) —o (B, S5) = (A x 8§ — Bx8,1)

The isomorphism of homsets is given by the closed structure of C.

Proposition 5.4.9 If J:C xS — K is commutative and K-closed then it is

symmetric monoidal closed.
Proof Follows directly from the definitions. 0

We gather the definition of closed double parameterised Freyd category with

IC-closure into a single definition, Typed Command Category.

Definition 5.4.10 (Typed Command Category) A Typed Command Cate-
gory is a double parameterised Freyd category with IC-closure such that symmet-

ric monoidal structure on C is given by finite products.



Chapter 6
Typed Command Calculus

In this chapter we define a substructural typed A-calculus that is sound and
complete for the Typed Command Categories of the previous chapter.

In Section 6.1, we describe the design of the calculus, based on the fine-
grain call-by-value calculus of Levy, Power and Thielecke [LPT03]. The basic
structure is that there are three calculi, one for each of the categories in a Double
Parameterised Freyd-category J : C x & — K. We describe the state calculus,
modelled by the category &, in Section 6.2.1. The value and command calculi,
modelled by C and K respectively, are described in Section 6.2.2. They must
be described together since the definition of value closure requires that the two
calculi be mutually defined. In Section 6.2.3 we define Typed Command Theories
and the equational judgements they generate.

We describe the interpretation in Section 6.3. Since the state calculus is inde-
pendent, we give its interpretation in isolation in a symmetric monoidal category
in Section 6.3.1. We describe the modelling of the whole calculus in Typed Com-
mand Categories in Section 6.3.2. We define models of Typed Command Theories

in Section 6.3.3 and prove that they are sound and complete.

6.1 Design of the Calculus

The design of the Typed Command calculus is inspired by the fine-grain call-by-
value calculus of Levy, Power and Thielecke. [LPT03]. They define a calculus

167
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designed to be modelled in closed Freyd categories that syntactically distinguishes
a set of terms that are “values”, modelled by arrows of the domain category, from
“producers” that are modelled in the codomain category. They have two type
judgements, I' Y V : A and I' =P M : A, for values and producers respectively.

Values are included into the set of producers by the rule:

r=Yv:A
['+P produce V : A

Two producers are sequenced by a binding construct:

'FPM:A I'x: AFPN: B

' M to z.N: B

Following this idea of separate type judgements for terms that are interpreted
separately in the model we construct three calculi, one for each of the three
categories involved in a closed parameterised Freyd-category J : C x § — K.
Because of the adjunction defining the closure relating the categories C and IC,
the calculi corresponding to these categories will be mutually defined. The three

judgements have the form:
'Fe: A AFs: S ITAFc: A S

for the judgements corresponding to C, & and K respectively. We will call the

4

three judgements “value”, “state” and “command” judgements, and similarly for

the calculi they type. We include the value and state terms into the command

calculus by the rule C-V-S:

'kFe: A AkFs: S
AR (e;8) 0 Ay S

This rule will be interpreted by the functor J. We now describe each of the three
calculi in turn.
Corresponding to the category § of state descriptions and manipulations will

be a basic substructural calculus, the state calculus. We formally describe this
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calculus in Section 6.2.1. The types S of the state calculus will be used to describe
the states of the store at the beginning and end of each command. The terms
of the state calculus are intended to describe manipulations of these descriptions
that do not alter or update the store. For example, we can rearrange store de-
scriptions by associativity and exchange and eliminate/introduce descriptions of
the empty store. The calculus has one type operator: S; ® S5, representing the
store made of two disjoint parts described by the descriptions S; and Ss, and one
type constant I, representing the empty store. As with the other substructural
calculi in this thesis, we control the rules governing the S; ® S5 by controlling
the structural rules. Hence, the state calculus is a basic substructural type sys-
tem with only exchange, associativity and unit elimination structural rules. The
state calculus is the same as the basic substructural calculus described in the
introduction, Section 1.1.

The finite product category C is used to model the value calculus. This calculus
has the standard constructs for unit and product types, interpreted by the finite
product structure of C. Contexts [ are used in an intuitionistic manner; weak-
ening, contraction and exchange are all admissible rules. The only non-standard
part of this calculus is the rule V-—I for introducing A-abstracted commands

with no free state variables:
Ie:A;z: S Fc: B; S,
I'E Xz 2): (A;81).c: (A;S)) — (B;Ss)

where the premise of the rule is a judgement of the command calculus.

The typing rules of the command calculus serve three broad purposes: the
integration of the value and state calculi, corresponding to the action of the func-
tor J; the sequencing of commands, corresponding to the premonoidal structure
of J; and the rules dealing with function types.

The integration of the value and state judgements into the command calculus
is accomplished by the rule C-V-S above which incorporates pairs of the value
and state terms into the command calculus.

Sequencing of commands in context, semantically modelled by the premonoidal

structure, is via a “let” construct. We are following Moggi’s syntax for the com-
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putational A-calculus rather than Levy et al’s “to” notation. We have a unary

C-LET expression:

AT Fet AS, Dax:A; Ay, z:S1Fey: B; Sy
[ Ay ) Ay Flet (z52) < ¢ in ¢y 1 B; Sy

(the X operator merges two contexts while not allowing duplicates). Due to the
substructural nature of the state calculus we must also provide a way to eliminate

state pair types S; ® S in the command calculus, while preserving sequencing;:

F;A1|_C1:A;Sl®52 F,l’:A;AQ,Zlisl,ZQISQ'_CQZB;Sg

(C-LET-®)
F,AQ X Ay F et (l’;Zl,Zg) <cincy: B,Sg

To see why this expression is required, consider a program involving these three

commands:

allocatePair : (1,1) — (1,cell ® cell)
storelnt : (Int, cell) — (1, cell[Int])
storeBool : (Bool,cell) — (1, cell[Bool])

We can use allocatePair:
let (z;2) < allocatePair(s,*;) in ...

However, without C-LET-® there would be no way to decompose the variable z
bound in the body of this expression so we could use the two sides in two different

commands. Using C-LET-® allows us to do this:

let (x; 21, 29) <= allocatePair(x;; *;) in
let (x;2]) < storelnt(42; z1) in
let (x; 25) <= storeBool(true; zz) in
(x15 (21, 23))
There is also a complimentary rule C-LET-I for eliminating variables of state type

1.
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Finally, there is a rule for eliminating closed commands, C-—E:

I'Fe:(A;S) — (B;5)) ITAFce: A S
[AFeQ_c: B; S

There are also introduction and elimination rules for functions which may contain
free state variables: C-—oI and C-—E. The value and command calculi are defined

in Section 6.2.2.

6.2 Typed Command Calculus

A Typed Command System (Ty, Tg, Py, g, o) consists of a set of primitive value
types 7y ; a set of primitive state types 7g; a set of primitive value operations
(f : A — B) € &y, where A and B are value types generated by the grammar
below; a set of primitive state operations (p : S; — S2) € ®g, where S; and Sy are
state types generated by the grammar below; and a set of primitive commands
(p:(A;S1) — (B;S2)) € ¢, where A and B are value types and S; and Sy are
state types. For types A and B, we will write ®y (A, B) for the subset of ®y of
the form f: A — B. Similarly for &g and ®¢.

Value types are generated from the primitive value types and are ranged over
by A, B, etc.

AB == XeTy | 1 | AxB | (A4S5)—(B;S) | (A;S)) —ov (B;Ss)

where S; and S are state types generated by this grammar:
S = XeTs | I | 1985 | (4;S)) —s(B;Ss)

The value types are constructed from the primitive types by the unit 1 and
product x constructors, and two function types. The value function type (A4;S;) —
(B;.S,) is for functions with no free state variables. The semantical counterpart
of this type is the adjunction between the categories K and C. The command

procedure type (A;S;) —oy (B;S;) will be interpreted by the C component of



172 Chapter 6. Typed Command Calculus

the IC-closure. The state types are constructed from the primitive types, a sub-
structural unit I, substructural pairs ® and the state component of command
procedures (A4;S1) —og (B; S2).

Typed Command Systems also generate three sets of terms and three typing
judgements. Since the state type judgements are independent from the others we
describe them separately in the first subsection 6.2.1. The value and command
judgements are described in Section 6.2.2. In the final subsection 6.2.3 we give the
definition of a Typed Command Theory and the rules for generating equational

judgements.

6.2.1 State Calculus

A system generates state contexts A by the following grammar:
A =1 | Az:S

As usual, no variable name may appear more than once in a context. The
notation A[z] is used to denote the type of the variable z in the context A,
assuming it is present.

Pairs of contexts are joined using the non-deterministic merging operator
A1 X Ay when A; and A, have disjoint sets of variable names. This opera-
tor takes the place of the structural transitions of the other calculi in this thesis.
It ensures that if A; x Ay = A then A has the same variables and type as-
signments as A; and As, merged in some order. The operator is defined by the

clauses:

IxI =1
(Al,ZIA) X Ag = (Al X AQ),ZZA
Al X (AQ,ZIA) = (Al X Ag),ZZA

A system generates a set of terms by the following grammar, where f € ®g4:

s =z | (s1,8) | * | fs
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| let (z1,29) = s1 in s9
] let x; = 51 in $9

The choice of term constructs in governed by our choice of type operators.
There are terms for introducing and eliminating pair types and for introducing
and eliminating the unit type. There are also the standard terms for primitives
and variables.

A system generates a typing judgement A F s : S by the rules in Figure
6.1. Due to the separate contexts in the rules S-®I, S-®@E and S-I1, contraction
is clearly not admissible. Likewise, due to the single variable in the S-Ip rule,
weakening is not admissible. The only structural rule beyond the basic ones is

therefore EXCHANGE.

A1|—31:51 A2|_82:52

- (S-ID) (S-@I)
rz:Sktx:S AlNAgl_<81,52)251®52
Al'_31:81®32 AQ,leshZQZSQ'_SQZSg
(S-9E)  —— (S-IT)
AlNAQ"let(Zl,Zg):SlinSQZS:J, I"*]Z]

All_Slil A2|_82:S

(S-TE)
Al NAQFlet*IZSliHSQIS

AFs: 5 (f:581 — 5,) € g
Al_fS:SQ

(S-Prim)

Figure 6.1: Typing rules for the State Calculus

Lemma 6.2.1 (State Calculus Substitution) The following rule is admissi-

ble in any state system:
A Fsy: S Ao,z :S1F s9:.9
Ay X Ay b osyls1/2] 0 S
Proof By induction on the derivation of Ay, z: S1F s9: 5. L]
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6.2.2 Value and Command Calculi

A system generates a set of value contexts, ranged over by I':
' v= ¢ | INa:A
A system generates two further typing judgements:
'Fe: A IAFc: A S

where the terms e and ¢ are generated by the following two grammars respectively:

e n= x | % | (en,ea) | me | me | fe | AT(x;2):(A4;9).c
c u= (e;s) | let (x;2) <= criney | let (x;21,20) < ¢ in ¢y
| let (%) <=crine | pe | e@Q_c | A(z;2): (4;9).c | 1@Q_gey

We assume that the variables used in value expressions are disjoint from the
variables used in the state calculus. This will simplify the expression of the
substitution rules.

The rules for deriving typing judgements are shown in Figures 6.2 and 6.3.
The rules are as described in Section 6.1. The rules for the value system are stan-
dard for a typed calculus with only a unit type 1 and product type A; x A,. Note
that we have used a context with more than one variable in the variable intro-
duction rule V-Ip, and shared contexts in the product introduction rule V-xE;
consequently, the calculus admits WEAKENING, EXCHANGE and CONTRACTION.
The rule V-—I links the two calculi by typing A\~ -abstracted commands with no
free state variables as values.

The command calculus rules C-STrucT and C-V-S incorporate the structural
rules of the state calculus and value and state terms into the command calculus
respectively. There are three sequencing rules: C-LET, the unary sequencing
rule; and C-LET-® and C-LET-I, which sequence commands and eliminate state
products and units respectively. The C-—E eliminates abstracted commands
generated by the V-—I rule. Note that the first premise of this rule is a value
calculus typing judgement. Finally, the C-Prim rule incorporates the primitive

commands into the command calculus.
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r:Ael e : Ay I'key: Ay
—— (V-Ip) —— (V-1I) (V-x1)
'Fz: A I'F% 01 ['F (eg,e9) 1 Ap X Ag
'Fe: A x Ay Me:A;z: S5 Fc: B; S,
(V-xE) (V-—I)
I'Fme: A I'EA7(x;2) : (A;S1).c: (A, 51) — (B, 5)

'Fe: A (f:A— B) € oy
T+ fe: B

(V-PrIM)

Figure 6.2: Typing rules of the Value Calculus

To prove substitution we need the following weakening lemma. The slightly
odd form of the contexts here makes it easier to apply in the proof that substi-

tution is admissible.

Lemma 6.2.2 (Weakening) The following rules are admissible, when I, T T”
is a valid value-context.
[T'ke: A DT AkRc: A S
LI T Fe:A I T:AFc: A S

Proof By mutual induction on the derivations of I'', T"Fe: A and I',T"; A F
c: A S. O

Lemma 6.2.3 (Substitution) For any Typed Command System, the follow-
ing rules are admissible:
ke A Me:AT'Fe: B
I T Fesle/x] - B

and
Fke: A A Fs: S Do AT Ay, z: 8 Fc:B; S,

[T Ay x Ag b= cle/x, s/2] : B; Sy
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F'Fe: A Abs: S
AR (e;s) 1 Ay S

(C-V-S)

AT Fe s A S, Iax:A; Ay, z:S1Fcy: B; Sy
F,Al X Agl_let (.T;Z)<:C1 in CQIB;SQ

(C-LET)

AT Fe A5 ® 5, Ia:A; Ao, 210 S1,20: So by B; Ss

(C-LET-®)
[ A ) Ay et (2521, 20) < ¢1 in ¢p 1 B; S3

DA Fe s AT I,z :A; A byt B; Sy
F,Al X AQ F let (l’;*[) < in CQIB;Sg

(C-LET-I)

'Fe:(A;S) — (B;95)) AR c: A S
AFeQ_c: B; S,

(C-—E)

Ie:A;A z: S Fc: B; S,
AR AT (z52) 0 (A;51).c: (A;S)) —oy (B; S2); (A; S1) —og (B;Ss)

(C-—I)

LA F ey (A S)) —ov (B;Ss); (A;51) —os (B; Ss)
F,AQ l_CQ . A,Sl
F,Al X AQ F 61@4002 . B, SQ

(C-—E)

INAFc: A5, (p:(A4;81) — (B;S:)) € P¢
AR pe: B; Sy

(C-PriM)

Figure 6.3: Typing rules of the Command Calculus
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Proof We must first prove the following pair of rules admissible by mutual
induction over the derivations of I',z : A, I Fe;: Band ',z : A,T";AFc: B;S.

Fke A Fx: AT e : B Fke:A Fx: AT:;AFc:B:;:S
[T Fesler/z] - B I T A cle/x] : B; S

All the cases are straightforward, using Lemma 6.2.2 for the V-Ip case. We prove
the second rule in the statement of the Lemma is admissible by induction over
the derivation of I',x : A, T"; Ag(z : S1) F ¢ : B; Sy. This requires the use of both
of the value-only substitution rules and Lemma 6.2.1 for substitution into state

judgements. 0

6.2.3 Equational Theory

A Typed Command Theory is an 8-tuple (7y, 7g, Py, Pg, Po, Ly, Xg, X)), where
(Ty, 1o, Py, Pg, Pr) is a Typed Command System; Yy is a set of value axioms
I'Fep =ey: A; Xg is a set of state axioms A F s; = 55 : S; and X¢ is a set of
command axioms I'; A F ¢; = ¢y 1 A; S, such that both sides of every axiom form
derivable typing judgements in the relevant component of the theory.

A theory generates a three equational judgements:
I'Fey=e: A AlF sy =s59:8 AbFci=c: AS

by the rules in Figures 6.4, 6.5, 6.6 and 6.7.

The rules for the value calculus in Figure 6.5 are the standard ones for a
non-substructural calculus with unit and product types. Likewise, the rules for
the state calculus in Figure 6.4 are standard for a substructural calculus with
substructural unit and product types, using Ghani’s generalised n rule [Gha95].

The rules for the command calculus (Figures 6.6 and 6.7) require more ex-
planation. The rule EQ-C-AX incorporates the axioms of the Typed Command
Theory into the equational judgements. The rule EqQ-C-V-S lifts equational judge-
ments from the value and state calculi into the command calculus. For each of
the three “let” constructs there are # and 7 rules, plus a commuting conversion

rule for each. It is not possible to use Ghani’s extended 7 rule in the command
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(AI_81:SQZS)EES
Al s =s59:85

(EQ-S-AX)

All_Sll;Sl AQ"SQZSQ A3,21151,22152|_83253
Ag X Al X Ag [ (let (21,22) = (81782) n 83) = 82[81/21782/2’2] : 53

(EQ-S-®p)

A1|_81251®SQ AQ,ZZSl@)Sg'_SQZS;g
Ay X Ay b (let (21, 22) = s1 1n $2]21 ® 22/2]) = sa[s1/2] : S3

(EQ-S-®n)

A(l)Fs: S
A(I)F (let xy =*rins)=s:8

(EQ-S-1p5)

A bsy: ] Ag,z:1Fsy: 8
Ay X Ag - (let x; = 51 in sofk7/2]) = s9[s1/2] = S

(EQ-S-In)

Plus congruence, identity, symmetry and transitivity rules.

Figure 6.4: Equational rules for the State calculus

(F|_61:€23A)EEV Fl—(el,eg):AleQ
(EQ-V-AX) (EQ-V-x0)
'Fep=e: A Fl—m(el,eg):ei:Ai
I'Fe: A} x Ay 'kFe:1
(EQ-V-xn) ——F  (EqQ-V-1)
I'F (me,me) =e: A; X Ay 'Fe=x%:1

'k f:(AS) — (B,Ss)
I'E (A7 (z,2).fQ_(x;2)) = f: (A, S]) — (B,Ss)

(EQ-V-n)

Figure 6.5: Value Equational Rules
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(T8 Fe=c: A Ss) € 3¢
[SiFe=c: A Sy

(EQ-C-AX)

ke =e: A AbF sy =59:8
[SAF (e1581) = (e2589) : A; S

(EqQ-C-V-S)

'Fe: A A Fs: S Ix:A; Ay, z:S1Fc:B; S,
A1 X Ag b (let (z;2) < (e;8) in ¢) = cle/z,s/z] : B; Sa

(EQ-C-LET-03)

GARc: A S
AR (let (z52) < cin (x;2)) =c: A; S

(EQ-C-LET-1)

F}_GZA All_Sllsl
AQI_SQISQ F,ZEZA;Ag,ZlZSl,ZQISQFCIB;Sg
A ) (Ay )X Az) F (let (21, 20) < (€;(81,82)) in¢) = : B; S3

cle/x, s1/21, 82/ 2]

(EQ-C-LET-®0)

F,Al_CA,Sl®52
[y A F (let (2521, 22) < cin (x5 (21,22))) = ¢ A; 51 ® Sy

(EQ-C-LET-®7)

'Fe: A Iz:A;AFc:B;S
A F (let (z;%7) <= (e;%7) in ¢) = cle/x] : B; S

(EQ-C-LET-103)

AFce: A
['AF (let (z5%7) < cin (z3%7)) =c: A1

(EQ-C-LET-®7)

Ix:A;z:S Fc:B; S, AFRa: A S,
AR (A (2,2).0)@a= (let (z;2) < ainc): B; S

(EQ—C——> ﬂ)

Figure 6.6: Equational Rules of the Command Calculus, Part 1



180 Chapter 6. Typed Command Calculus

DA Fe A Sy [ya: A;Ag, 2151 F Cleg) : B; Sy

C[—] does not bind of contain z or z

(EQ-C-LET-CC)
[y A ) Ag - Cllet (25 2) < ¢4 in ¢g) = let (x;2) <= ¢ in Cleg] @ B; S

A Fep A S ® Ss
Loz A;Ag, 2y 0 Sy29 0 So - Cleg] @ B; Ss

C[—] does not bind of contain z, z; or z;

(EQ-C-LET-CC-®)
A ) Agk Cllet (x521,29) <= ¢ iney) = @ B;S3

let (x; 21, 22) <= ¢ in Cley

DAL F e Asxg Dya: A; Ag b Cleg] : B; Sy
[y A ) Ag - Cllet (z5%7) <= ¢ in o] =let (x;%7) <= ¢; in Cleg] : B; S

(EQ-C-LET-CC-I)

e : A I'x:AbFey: B
A1|_81131®52 AQ,lesl,ZQZSQI_SQZSg
[yA ) Ay et (o521, 29) < (e1;81) in (e9;82) = @ B; S5

(esler/x];let (21, 22) <= s1 in sg)

(EQ-C-LET-®3-2)

I'Fe : A Ir:AbFey: B AkFs: S
[y A Flet (z;x7) < (e1;%7) in (e9;8) = (ealer/x];s) : B; S

(EQ-C-LET-13-2)

Dye:A; A, z: S Fc: B; Sy A Fa: A S
I5A; ) Ay (A (23 2).0)Q_ca = (let (2;2) < ainc) : B; Sy

(BQ-C-— f)

AR c: (A S)) —ov (B;S9); (A; 51) —os (B; Ss)
DA (A (2;2).cQ(x52)) = ¢t (A;S1) —ov (B;S2); (A;51) —os (B;S2)

(EQ—C——O 77)

Plus reflexivity, symmetry, transitivity and congruence rules.

Figure 6.7: Equational Rules of the Command Calculus, Part 2
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calculus because it does not have its own variables, only pairs of variables from
the value and state calculi, so there is no way to refer to “holes” in terms where
the substitution may take place.

The contexts for the rules EQ-C-LET-CC, EQ-C-LET-CC-® and EQ-C-LET-CC-I

are generated by the grammar:

Cl-=l = = | pC[-]
| let (z;2) <= C[—]inc | let (z;2) < cin C[-]
| let (z;21,20) <= C[=]inc | let (z;21,2) < cin C[—]
| let (z;%7) <= Cl—]inc | let (x;%7) < cin C[—]
| eQ@ O] | A(5;2).Cl=] | Cl-]@.c | @ O]

There are also two extra 3 rules for the “let” commands constructed by the
rules C-LET-® and C-LET-I; they take eliminations that have been incorporated
into the command calculus and lift them into the value and state calculi. Finally,
there are n rules for A~-abstracted commands, EQ-C-— § and EqQ-V-— 7, and
the gn rules for A™-abstracted commands, EQ-C-— 8 and EQ-C-—o 1.

All the equational judgements generated by a Typed Command Theory are

well-formed:

Proposition 6.2.4 The following three implications hold:

'Feg=e3: A = T'kFep:AandThHey: A
AFsi=5:5 = AbFsi:Sand Ak sy: S
Al =c:AS = AR A Sand ;A e A S

Proof For the state calculus we prove this by induction on the derivation of
the judgement A - s; = s : S using lemma 6.2.1. For the value and command
calculi, we prove this by mutual induction over the derivations of ' -e; = ey : A
and I';A F ¢p = ¢ 0 A;S. The induction hypothesis and the first part of this
proposition are used for EQ-C-V-S. Lemma 6.2.3 is used for the (-rules and

Lemma 6.3.2 for the commuting conversion rules. 0
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6.3 Categorical Models

We will interpret Typed Command Systems in Typed Command Categories. As-
sume a Typed Command Category J : C x § — K. We fix some notation. The
category C has chosen finite products (X, (,),m, 1,!); the category S has sym-
metric monoidal structure (®, I, o, A, p, 0); and the category K has premonoidal
structures with respect to C and S: (&¢, S¢) and (s, Ss). The closed structure
is given by a functor — — — : K°? x K — C, an isomorphism of homsets A~ and
counit ev_,. The K-closed structure is given by a functor (A,S) — —: K — K,
an isomorphism of homsets A™ and counit ev_,.

An interpretation of a Typed Command System (7y, 7g, Py, Pg, D) consists

of five functions:

Ty : Ty —»0bC  Ig:T5—0bS  ZTap: ®y(A B) — C([A],[B])
Tsy.5, + Ps(S1,82) — S([S1], [S1])
L(assy).(Bisa) * Po((A;91), (B; S2)) — K(([A] [51]). ([B]S=]))
where the map [-] of value types to objects of C is defined as:
[ =1 [X] =Zv(X) [A x B] = [A] x [B]
[(A4; S1) — (B; )] = ([AL [S1]) — ([B]. [S:])
[(A4; S1) —ov (B;S2)] = ([A]L [Si]) —ov ([A] [S2])

where the object ([A], [S1]) —ov ([A], [S2]) is the C-component of the I object
([A], [S1]) — ([A], [S2]).- The map [-] from types to objects of S is defined as:

[l =1 [X] =Zs(X) [S1 @ So] = [Si] @ [Sa]
[(A;81) —os (B;S2)] = ([A], [51]) —os ([A], [S2])

where the object ([A], [S1]) —es ([A],[Sz2]) is the state component of the K
object ([A], [S1]) — ([A] [S2])

In the next two subsections we describe the interpretation of the type judge-
ments of the three calculi in the categorical structure. The first subsection 6.3.1

describes the modelling of the state calculus, and the following subsection 6.3.2
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[[A1|_81581]]281 [[AQ"SQISQ]]:SQ
[z:Stx:S] =1idg [A; X Ag b (s1,82) : 51 ® Ss] = 81 ® 89

[[All_81251®52]]:81 HAQ,Zl251722152l_82253]]:52
[[Al X AQ F let (21722) = 851 n So . Sg]] = [[AQ]](Sl);SQ

[A1F sy I] = s [As F sg: S| = s9
[ &% 1] =idpy [A; x Ag Flet x; = 51 in so: S| = [As](s1); 52

[Ats:S5]=s (f:51 —95,) € g
[AtF fs: 8] =sZ(f)

Figure 6.8: Interpretation of State Judgements

describes the modelling of the inter-dependent value and command calculi. At the
end of each subsection we prove that the interpretation is coherent with respect

to the typing judgements.

6.3.1 State Calculus Interpretation

Contexts are interpreted as objects in S:
[ =1 [A,z: 5] =[A] © [S]

We interpret the merge operator A; x A, using the canonical structural maps
of the symmetric monoidal structure on §. Since this structure is known to be
coherent ([Mac98] Theorem §XI.1.1.), and the merge operator does not affect the
terms themselves (i.e. it does not rename variables) we shall ignore the effect of
the structure maps and assume that we can always rewrite an interpretation of
a context to the correct form.

Judgements I' - s : S are interpreted as arrows [I'] — [S] in S. The in-

terpretation is defined by induction on the derivation tree in Figure 6.8. The
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interpretation is given the coherence of the structure maps of the monoidal struc-

ture.

6.3.2 Value and Command Calculi Interpretation

Value contexts are interpreted as objects of C:
] -1 0 : A] = [T x [4]

To express the interpretation of the substitution rules (Lemma 6.2.3) below,
in Lemma 6.3.1, we will need a way to interpret the tails of value contexts as

functors. We do this by the following interpretation:
[[—,.I’ZA]]:—X[[A]] [[—,F,iL'A]]:[[—,F]]X[[A]]

Note that ([T'])[I'] = [T',I"] on objects.

Judgements I' - e : A are interpreted as arrows [I'] — [A] in C by induction
over their derivation, using the rules in Figure 6.9. Command calculus judgements
[ AR c: A; S are interpreted as arrows ([I'], [A]) — ([A], [S]) in K by the rules
in Figure 6.10. Again we assume that the interpretation of state contexts can
always be rewritten to be in the appropriate form. The interpretation is coherent

by the coherence of the symmetric monoidal structure of S.

6.3.3 Typed Command Models

Given a Typed Command Theory (7y,7g, @y, ®g, P, Xy, Xg, Xc), a model of
this theory is an interpretation of the included Typed Command System with
the added condition that for each axiom in Xy, X g and X, the interpretations of
both sides of the axiom are equal. This subsection is devoted to proving that this
class of models is sound and complete. Firstly, we prove that the substitution

rules from Lemmas 6.2.1 and 6.2.3 have the required interpretation.
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x:Ael
[Thaz:A]l=m IC'Ex: 1] =l
[[Fl—elel]]:el [[FF@QZAQ]]:€2 [[Fl—e:Aleg]]ze
[Tk (e1,e2) : Ay x As] = (eq, e2) [TF me): A =e;m;

[THe:A]l=e
[T+ fe:B] =e;Zap(f)

[C,x:A;z:S1Fc:B; S =c
[T'FAT(z;2): (A;51).c: (A;S1) — (B;S2)] = A7 (¢)

Figure 6.9: Interpretation of the Value Calculus

Lemma 6.3.1 The admissible rules of substitution are interpreted as:

[[All—sl:Sl]]zsl IIAQ,Z:Sl}_SQ:SQ]]:SQ
[[Ag X Al H 82[81/2] . 53]] = [[AQ]] & S1; So

[Tke:A]l=e [T,z : AT Fey: Bl =ey
[[.I"F esler/a) : B] = (([T], en)) [T €2

[I'FeA]=e [ArFs:S]=s [T,z : AT Ag(z:S1) Fe: B;Ss] =c¢
[T Ay ) Ay b cle/x,s/z] : B;So] = J((([T], e) [T, [Az2] @ s); ¢

Proof For the state calculus substitution rule, this is by induction on the

derivation of Ay,z : S; F sy : Sy. For the value and command substitutions, we
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[THe:A]l=e [AFs:S]=s
[T;AF (e;8) : A; S] = J(e, s)

DA F e A8 =a [T,x: A;Ag,z: S1Fco: B;Sa] = e
[T A1 Ag et (2;2) < c1in e B;So] = J(dup, [Az x Aq]); [T ©c ([A2] ©s ¢1); o

[T A1 et A8 @ Ss] = ¢ [Tyx: A; Ao,z 1 S1,20 1 So by By S3]| = ¢

[T Ay ) Ay et (x;21,29) <= ¢1 in ¢y : B; Sy
= J(dup, [Az x Aq]); [I] ©c ([A2] ©5 c1);c2

DA Fe s A = [Tyx: A;Ag b o By S5 = ¢
[[F,AQ X Al F let (iC;‘kI) <= C in Co . B,Sg]]
= J(dup, [As x A]); [I'] ©c ([A2] ©s 1); 2

[T f:(A5) = (B S)l = f [T;AFa:A; S ] =a
[C;AF fQ_a: B; Sy = J(dup, [A]): f © ajev

[T,z : AN z: S Fc:B; S =c
[T A F A" (x52) : (A;51).c: (A;S1) —oy (B;52); (A4;51) —og (B;S2)] = A™(¢)

[T; A e (A;S)) —oy (B;S2);(A;S1) —os (B;S2)] = a1
[T;Ax ko A; 8] = o
[[F, Al X AQ F Cl@_oCQ . B,SQ]] =
J(dup, [Ar x Aq]); [I'] ©c ([A2] ©s c2);
(c1 Gs [S1]) Gc [Al v

[T;AFc: A8 ] =c
[Us A+ pe: B; S = ¢;Za.s,),(8:5:) (D)

Figure 6.10: Interpretation of the Command Calculus
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first prove the following interpretations of the two value-only substitution rules:

[TEe :A]l=e [T,z: AT Fey: B] = e
[T, T F eslen/a] - Bl = ((IF], e )[T'Ts €2

[THe: Al =e [T,z : AT ;AFc:B;S]=c
[0, 1% Ak cle/z] - By S| = J((IT], ex) 1], [A]): ¢

We prove these by mutual induction on the derivations of I',z : A, IV F ey : B
and ',z : A,T"; AF c¢: B;S. We prove the second rule is admissible by induction
over the derivation of ',z : A,TV; A,z : S1 F ¢ : B;Sy. This requires the use of

both value-only substitution interpretations and the state substitution rule. [

The next lemma ensures that the commuting conversion rules of the command
calculus are typable and sound. This Lemma is also used to prove Proposition
6.2.4. We omit its proof which is by induction on the structure of the term

contexts C[—].

Lemma 6.3.2 1. Given derivations of T,z : A; Ay, z : Sy F Clsa] : B; Sy
and T; Ay F ¢; : A; Sy such that C]—| does not bind or contain z, then
there is a derivation of T'; Ay & Ay F Cllet (x;2) = ¢; in ¢] @ B; Sy with
interpretation equal to J(dup, [As x Aq]); [T] ©@c ([A2] ©s [e1]); [c2]-

2. Given derivations of ',z : A; Ao, 21 : S1,29: So b Clsy] : B; Sz and I'; Ay
¢ 1 A;S; ® Sy such that C[—] does not bind or contain zj, 2o, then there
is a derivation of I'; Ay X Ay F Cllet (z;21,22) = ¢ in ¢o] : B; Sy with
interpretation equal to J(dup, [Ay x Aq]); [T] ©@c ([A2] ©s [ei]); [e2]-

3. Given derivations of I';z : A;As b Clss] @ B; Sy and I A1 F ¢ @ Al
such that C[—] does not bind or contain z, then there is a derivation of
[y Ay ) Ay F Cllet (z;%7) = ¢p in ¢o] : B; Sy with interpretation equal to
J(dup, [Az % Ad]); [T] ©c ([A2] ©s [er]); [e2]-

With these two lemmas we can prove the soundness of Typed Command

Theories with respect to Typed Command Models.
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Theorem 6.3.3 Given a model M of a Typed Command Theory T. The fol-

lowing three implications hold:

'Fep=e:A = ke Al =["Fes: A]
AFsi=5:5 = [AFs:S)=[AFs: 9]
AR =c:AS = [ITAFe A S]|=[TAF e A S]

Proof For the state calculus judgement we prove this by induction over the
derivation of A F s; = s : S. Use Lemma 6.3.1 for EQ-S-®3. For the value
and command calculi judgements we prove this by mutual induction over the
derivationsof ' -e; = ey : Aand I'; A ey = ey 1 A;S. The induction hypothesis
and the state calculus property are used for the EQ-C-V-S case. Lemma 6.3.1 is

used for the 3 rules. Lemma 6.3.2 is used for the commuting conversion rules. [

We now prove that the Typed Command Models are complete, by showing
that a model can be constructed from the type judgements of a Typed Command
Theory. First we construct a Typed Command Category from a given Typed
Command Theory, then we show that there is a model in this category obeying
a property connecting the interpretation of judgements and their counterparts as

arrows of the category. This will prove completeness.

Proposition 6.3.4 (Term Category) Let T be a Typed Command Theory
(Ty,Ts, Dy, Pg, Pe, Xy, Xg, Xc). This definition defines a category Cr:

Objects Types generated from 7y;
Arrows A — B Equivalence classes of terms [z : AF e : B].

Such that Cr has finite products. This definition defines a category St with

symmetric monoidal structure:
Objects Types generated by 7g;
Arrows S; — Sy Equivalence classes of terms [z : S; F s :.Ss).

Also, this definition defines a category Kr:
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Objects Pairs of types generated by 7y, and 7Zg;
Arrows (A, S;) — (B, Ss) Equivalence classes of terms [z : A;z: S1 F ¢ b; S,).

Such that there is an identity-on-objects functor Jp : Cr x St — Kr that is a
Typed Command Category.

Proof  The identities for Cr, St and Kr are given by [ : Az : A, [z: SF
z:Sland [x: A;z: S F (x;2) : A; S| respectively. Composition is defined for Cr
as:

[x:AFe :Bljjx:Bley:Cl=x: Al esley/z] : C]

This is associative and obeys the identity laws as a consequence of the properties
of substitution. Composition is also defined for St by substitution. Composition
is defined for Kt as:

[x:A;2:S1Fe By Sylylx: Byz: Sa by C)Ss)
= [z:A;2: S Flet (;2) < ¢1 in ¢y : C; 53]

This obeys the identity laws by the EQ-C-LET-S and EQ-C-LET-7 rules and is
associative by the EQ-C-LET-CC rule.

Finite products on Ct can be defined by taking 1 as the terminal object and
A x B as the product of A and B. Symmetric monoidal structure is defined on
St by taking [ as the unit object and S} ® S as the operation of the functor on
objects. On arrows it is defined using the S-®E and S-®I rules. The proof that
these have the correct properties is standard [Cro94, Bar96].

Define a functor Jr : Cr x St — K as identity on objects, and on arrows as
J([z:AFe:B|[z:S1Fs:8))=[z:A;2:5 F (es): B;Sy]. This is clearly
a functor by the definition of identities in Kr and the rule EQ-C-LET-£.

Define ©¢ as:

[x: Ak e:As]©clr: By;z: SiFc: By S
= [x:A; X By;z: Sy Flet(y; 2) = ei[ma/z] in((e[maz/x],y); 2") : Ay X Ba; So]

The functor S¢ is defined similarly. They can be seen to obey the required

naturality constraints by writing out the induced expressions in full and using
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the properties of substitution and the [F-reduction and commuting conversion
rules.

Define ©g as (the types on the final line have been hidden to save space):

[z:S1Fs:S]@s[r:A;z: S Fc: B;S))

= [let (z;21,290) = (z;2) in let (y; 25) = c[z0/2] in (y; (s[z1/2], 25))]

The functor Sg is defined similarly. They can be seen to obey the required
naturality constraints in a similar way to the C premonoidal structure. The two
required adjunction properties are given by the appropriate function types and

their rules. O

Define the term interpretation of T in Jy : Cr x St — Krp by interpreting
each primitive type as itself, and each primitive operation as [z : A - fz : B],
[2:S1Fpz:Sy)and [x: A;2:S1 F c(x; 2) : B; Sy for value, state and command
primitives respectively.

To establish that this is a model and hence completeness we need a connection
between terms and heir interpretation in the state model. To this end, define
the following functions from value and state contexts to value and state types

respectively:

ol

I
—_
=
8
N

I
—
X
S

and
I=1 Az:S=A®S

Now, given a pair of value judgements I'" F e; : T and I' F ey : A, define a term

by induction on the structure I":

€, €1,62 = € (Tyx: A),er,ea = (T, m(e1), ea)[ma(er)/z]

It is clear by induction on the context that z : T F T,z e : A is always derivable.

Given a state judgement A F s : S define a new term by induction on the context:

I,z,s=letx;=z1ins (A z5:9),2z,s =let (21,22) = zin A, 21, 8
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Again it is clear that z : A+ A, 2,5 : S is derivable. Given a command judgement
ITAFc: A; S, define:

I,z,c=1let (d;*7) < (%1;2) in ¢

(A, z5:9),z,c=1let (d;z1,29) < (*1;2) in A, 21, ¢

by induction on the state context, and, for a value judgement I'' e : T':

€e6c=c (Tyx: A),e,c=T,me,c[me/x]

by induction on the value context I'. Again it is clear that = : I';z : A F
Az, 'z c: A;S is derivable. We use these definitions to state the required

property of the term model.

Lemma 6.3.5 The term interpretation above is a model of T such that:

[CFe:A] = [2:TFT,2,e: A
[AFs:S] = [:AFB25:S]
[T;AFc: AS] = [x:f;z:Zl—W:A;S]
Proof  We first prove the property of the interpretation by induction on the

derivation of A F s : .S and mutual induction on the derivations of ' - e : A and

I AFc: A;S. This then implies that the interpretation is a model. U

With this model, we can deduce completeness:

Theorem 6.3.6 Assume a theory T. If [[' ke : A] = [I' F ey @ A] for all
models of T then'Fe; =ey: Ain T. And if [AF s1: 5] =[AF so: 5] for all
models of T then Ak s; =s5:5in T. Also, if [[5AF ¢ : A;S]=[5AF ¢y
A; S] for all models of T then I'; A ep =¢o: A; S in T.

Proof We prove the contrapositive. Assume I' - ey # ey : A, and so z : ' F
[,z,eq #1,x,e9 : A. Hence [I' F e : A] # [T'F ey : A] in the term model, i.e.

the interpretations are not equal in all models. The other completeness properties

are proven in the same way. U
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6.4 Comparison to Alias Types

We claim that the Typed Command Calculus is the simply typed essence of
the Alias Types system developed by Smith, Walker and Morrisett [SWMOO0].
Alias Types can type assembly language programs that manipulate pointers. The
basic method that Alias Types uses to maintain safety is by linearly controlling
permissions on how the memory may be accessed.

By “simply typed essence” we mean that the Typed Command Calculus cap-
tures the features of Alias Types that contribute to its type soundness with respect
to a semantics that performs in-place update that are expressible only in simple
types, i.e. without the indexed types that Alias Types has.

We do not give a formal translation of the Typed Command Calculus into
Alias Types for three reasons. Firstly, the Alias Types system types assembly
language instructions rather than A terms and so any translation would get caught
up in matters to do with compilation rather than typing. Secondly, the Alias
Types system has a complicated system of indexed types [XP99] which we only
present informally here. Thirdly, Alias Types does not have a notion of function
type that closes over pieces of state to match the Typed Command Calculus’ —o
functions.

The Alias Types system has three judgements of the form:
AFC=C ATFov:T A;C;THu

where A is an indexing context containing location and constraint variables; C'
and C’ are store constraints describing the current state of the store; I' is a value
context; v is a value term; 7 is a value type and ¢ is a command.

Store Constraints are built from constraint variables €, location typings {l —
7} and joined constraints C' @ C”. The first judgement is derivable when C' and
C’ have the same variables and location typings, possibly in a different order.
The second judgement is for deriving the well-typing of pure values that do not
perform any side-effecting operations. The third judgement types a command ¢,
starting with a store satisfying constraint C' and a value context I'. It has no

result type since Alias Types uses a continuation-passing-style approach.
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We define an analogy between Alias Types and the Typed Command Calculus
by matching store constraints with state contexts and types, value contexts and
types with Typed Command Calculus value contexts and types, and commands
with Typed Command Calculus commands.

Under this analogy, the first judgement corresponds to the judgements of
the state calculus, the second to judgements of the value calculus and the third
to judgements of the command calculus. We further elaborate this analogy by
demonstrating simplified versions of two of the typing rules.

Alias Types has a primitive free operator, typed thus:

A;T o ptr(n) AFC=C®{n—rT1} A;C" o {n— junk}; T Eo
A;C;T'F free v;t

where ptr(n) is a singleton type with the location n as its only variable. There
are three important things to note about this definition. Firstly, but the use of an
auxiliary store constraint C’, the free operation acts locally, within the context
defined by C’. Compare this to the “let” constructs of the Typed Command
Calculus that allow a command to be executed in a larger context. The main
point of the definitions of double parameterised Freyd category and monoidal
parameterised monad in Section 5.3 was to allow the lifting of commands to larger
state contexts. Alias Types builds this lifting directly into the typing rules.

Secondly, the use of type indexing and singleton types allows Alias Types to
separation the notions of pointer and permission. The Typed Command Calculus
cannot do this since there is no way to make sure that a value variable and state
variable are related in any way. We discuss adding indexed types to the Typed
Command Calculus in Section 9.2.

Thirdly, the continuation command ¢ in this rule is passed the altered con-
straint C" @ {n +— junk} and the same value context I". This sequence is matched
in the Typed Command Calculus by the use of shared value contexts and sepa-
rated state contexts in the C-LET rules.

Alias Types also has functions that exist only as values. The introduction

rule for them is, in simplified form (we have omitted the possibility for recursion
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and multiple arguments):

AFV[A;Clr — 0 IANWANSY 53 N o o)
AN TEMASCix 1] VA Clr — 0

The first premise ensures that the function type is well-formed in the indexing
context. Ignoring the parameter A’, functions in Alias Types are very similar to
— functions in the Typed Command Calculus, both take a state component and
value component to do their work, and both are treated as values since they do
not close over pieces of the state.

Due to these similar concepts in both Alias Types and the Typed Command
Calculus and their relevance to safe in-place update we are confident that we
have identified a suitable simply typed theory that will form a basis for future

investigation of typed languages with explicit memory management.



Chapter 7
Heap bounded state model

In this chapter we describe a Typed Command Category that demonstrates how
the structure may be used to model separation and side-effects on a heap of fixed
size. Since it is a Typed Command Category it will be suitable for interpreting
the Typed Command Calculus of the previous chapter. This category will also
be suitable for modelling the Ai,pic calculus of Chapter 8.

We will show how to interpret data structures that occupy heap space and
give new typing rules for the Typed Command Calculus for introducing and

eliminating them in a way which respects the fact that they reside on the heap.

7.1 The Category

The three categories in the model are as follows: C is the category Set; S is
the functor category [P, Set], where P is the category of natural numbers and
permutations; and K((A, S1), (B, Ss2)) = [P, Set](A x S;—, B x Sa—), where A x
S1— denotes the functor F'(X) = A x 51X, likewise for B x So—. The identity-
on-objects functor J : C x & — K maps (f, (si)icobp) t0 {f X $;)icobp-

Arrows of L map an input value and store and to an output value and store.
This is a refinement of Example 5.3.3 since it now includes notions of separa-
tion, boundedness and non-duplicability by the functor category structure. These
properties all stem from the choice of functors from P to represent state types.

The reason for choosing P is that it is the free symmetric monoidal category

195
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generated from the one object, one arrow category. Thus it provides the minimum
amount of structure needed to describe a separated heap. We think of an object
of [P, Set] as family of sets indexed by the amount of memory cells available.
The symmetric monoidal structure on objects is given by addition of natural
numbers. We will make use of Day’s construction [Day70] on the functor category
[P, Set] for interpreting composite state types. This is given by the following

coend formula (see Section 4.1 for the definition of coends):
ni,n2
(Sl X 52)77/ = / Sml X Szng X P(n1 + no, n)

The empty heap is modelled by the functor 10 = {x} and In = () when n # 0.

By the definition of tensor product we can see that it models separated states.
Given two state types S; and Ss, this definition ensures that the combined heap
is large enough to contain both of them without sharing any memory cells. Also,
in general, there are no arrows of the form S — S ® .S in S by this construction,
so we may not duplicate state. Neither are there any arrows of the form S — I,
so we may not discard state.

Assuming the functors used to interpret state types are sensibly defined with
real computer memory in mind, the space occupied by the output of the compu-
tation is exactly the same as the space occupied by the input. This is in keeping
with the heap-bounded property of LEPL [Hof00].

We define symmetric premonoidal structure on J with respect to both C and
S. Define f ©c¢ ¢, where f: A — Ay and ¢ : (By,S1) — (Bs, S2), as:

(A} x By) x 81— -+ Ay x (B x S1—) IX6 4, % (By X So—) o (Ag X By) X Sp—

The definition ©¢ is similar.
Define s ©gs ¢, where s : S1 — Sy and ¢ : (A4y,5]) — (A, S), as the composite

(using Day’s notation for co-ends involving x):

Ay x (S1nyx(SinexP(ny + na,n)
= Slnli((Al X SinQ)iP(nl + N9, N

sx(cxid
X(exid) Sony X ((Ag x Shng)XP(ny + ng,n

)
)
)
)

= Ag X (Sgnli(SéTLgﬁP(nl + no, TL)
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The definition of &g is similar.

This construction is also closed in both senses defined in Chapter 5. Define:
(A, S1) — (B, S2) = [P,Set](A x S;—, B x Sy—)
For KC-closure, define the functor to be:
(A, S1) — (B, S2) = (1,/A X Sin = B x Sa(— +n))

n

where = is the exponential functor in Set.

Theorem 7.1.1 With the definitions above, J : Set x [P, Set| — K is a Typed
Command Category.

Proof The functor ©¢ respects the monoidal structure of Set on arrows:

fecl(g,8)=a;fx(gxs)at=(fxg)xs;a;at=(fxg)xs=J(fxg,s)

Similarly for ©¢. Naturality for the structure transformations is also easy to

check. For example, the naturality in the third argument for J(«,id):

J(a,id);A@ (Bac) = axid;a;idx (a;id x c;a™ ;a7 !
= o;a;id x (id x ¢);id x ™Yot
= aid x ¢;opid x o a7t
= a;idxo;a‘l;axid

= (A® B) & ¢ J(a,id)

where the inner steps follow by coherence, naturality and coherence respectively.
The other naturality properties are similar.

That the functors ©s and Sg preserve S’s monoidal structure on arrows
follows directly from the definition, coherence of the monoidal structure of X
on Set and naturality. The naturality of the structure transformations under J
holds for similar reasons to the naturality of the C transformations: by coherence
and naturality.

The fact that (A, S1) — — is right adjoint to — &¢ (A, S1) is immediate from

the cartesian closure of [P, Set].
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For K-closure, the isomorphism of homsets required for the adjunction is given
by:

[P,Set](A X B x / ’ Sl’fll X SQHQ X P(n1 + nao, —),O X 53—)

I

/(AXBX/ 7 SlnlXSQRQXP(R1+TL2,H):>CX53H)

I

/ (A x B x Siny x Song x P(ny 4+ ng,n) = C X S3n)
n,ni,n

~ / (A x Sy = (B x Sama x P(ny + nag,n) = C x Syn))

I

/ (A x Siny = (B x Song = (/(P(nl +ng,n) = C x S3n))))

n

1%

/ (A X Slnl = (B X SQTLQ = (C x Sg(nl + ng)))

= / (A X Sing = / (B X Song = C' % Sg(nl +n2)))

I

P, Set](A x 51—,/ (B x Sama = C x Sy(— +ny)))

n2

where the isomorphisms are by: the presentation of sets of natural transforma-
tions by an end; preservation of colimits; currying; preservation of limits; Yoneda;
preservation of limits; and the presentation of sets of natural transformations as
ends. The sequence of isomorphisms here is an adapted case of the sequence

needed to prove that Day’s construction is closed. 0

This Typed Command Category also enjoys the extra properties identified for

models of state in Section 5.4:

Proposition 7.1.2 The Typed Command Category J : Set x [P,Set] — K is

commutative, and the functor J(—, I) is full and faithful.

Proof For commutativity, it must be the case that all arrows of IC are central.
Writing out the definitions of (¢; ©¢ B) ©s Sa; 51 s (A’ S¢ ¢2) and 51 Ss (A S¢
c2); (c1 ©¢ B') ©s S shows that they are both equal to:

(A X B) X (Sln1§<82ngﬁp(n1 + no, TL)))
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= (A X Slnl)i((B X Sgng)iP(nl + no, n))
c1 X (e2xP(n1+n2,n)) (A/ % Sinl)ﬁ((B/ % Séng)ﬁl.)(nl + n27n))
(A" x B') x (Syrm x(SynaxP(ny + na,n)))

I

thus this category is commutative. The functor J(—, I) is full and faithful because
given a natural transformation f, : A X In — B x In, it is only non-trivial when

n =0, and then it is equivalent to an arrow A — B since 10 = {x}. O

7.2 Boxed Data

We now demonstrate the interpretation of some simple datatypes that reside on
the heap. The first will be “boxed” versions of value datatypes. These will model
memory cells on the heap that contain a single value of the specified type. Thus
the state type [A] will represent memory cells that contain values of value type
A. We will also have a special type ¢ which is isomorphic to [1], representing
unused memory cells. The use of a diamond for unused memory cells is taken
from Hofmann’s LFPL [Hof00].

For each boxed type there is a pair of primitive commands in the Typed

Command Calculus for storing a value and destructively retrieving a value:
storey : (4,0) — (1,[4]) retrievey : (1,[A]) — (4, 90)

The store command takes the value to be stored and a diamond representing
the memory location in which it is to be stored and returns a pointer to the
memory cell. In a real implementation this pointer would have exactly the same
value, but we return it here because its type has changed. The retrieve com-
mand performs the opposite operation, taking a pointer to a memory cell and
splitting it into its value and abstract location.

There are two axiom schemes for this pair, stating that the two operations

are inverse:

store,(retrieveyc) = ¢ retrievey(store,c) =c¢
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The triviality of these axioms points to the fact that, with a functional inter-
pretation, store and retrieve are both no-ops. But the point is that we can
implement them using mutating operations on the store. It is the substructural
typing of the Typed Command Calculus that allows such simple axioms.

Given some value type A with interpretation as a set [A], we interpret the

boxed type [A] as:
[A] n=1

0 otherwise

[[Alln = {

A boxed value takes up exactly one cell of memory space. The diamond

type also takes up one cell of memory space, but does not contain any useful

[[Q]]RZ{ {x} n=1

information:

1] otherwise

The interpretations of store, and retrieve, are simple:
store z[1](a, *) = (x, a) retrieve o[1](x,a) = (a, %)

we do not need to specify them at heap sizes other than 1 by the definitions of
[[A]] and [O]. These two operations are obviously inverse, and hence satisfy the

axioms.

7.3 Singly-Linked Lists

A more complex data type is provided by singly linked lists that reside in the
store. We will not represent the links in the semantics, since we have no notion
of locations and hence no notion of pointers to do the linking. For each value
type A, we assume a state type L(A), representing lists in the store. There are

two ways to introduce states containing lists:
nils: (1,1) — (1, L(A)) consy : (4,0 ® L(A)) — (1,L(A))

The nil command works on an empty store (represented by I) since, opera-

tionally, the empty list will be represented by a null pointer. The cons command
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takes an unused piece of the store, represented by the ¢ argument, and uses this
to create a new cons cell containing the value and “pointing” to the rest of the
list.

Lists are eliminated by means of an fold operator!:
Ay bFe By S
Dox:B,y:A;z21:0,20: Skey: By S [ A F e (1, L(A))
[ Ay, Ay = listfolda g s(er, (7, y; 21, 22)c2, ¢3) + B; S

where the value variables x and y and the state variables z; and 2, are bound in
the command cs.

The intended meaning is that listfold executes the command c3 to obtain a
list, it then executes the command ¢; and then iterates up the list, using a second
command ¢y for each of the nodes. Hence, this is an in-place version of the
standard foldr operation. At each node, the memory used by the node is made
available for use by ¢, via its ¢ argument. Thus, listfold destroys the list, making
it available for reuse as it traverses it. Note the use of a “loop invariant” S that
is initialised by ¢; and preserved by cs.

There are two axioms schemes for lists, for when the two possible pairs of

introduction and elimination terms meet:

listfolda g s(c1, (2, y; 21, 22)c2,nila(x15%1)) = €1

listfold 4 g s(c1, (@1, x2; 21, 22)c2, cons(x; (d, xs)))

let (a,s) = listfolda g s(c1, (z, xa; 21, 22)C2, (*1; T5))
in cola/xy, x/x0,8/21,d/ 2]
Apart from the typing and the ¢ arguments, these axioms are very similar to

what we would expect in a pure functional programming language with a “fold”

operator.

INote that, due to presence of function types in the Typed Command Calculus, we could
present this new syntax as a primitive command. However, this would make the presenta-
tion of the example programs more unwieldy, even though we have to re-prove soundness and
substitution.
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Using these primitives we can write simple programs that exploit the use of
in-place update. Here is a variant of the standard map function that updates the
list in-place:

mapy g = A7 (f;2) : (A, 1) = (B, 1); L(A)).
listfold(nil(*q;*7),
(a:Ayy:1;r: L(B),d: Q)let(b;*r) = fQ_(a,*) in cons(b; (r,d)),
(*1510))
The loop invariant in this application of listfold is of the type L(B), the piece of
state represented being the new list constructed in the memory of the old one.
Here is a short function that appends a list to another in place; the loop

invariant is again the list that is being constructed from the old ones:
appendy = A7 (g; 2) : (1; L(A) ® L(A)).

let (g; 21, 22) = (¢; 2) in
listfold((*1; 22), (x : A,y : ;7 : L(A),d : O)cons(z; (r,d)), (*x1;21))
We now turn to the interpretation of the syntax for lists. We adapt the initial
algebra semantics for inductive types to our situation. For more information on
using initial algebras to interpret inductive types, see [Pit00]. At the level of

Typed Command Categories, we interpret the nil and cons primitives by arrows
in C:

nilgay + (1L1) = (LILAYD)  conspay : (4], [0] @ [LA)]) — (L [L(A)])
The fold operator is interpreted via a function of homsets, natural in X:
listfold : K((X x [A] x B,[¢] ® S), (B,S)) — K(X x B,S® [L(A)]), (B,S))

With just this basic structure, we can now interpret the typing rule for listfold:
[T;A1 e B S =¢
[C,z:Byy:A;z1:Q,29: Sk ot By S| = e [T;AxFes: (1,L(A)] =cs
[T Aq, A Flistfolda s (c1, (2, y; 21, 22)ca, c3) = B; S|
= ((id,id),id); ([T'], [A1]) © ¢c35¢1 © (1, [L(A)]); listfold(cz)

The, extended calculus, with this interpretation still has the substitution prop-

erty of the unextended calculus (Lemmas 6.2.3 and 6.3.1):
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Lemma 7.3.1 (Substitution) In the extended calculus, the following rules are

admissible and have the given interpretation:
[THe:A]l=e [T,z : AT Fey: Bl = ey
[O, 17 F esfer/a] : B] = ([T, e0))[I']; e2

[THe:A]l=e
[ArFs:S]=s [T,z : AT ; Ag(2:S1) Fe: B; Sa =c
[T, 17 Ax(Ar) b= cle/z, s/2] - B; So] = (((id, ) [I"], [A2] (s)); ¢

Proof As before, we prove two value-only substitution rules admissible and

with the correct interpretation by mutual induction on the derivations. The
naturality of listfold in X is crucial. This is then used to prove the second

substitution rule. O

For this interpretation to be a model, we must impose two requirements on the
nil and cons arrows and the listfold operator, corresponding to the two axioms.

The following two diagrams must commute:

pt —1)

(XXBS) (X xBx1,5®1I)
J(72,5) (X xB,S)enil
(B,8) =Y (x x B, S @ [L(A)])
(X x B x [A], S ® [0] @ [L(A)]) “222T% x B, S @ [L(A)])
J(=2)
(X X [A] x X x B,[0] ® S ® [L(A)]) listfold(c)
(X X[A],[O)elistfold(c)
(X x [A] x B,[0] ® S) ‘ (B, S)

Soundness holds for the extended calculus, extending Theorem 6.3.3. It is

proven by induction on the equational judgements:

Theorem 7.3.2 (Soundness) In the extended calculus, if '+ e; = e5 : A then
ke :Aand T'F ey : A are derivable, and [T'F e : A] = [T'F ey : A]. Likewise
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if AR =c: A;Sthen AR ¢ 0 A S and T'; A B ey 0 A; S are derivable
and [IAF ¢t A;S) =1 AF o0 A; S].

Moving back to our concrete model, we interpret the type of lists as the set
of finite lists of elements of [A], the indexing by P determines the exact size of

the list.

{x} n=>0

L(A)|n =
_— {[[L(A)]](n—l)X[[A]] n>1

The definition of [L(A)](f : n — n) is just the identity.
We need only define the component of the nil operation when n = 0, since
I(n)=0if n #0:

nil4[0](*,x € I0) = (x € 1,% € L(A)0)

The resulting family is clearly natural in n. We define the cons operation by

making use of the universal property of co-ends. The arrow cons is induced from

the arrows:
consy o4 ¢ [A] x [O]ny x [L(A)]ng x P(ny 4 ng,n) — [L(A)]n
consy o a = (a,%,(a1, s Qny), f) = (a1, ey Gy, @)

It is easy to check that this is dinatural in n; and ns and natural in n. Therefore,

by Day’s Lemma 2.2 [Day70], there is a transformation, natural in n:
ni,n2
cons”y : [A] x / [O]ny x [L(A)]ng x P(ny + no,n) — [L(A)]n

as required.

The listfold operator is also defined using the universal property. For any
natural transformation ¢, : X x [A] x B x ["" Ony x Sny x P(ng 4+ na,n) —
B x Sn, there is a family of wedges:

o X X [A] x B x Ong X Sng x P(ny +ng,n) — B x Sn

ni,n2
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which is dinatural in n; and ny and natural in n. Now define listfold(c)”

ni,n2 :
X X B x Sny x [L(A)]ne x P(ny +ng,n) — B x Sn as:
let (by, 51) = e} (, a1, b, %, 5,d) in
(,b,8, (a1, ..., an,), f) —

_ nitne ; ;
let (bnys Sny) = €1y ing—1(T5 Gy, by 1, %, 85y 1,4d) in

(bn2 ? SfSnQ)

Note how, as each of the elements of the list is being processed, the memory space
allocated to the list, no, is being transferred to the values of S(n;+14). This family

of arrows is clearly natural in n and is dinatural in n; and ns by the naturality

'

and dinaturality properties of the family ¢, .

Therefore, by Day’s Lemma 2.2,

we have a natural transformation:
ni,n2
listfold(c) : X x B X / Sny x [L(A)]ne x P(ny +n2,n) — B x Sn

as required.

It remains to verify the required diagrams for these operations. For the dia-
gram involving nil, consider the following diagram, where the inner square is the
diagram we require to commute:

X xBx8nx(1xI0)xP(n+0,n)

(id,!;(id,id)
qn,0

X x Bx 8n——X x Bx (Sn1x(1 x Ing)xP(ny +nz,n))

IR

i(ﬂg,ﬂg} X xB(Sn1xnilxP(ni1+nz,n))

B x Sn

X x B x (Sny X[L(A)]naxP(ny + na,n))

listfold(c)
dn,0
listfold(c)y, o

X x Bx8nx[L(A)J0xP(n+0,n)

The top and bottom triangles and the right-hand quadrilateral all commute
by Lemma 4.1.11 and the definition of nil. The outer perimeter commutes by
inspection of the definition of listfold(c);;, ,,,. Hence the inner diagram commutes,
as required. The required diagram for cons may also be seen to hold by a sim-
ilar, but larger diagram, relying on the universal property and the definition of

listfold(c)

ni,n2’
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One could also provide semantics for other (non-circular) linked data struc-

tures in this manner.



Chapter 8
An In-place Update Calculus

In the previous chapter we presented a calculus directly related to Typed Com-
mand Categories. In this chapter we present a calculus, Ainpic, that is a reformu-
lation in our framework of the linear type system with non-linear types proposed
by Wadler [Wad90, Wad91], without the let! construct. A similar system has
been published by Hofmann [Hof00] for heap-bounded in-place update. More
advanced systems based on it include Walker and Watkin’s system for combin-
ing linear typing and regions [WWO01] and Morrisett, Ahmed and Fluet’s Linear
Language with Locations for pointer programs [MAF05].

We will show that commutative Typed Command Categories that obey the
fullness property of Section 5.4 coherently and soundly model the calculus. We
also give a direct categorical semantics for the calculus, of which commutative
Typed Command Categories with the fullness property are an instance.

As in the Typed Command Calculus, Aippic regards values of certain types as
“permissions” to access parts of the state. Some types have no state component,
and hence confer no permission, these are termed state-free types. Whereas the
Typed Command Calculus had a strict distinction between value types and state
types, Ainple mixes the two. This in turn means that A, has a single context
and result type, and looks more like a normal typed A-calculus.

Most of the typing rules (Figure 8.2) make no distinction between state-free
and non-state-free types. The distinction arises in two places. There are struc-

tural transitions only available to state-free context members and not available to

207
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non-state-free members; context members of state-free type may be contracted
and weakened, but context members of non-state-free type may not. This is
justified by the reading of non-state-free types as carriers of permissions, which
must not be duplicated or discarded. The distinction is also used in the two
function types of the calculus. There is a state-free function type, whose values
may not close over non-state-free variables, and a non-state-free function type,
whose values may closed over non-state-free variables.

In Section 8.1 we introduce the syntax of types and contexts for Ajpic, and
describe the distinction between state-free and non-state-free types. We then
describe the valid structural transitions of the calculus, paying careful attention
to the distinction between state-free and non-state-free types, and the different
structural rules that apply. Substitution in i,y requires a more careful analysis
to formulate a restricted rule, which we do in Section 8.2. To gain insight into
the restricted form of the substitution rule that we must adopt, we sketch an
interpretation of the calculus in a commutative TCC. We will see that the problem
with substitution arises from an implicit notion of value in Ai,c induced by
the distinction between stateful and state-free types. Section 8.3 sets out the
equational rules of A,pic theories.

The remainder of the chapter deals with direct categorical models of the cal-
culus. Section 8.4 describes the categorical structure required to directly model
Ainple: In-place Update Categories and proves that they are coherent, sound and
complete class of models. Finally, Section 8.5 returns to Typed Command Cat-
egories and shows that they are an instance of In-place Update Categories. We

translate the constructions of Chapter 7 for boxed data types and lists into Ajppic.

8.1 In-place Update Systems

Assume a set of primitive types 7 and a disjoint set of state-free primitive types

Ts. The set of types is generated by the following grammar:

A o= XETU,];f | A1®A2 | I | A1—>A2 | A1_0A2
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The predicate sf(A) determines a subset of all types which are state-free. Values
of these types will not contain any state information at runtime and so can be

treated as pure values.

sf(X) & X ek
sf(A; ® Ay) & sf(A;) Asf(Ay)
sf(I) < always
sf(A4; — As) & always
sf(A; — As) < never

The state-free predicate is derived from the set of state-free types. The intuitive
semantics of state-free types is that they do not refer to the state, and do not
confer any permissions to alter any state. A pair type A; ® A, is state free iff
both sides are state-free; this is because values of a pair type are pairs of values
of the constituent types, if neither part refers to the state, then the whole does
not. The two function types are always and never state-free respectively; this is
due to the fact that functions of type A; — A, may only close over state-free
variables, and functions of type A; — As may close over any variables.
Contexts are generated by the following grammar, where no variable x may

appear more than once in any given context:
DA =T | z:A | I,y

For any variable x in a context I' the notation I'[z] denotes the type assigned to
that variable, and v(I") denotes the list of variables in I' given by a depth-first,

left-to-right traversal. The state-free predicate is extended to contexts:
sf(/) < always
sf(z: A) < sf(A)
sf(Fl, Fg) = sf(Fl) VAN Sf(F2>

We also consider contexts with holes by adding the following production to

the grammar:

LA == ... | —4
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where a is a name for the hole, and no hole name may appear more than once in
a context. We will write a context with a hole as I'(—),, explicitly naming the
hole, or as I'(—) when it does not matter what the hole is named. The notation
['(I") denotes a context with a hole with the hole filled in with the context I", i.e.
the position of the hole in the tree is replaced by the context I. This operation
is only well-defined when the two contexts have disjoint variable and hole names.

Since we do not know whether holes will be filled in with state-free contexts or
not, we take the conservative route with the extension of the state-free predicate

to contexts with holes:
sf(—,) < never

A structural transition is a triple I' & A, where I' and A are contexts and p
is a mapping of variables in A to variables in I". The rules in Figure 8.1 define
a judgement T' & A wvalid, which identifies a subset of the structural transitions

which are valid for Aipic.

p(I") =T Ty 2Ty valid Ty 2Ty valid

I & 17 valid Iy =Y I's valid

Ty 2T valid Ty 2T valid

Iy, Ty 21T valid (I1,T,), T3 < Ty, (T, T3) valid

sf(T")
I,I" < T valid I''l < T valid I',I'y & 'y, 'y valid I' = I valid

sf(T r=,1

r POLEN e o lid

Figure 8.1: Valid Structural Transitions

The valid structural transitions consist of the usual identity, composition, con-

gruence, associativity, unit and exchange rules. There are also two conditional
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rules of weakening and contraction. These are only for use with state-free con-
texts. The justification for the special transitions for state-free contexts relies on
the reading of context members as “permissions” to perform side-effects. Non-
state-free context members represent the fact that the term e in a judgement
I' - e : A requires access to a piece of the state. Permission to access a piece of
the state may not be duplicated or discarded, since the first would lead to runtime
type errors and the second to memory leaks. State-free context members, as the
name suggests, only represent pure values and so they may be duplicated and

discarded at will, by these two structural transitions.

Structural transitions between contexts with holes I'(=), 2 A(—), are maps

p that map variables in A to variables in I' and hole names in A to hole names
in I. Valid such structural transitions are included in the rules of Figure 8.1 by
the identity /renaming rule.

To ease reasoning involving valid structural transitions, we have the following
lemma, which characterises valid structural transitions. With this lemma we will
be able to reason about valid structural extensions abstractly rather than worry
about the exact derivation of validity. This will be useful for proving coherence

and soundness.

Lemma 8.1.1 A structural transition I' & A is valid iff:

1. Vy. {z: p(z) = y}| # 1 implies sf(I'[y]);

The same characterisation extends to contexts with holes.

Proof The forward direction is by induction on the derivation of validity. It
is easy to see that all the rules preserve the types of the variables. All of the
basic transitions apart from weakening and contraction perform no renaming,
and so they maintain the first property. Weakening and contraction also preserve
property 1 since they only work on state-free contexts, whose components, by
definition are all state-free.

For the reverse direction, given a structural transition I' & A obeying the

two properties, we construct a canonical derivation tree for it. For each variable
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x in I' with state-free type A there is a set p~!(z) of variables in A that are
mapped to it. Say for a given x that the variables are y, ..., y,. Construct a valid
structural transition z : A 7Yz (.(lyyn = A)yyyn = An) = A, by using
weakening and contraction. This is possible since A is state free. For each non-
state-free variable z, use the renaming rule to generate a structural transition
z: A [Zgz] Z A = A,. Likewise, for each hole a use the hole renaming
rule generate the appropriate structural extension. Use the congruence rule to
combine all these to get a single valid structural transition I' 2 IV, where I is I’
with each state-free variable x replaced by A,. The contexts I” and A have the
same variables with the same types, so it is now possible to use the associativity,
unit and exchange rules to generate a valid structural transition IV = A which
does no renaming. Combining these using the composition rule shows that I' & A

is a valid structural transition. O

An In-place Update System (7,7, P) consists of a set of primitive types, a
disjoint set of primitive state-free types and a set of primitive operations ® of the
form p: Ay — A, where A; and A, are types generated by the grammar above.
Along with types, contexts and valid structural transitions, a system generates a

set of terms:

e == x | letx=eines | pe
| *xr | let x; = e in ey
| (617 62) | let ('Tu y) = e In ey

| Azx:Ae | eQ@_e
| Ax:Ae | eQ ey

and a typing judgement I' - e : A by the rules in Figure 8.2.

For a given system (7,7, ®), and two types A; and A, generated by it, we
will write ®(A;, Ay) for the subset of ® of the form p: A — A,.

We describe each of the typing rules in turn. The STRuCT rule incorporates the
valid structural transitions into the calculus. The special transitions for state-free
contexts mean that the behaviour of the pair introduction (®I) and elimination

(®E) rules depends on the types of the components. When both components of
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I"Fe: A T 271 valid

_— (ID) (STRUCT) _— (II)
x:AkFz: A C'kple): A I 1
F1|_€12] F2(1)|—€21A F1|_€12A1 FQ}_GQ:AQ

(IE) (®I)
Fg(rl) F let *7 = €q in €9 . A Fl,FQ F (61,62) . A1 X A2
F1|_€1:A1®A2 FQ(x:Al,y:Ag)l—eg:B
(RE)
[o(Ty) et (x,y) = €1 iney: B
r:Ake: B sf(T) I'ikFe :A— B Iobeq: A
(—1) (—E)
'-X.ze:A— B [',IToFe@Q_ey: B
F,ZC:Al_(EZB Fll_eliA—OB F2|_€2:A
(—I) (—E)
Fl—)\wxeA—OB FI,F2F€1@A,€2 : B

'Fe:A (p:A—B)ed
I'Fpe:B

(PRIM)

ke A [o(x: A)bFey: B
[o(Ty) Flet x =e;iney: B

(LET)

Figure 8.2: In-place-update Typing Rules
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a pair are state-free the type acts as a normal product type. The rules IT and IE
are the usual introduction and elimination rules for the unit type.

There are two function types in Aipie, similar to the two function types of
Alocal- State-free functions, A — B, do not close over any non-state-free context
members (the sf(I') premise) and so are state-free themselves; permissions to any
state that the body of the function operates on must be provided as an argument.
Non-state-free functions, A — B, may close over state and so are regarded as
non-state-free and thus may not be discarded or duplicated, since this would
imply that the permissions they contain be duplicated or discarded. Note that,
due to the single context in Ajpie, the differences between the two function types
boil down to differences in their state-free status, and in the introduction rules.
The elimination rules for both function types are identical.

The PriMm rule incorporates the primitive operations from ® into the set of

typed terms.

8.2 Substitution

The Ainpic calculus does not admit the full substitution rule. The conditional
structural rules of contraction and weakening and the A — B introduction rule
mean that an attempt to substitute a term typed in a non-state-free context for

a state-free variable may be ill-typed. For example, consider the judgement:
x:Int bk (z,7) : Int ® Int

This judgement is valid if we assume that Int is state-free. Now consider another

judgement:

d : Cell I location(d) : Int

where the type Cell is not state-free. An attempt to substitute the term loc(d)

for z in the first judgement would result in an ill-typed term:

(location(d), location(d))
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The variable d appears twice in the term, but since d is of a non-state-free type the
term is not typable. The problem also arises when the variable to be substituted
for occurs inside a A_, term.

It is only safe to substitute a term with a non-state-free context for a variable
when it has not been acted upon by a typing rule that assumes state-freeness.

We term such occurrences of variables non-linear occurrences:

Definition 8.2.1 A variable x occurs non-linearly in a term e if its number of

occurrences is not equal to one, or it appears free inside a A_, term.

For a variable to occur any number of times other that one it must have been
acted upon by WEAKENING or CONTRACTION, and so must be state-free. Also, for
it to have appeared free in a A_, term it must have been state-free. Therefore,
any variable that occurs non-linearly in state-free.

With this definition we can state a restricted substitution rule suitable for

)\inplc :

Lemma 8.2.2 (Restricted Substitution) The following rule of restricted sub-
stitution is admissible:

AFe: A I'(z:A)kFe€:B x non-linear in €’ implies sf(A)

—

T(Aj - €e/z] : B

In order to prove this we will need the following lemma which states how

substitution interacts with structural transitions:

Lemma 8.2.3 Assume:
e Typed variables z1 : A1, ...,x, : A, and contexts Ay, ..., A,;

e For each z;, zero or more variables yi, ..., yi , such that if k; # 1 then Ay is

state free;

—_—

e A valid structural transition I'y (z1 : Ay)...(z, : An) = Doy’ : A1) (y" : Ay),
such that for all 7,7, a(y}) = .
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For each y; generate a new context from A;, called A}, by renaming the variables.

L.e. there is a valid structural transition A; iﬁ A; such that pé- is bijective. Then
there is a valid structural transition I'y(Aq)...(A,) LY Fg(le...(A—")), such that
for all 4,7 and z € v(A}), B(z) = pi(z) and for all z € v(T'y(—)), B(2) = a(z).

Proof Simply define 3 to have the same action as « on variables in I'y(—) and
the action of p! for variables in A%. The fact that k; # 1 implies sf(A;) means

that this is a valid structural transition. O

Proof (of Lemma 8.2.2) By induction on the derivation of I's(x : A) ey : B.
Most cases are simple and follow just by applying the induction hypothesis and
then applying the appropriate typing rule and relying on the fact that substitution
of free variables commutes with all our term constructors. The only difficult case
is STRUCT, which is handled by Lemma 8.2.3 in the same way as for Ay in the

proof of Lemma 2.2.4. O

8.2.1 Interpretation in a Typed Command Category

This restricted substitution rule is all very well, but is there a deeper reason for the
restriction of substitutable-for variables? In this subsection we attempt to answer
this by sketching an interpretation of Aiypic in a Typed Command Category.

Assume a commutative Typed Command Category J : C x § — K such that
the functor J(—, I) is full and faithful.

Following the intuitive idea presented in the chapter introduction that the
types of Ainplc are composed of a stateful part and a state-free part, we interpret
types as objects of K. The stateful part is represented by the S component, and
the state-free part is represented by the C component. State-free types of Ainpic
are interpreted as objects of K whose state component is 1.

Contexts are interpreted as functors X — K, where n is the number of holes
in the context. We define the interpretation by induction on the structure of the

context:

[-u]=1d: K- K [r: Al =%x—[4] : 1 = K [[=%— (I[,I):1—=K

[T1, Do = ([T1] x [To]); @ : KM — K
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where n; and ng are the number of holes in I'; and I'y respectively, and ® is the
symmetric monoidal product on K defined in Proposition 5.4.3.

Valid structural transitions are interpreted as natural transformations. In
the case of stateful contexts, all the necessary natural transformations are given
by the symmetric monoidal structure of C. When a context is heap free then
its state component is isomorphic to I by the interpretation of state-free types.
Therefore, we can use the finite product structure in C to interpret the conditional
CONTRACTION and WEAKENING rules.

The interpretation of typing judgements is defined by induction over the typ-
ing derivation. Most of the cases are straightforward. However, we give the cases

for the two function introductions:
[T,x:AFe:B]=e sf(I)
[TFAox:Ae: A— B = J(id,=4); J(A™(J(id, =5);€), 1)

[T,x:Ake:B] =e
[TFAox:Ae:A— Bl =A"(e)

where the isomorphisms =, and =, are the canonical ones taking multiple copies
of I to a single copy and back again.

We now examine the restriction to non-linear occurrences in Lemma 8.2.2.
As noted above, for a variable to occur non-linearly it must have state-free type.
The restricted substitution rule then requires that the term to be substituted in
must have a state-free context.

By the fullness property of J(—,I) and the interpretation of value types,
it is the case that terms with state-free context and result type are actually
interpreted as wvalues in commutative Typed Command Categories. The fact
that we can always substitute in terms of this form confirms the explanation
presented in the introduction that Aj,p implicitly forces a call-by-value scheme
by the construction of its type system.

It is still permissible to substitute in arbitrary well-typed terms for linearly
occurring variables. This is explained by the restriction to commutative Typed

Command Categories. Since the order of side-effects on the state is controlled by
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the typing, not the actual ordering of commands, we can re-order the commands
by substitution as long as the typing is preserved. Any more liberal substitution
policy would however violate the non-sharing property of the monoidal product

on S and so is not allowed.

8.3 Equational Theory

An In-place Update Theory (T, 7, ®,3) is an In-place Update System (7, Zgr, )
plus a set ¥ of axioms of the form '+ e; = ey : AwhereI'Fe;: Aand'Fey: A
are derivable. A theory induces an equational judgement defined by the rules in
Figures 8.3, 8.4 and 8.5.

ThHer=e:A)ex
I'Fey=e: A

(EQ-AX)

ke =e:A T 2T valid
I"Fpler) = ples) : A

(EQ-STRUCT)

Fll—ele

[a(z:A)Fey: B z occurs non-linearly in es implies sf(I'y)

[o(Ty) F (let = ey in esfz/2]) = esler/z] - B

(EQ-LET)

Plus: reflexivity, symmetry, transitivity and congruence rules.

Figure 8.3: In-place Update Equational Rules: Basics

The rules in Figure 8.3 cover the basic rules for axioms, the equality preser-
vation of the STRuCT rule and the rules for the LET construct. The rule for LET
subsumes the usual 3, n and commuting conversion rules. It is restricted by the
side-condition to ensure that the substitutions are always valid. The system also

includes the standard rules for reflexivity, symmetry, transitivity and congruence.
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() Fe:A
(EQ-p-1)
D) F (let xy =*7ine)=e: A
Fl + €1 . I
Fo(z:1)Feg: A z occurs non-linearly in ey implies sf(I'y)

(EQ-n-I)
Fo(Ty) F (let x; = ey in eg[x7/2]) = ealer/z] + A

Fll—elel F2|_621A2 F3($2A1,y2A2)F631A3

(EQ--®)
[3(Ty,Ty) F (let (z,y) = (e1,e2) in e3) = (let = ey inlet y = e in e3) : A3
Fl F €1 . A (2 B
Fo(z: A®B)Fey: C z occurs non-linearly in es implies sf(I'y)
(EQ-n-®)

[o(Ty) = (let (x,y) = eq in es[(x,y)/2]) = esler/z] : C

Figure 8.4: In-place Update Equational Rules: Pairs
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Figure 8.4 contains the equational rules for units and pairs. The ( rule for
pairs is standard albeit with the use of a unary let in the ( rule for pairs to
overcome the problem with substitution. We also have Ghani’s extended 7 rule
[Gha95] for units and tensor products which subsumes the commuting conversion
rules. As with Agp, the extensionality rules for units and state-free products are

derivable from these rules.

x:Ale : B IMFey: A sf(T)

(BEQ-p-—)
T E (Alxe)@Q eg=let z =eyine : B
I're:A— B
(EQ-n-—)
'F(Aze@ z)=e¢:A— B
Fx:Ake : B IMFey: A
(EQ-f-—o)
[T F (A or.e)@Q cep =let x =eyine : B
I'e: A—oB
(EQ-n-—)

'(Aozxe@Q x)=€:A—B

Figure 8.5: In-place Update Equational Rules: Functions

The final group of equational rules is shown in Figure 8.5. Both function types
have the normal § and 7 rules, albeit using a unary let instead of substitution for
the (8 rules. Note that both functions have identical equation rules; the function
types only differ in the way they interact with the structural rules via the state-

free-ness predicate.

Proposition 8.3.1 If I' - e; = ey : A is derivable, then I' F e; : A and
' ey : A are derivable.

Proof By induction over the derivation of I' - e; = ey : A. The case for
EQ-Ax follows from the definition of a theory. All the other cases follow from the

substitution lemma, Lemma 8.2.2. 0
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8.4 Categorical Semantics

In this section, we give the categorical structure for interpreting Aiypic directly,
and show that Aipc is sound and complete for the class of models with this
structure. In the next section we will show that certain commutative closed

double parameterised Freyd-categories form an instance of this structure.

Definition 8.4.1 An In-place Update Category consists of a symmetric monoidal
closed category K, with a finite product sub-category C, such that the inclusion
functor J : C — K is full as well as faithful and strong symmetric monoidal and
that, for all objects A of K the functor J(—) ® A has a specified right adjoint,

written as A — —.

As implied in the definition we will use ® as the symbol for the functor part of
the monoidal structure on IC, and x for the product structure on C. Recall that
a strong symmetric monoidal functor is one for which there is an isomorphism
map: JA®JB = J(A X B) and an isomorphism m; : I = J1 which commute
with the associativity, unit and symmetry natural isomorphisms. For the two

closures we will use A~ and A™ for the two homset isomorphisms:
AT K(J(A)®B,C)=C(A,B— C) A7 :K(A® B,C)=C(A,B — ()

We will use ev™ and ev ™ for the two counits, both of which have their components

in KC:
evip:J(A—-B)®A— B evyp:(A—-B)®A— B

An interpretation of an In-place Update System (7,74, ®) in an In-place
Update Category J : C — K consists of three functions: [-Jo : 7 — ObK;
[-o : Ze¢ — ObC; and [-]o : ®(A, B) — K([A],[B]). An interpretation induces a
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mapping from types to objects of K:

[XeT] = [X]o
[X eTs] = J([X]o)
[A1® A)] = [A] ® [A9]
] =1
[A—B] = J([A] — [B])
[A— B] = [A] —[B]

And a mapping of contexts to functors K® — K where n is the number of holes
in the context:

[t:A]l=%—[A] : 1=K [{] =x+—1
[T1,To] = ([T1] x [Co]);® : K™ F™2 — K [-u]=1d:C—C

For types and contexts that are state-free, define by induction on the structure

the following alternative interpretations in the category C:

[X € T¢]ss = [X]o [x:Alss = *— [A]s
[Ar ® Aslss = [Aillse x [Ao]lsr [I]ss = »—1

[]s = 1 [T, o = ([I4] x [T2]); %
[A— Bls = [A] — [B] [-] = Id

Since the inclusion functor J is strong symmetric monoidal, there are induced
isomorphisms my : [A] = J([A]s) and mp : [I'] = J([I']s) for state-free types
A and state-free contexts I', defined by induction.

An interpretation also induces two mappings to arrows in &, again both writ-
ten as [-], from derivations of valid structural transitions (Figure 8.6); and from

derivations of typing judgements (Figure 8.7).

8.4.1 Coherence

As with all the substructural systems in this thesis we need to prove the coherence
of this interpretation. As usual, we do this in two steps, proving coherence of the
interpretation of valid structural transitions with respect to structural morphisms;

and then proving the coherence of the interpretation of typing derivations.
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p(I'y=T [Ty = Ty valid] = a I 2, valid] = b
[T 2 T valid] = idyy [Ty 2Ty valid] = a;b

[0y 2T, valid =a [Ty 2 T valid] = b
[[1, 05 21T valid] = a® b

[[(Fl, FQ), Fg 4 F17 (FQ, Fg) 'Ualld]] =« [[[7 'sT valzd]] =\
[T, I < T valid] = p [['y,Ty < 'y, Ty valid] = o

sf(T")
[I' = I valid] = mp; J('frp)

sfI)  I'=,I"

[0 "L e T vatid] = me; J((TD, [TD)); mp ks

Figure 8.6: Interpretation of Basic Structural Transitions
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["Fe:Al=e [ 2T valid] = s
[z : At x: A] =idpy [T ple): A] = s;e

[[Fll—elzf]]:el [[FQ(])"@Q:A]]ZGQ
[[] F *7 . ]]] = Zd[ [[FQ(F1> F let *x7 = €eq n €9 . A]] = [[FQH(€1>;62

[[F1|_€1:A1]]:€1 [[F2|_62:A2]]:€2
[[1,To b= (e1,62) 1 A1 @ Ao = €1 @ e

[[F1}_611A1®A2]]:61 [[FQ(x:Al,y:AQ)l_GQ:B]]ZGQ
[To(Ty) - let (z,y) = ey in ey : B] = [I'2](e1); €2

[Ty e : Al = e [TCa(x: A)eq: B] = ey
[Co(T1) Flet © =eq in ey : B] = [[2](e1); ea

[T,x:AkFe:B]=e sf(I")
[CFX_2.e:A— B]=mpr; A~ (mp! @ [A];e)

[TiFe:A— Bl=¢ [Ty b eq: A] = e
[T1,ToF e1@ es: B] =1 ®@egsev

[T,z:AFe:B]=e
[I'FAcze:A— B =A"(e)

[[Fll_ellA—OB]]:€1 [[FQ"GQIA]]:€2
[[1,TyF e1@ ey : Bl = €1 ®eq;ev?

[THe: Al =e (p:A—B)ed
[T+ pe : B] = ¢ [p]

Figure 8.7: Interpretation of In-place Update Calculus
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Lemma 8.4.2 If m; and 7y are derivations of some valid structural transition
I £ T’ then [m] = [.].

Proof  Similar to Theorem 3.2.20, by showing that the interpretation of a
transition is equal to the interpretation of the canonical transition derived from
the corresponding morphism. We rewrite the derivation of the transition to a
sequence of basic transitions-in-context. This rewriting preserves the categorical
interpretation. We then show it has the same interpretation as the canonical
transitions by induction over the length: the properties required in Definition
3.2.18 for commuting weakenings and duplications with context constructors hold
automatically for finite product structure so we can commute the weakening and
duplication arrows to the start of the expression, then using the fact that the
interpretations of weakening and duplication form a comonoid gives coherence for
the initial phase, and coherence of symmetric monoidal structure gives coherence

of the second stage. The result then follows. 0

The proof of coherence of the interpretation of typing judgements proceeds in
a similar manner to the proof for A\sp (Theorem 3.3.4). We omit the details since
they are similar to the Ay, proof, but we recap the procedure. First we must
prove two “factorisation” lemmas for valid structural transitions that describe
how valid structural transitions below a rule application can be factored into
parts that appear above the rule application and the part that remains below,
thus rewriting the derivation tree to a canonical form. Then we strengthen the
result to include trailing structural transitions and proceed by induction on the
height of the derivation. The factorisation property is used to rewrite the syntax-

free structural rules and Lemma 8.4.2 means that we preserve the interpretation.

Theorem 8.4.3 (Coherence) If m; and 7y are derivations of some typing judge-
ment I' - e : A then [m] = [m].

8.4.2 Soundness and Completeness

A model of an In-place Update Theory (7, Zs, @, X)) is an interpretation [-]o of
the system (7, Z¢, @) such that for all axioms (T'Fe; =ey: A) € X, [T F ey :
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Al =[I' F ey : A]. We now prove that this definition of a model of an In-place
Update Theory is sound and complete. First we prove that the interpretation of

substitution is as expected.

Lemma 8.4.4 The restricted substitution rule has the following interpretation:

[[Fl = €1 - Al]] = €1
[To(z: Ay) Feg: Ay = e x occurs non-linearly in e, implies sf(I'y)
[[FQ(F1> [ 62[61/]7] : AQ]] = [[FQ]] (61); €9

Proof First strengthen the statement to multiple simultaneous substitutions

as in Lemma 8.2.2. Then proceed by induction on the derivation of I'y(x : A;) F
ey : Ay. The only difficult case is for the rule STrRuUcT, which is handled by

considering the categorical counterpart of Lemma 8.2.3 via Lemma 8.4.2. 0

The soundness of the equational theory follows straightforwardly from this

lemma.

Theorem 8.4.5 (Soundness) IfI'ke; =ey: Athen [I'Fe;: Al =[TFey:
A].

Proof By induction on the derivation of I' - e; = ey : A. O

We now show that the class of models defined is complete for a given In-place
Update Theory. First we show that the syntax of a theory generates an In-place
Update category:

Theorem 8.4.6 (Term Category) Given an In-place Update Theory T =
(7,74, D), there is an In-place Update Category, defined as follows: a category
K:TZ

Objects Types generated from T;
Arrows Equivalence classes of typed expressions [z : A; e : Ay].
and a full sub-category Cr:

Objects State-free types generated by T;
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Arrows Equivalence classes of typed expressions [z : A; e : Ay].

Proof  First we establish that Ut and Cr are categories. In both cases Kr the
identities are defined as [z : A F z : A] and composition of [z : AF e; : B] and
[:BlFey:Clisdefined as [z : AF let x = e; in ey : C]. It is easy to check that
these obey the required properties to make them categories.

The inclusion functor J : Ct — Kr is defined as J(A) = A and J([z : Ak e:
B]) =[x : At e: B|. This clearly defines a functor. It is obviously faithful since
no more equalities are imposed on arrows in Kr than in Cr. It is also full.

Symmetric monoidal structure is defined in both categories on objects A and
B just as the type A ® B. The proof that this defines symmetric monoidal
structure is standard [Bar96]. Given this definitions, it is clear that J is strict
symmetric monoidal.

The monoidal structure on Cr is also the categorical product. Define the
isomorphism of homsets ¢ : Cr(A, B ® C') = Cr(A, B) x Cp(A, C) as:

o([e]) = ([let (z1,22) = € in x4], [let (z1,x2) = € in x5))

¢ ([ea], [e2]) = [(e1, €2)]

where we have elided the contexts and result types to save space. These are

mverse:

¢~ (6([e])
= ¢ '([let (z1,22) = e in x1], [let (21, 22) = e in 23))
[(let (z1,22) = e in xy,let (z1,79) = € in x5)]
let 2 = e in (let (21, 22) = x in 2y, let (21, 22) = x in x9)]
let © = e in z]
le]

where the crucial steps follow from the EqQ-3-LET and EQ-n-2-® rules which are
only valid when the types are state-free, as they are in Cr. In the opposite

direction:

o(¢~ " ([ea], [e2]))
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= o([(e1,€2)])

let (z1,29) = (e1,e2) in a1, [let (z1,x2) = (€1, €2) in x1))

= (
= ([ea], [e2])
where we again rely on the ability to substitute when the types are state-free.
It is easy to check that the isomorphism of homsets above is natural, so 7t has
categorical products. Moreover, the type I is a terminal object in Cr by the
EQ-n-2-T rule, and so Ct has all finite products.

The functor A — — is defined on objects just as the type A — B, and on

arrows [g] as [A_y.let x = x@Q_y in g|. Define the isomorphism of homsets as:
A7 ([e]) = [A\oylet © = (z,y) in €] A7 Y[e]) = [let (z,y) = = in e@_y]

It is easy to check that these two are inverse and natural. Symmetric monoidal
closure in Kr is defined and proven suitable similarly. O

We will give a model of a theory T in the In-place Update category Jr : Ct —
Kt by mapping types to their corresponding objects and primitive operations p
to the terms [z : A+ px : B]. To use this model to prove completeness we must
also have an equality between the interpretation of a judgement I' - e : A and an
arrow of Jy : Cr — K derived from this judgement. To this end, for a context

I', define the corresponding type I' by induction:
=1 r:A=A [,Ih=T,®I,

And given a term ' e : A, then z : T F T, z, e, : A is derivable, where:

I.x,e=letx;=xine y: A xe=ely/x]

(I'1,Ty),x,e =let (x1,29) =z in Ty, 21,9, 29, €

This interpretation described above has the property that the interpretation

of each judgement is equal to these translated judgements, and so is a model

Proposition 8.4.7 (Term Model) The interpretation of a theory T in the In-
place Update Category defined in Theorem 8.4.6 is a model such that: [ I e :
Al =[z:TFT,z,e: A
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Proof The property is proven by induction on the derivation of I' - e : A and
examining the interpretation. From this, and the construction of arrows of the

term category as equivalence classes, it follows that we have defined a model. [

This term model is used to prove completeness:

Theorem 8.4.8 (Completeness) If [['Fe;: A] = [['F e : A] for all models
then I'Fe; = ey : A.

Proof We prove the contrapositive. Assume I' - e; # ey 1 A. It is obviously
the case that this implies that # : T = T, x,e; # I, x, e, : A, since the context T
is the same in both cases. Hence [[" ey : A] # [T F e : A] in the term model,

i.e. the interpretations are not equal in all models. 0

8.5 Commutative Typed Command Categories

In this final section, we show that the Commutative Typed Command Categories
with the fullness property are an instance of In-place Update categories. This
will imply that the heap bounded state model of Chapter 7 is a model of Aippic.
We finish the chapter by translating the constructions for boxed data types and
singly linked lists into Aippic

Proposition 8.5.1 Given a commutative Typed Command Category J : C X
S — K such that the functor J(—,I) : C — K is full and faithful, then it is the
case that J(—, 1) : C — K is an In-place Update Category.

Proof  We only need to check that we can make J(—, ) a strong symmetric
monoidal functor; the rest of the structure is taken directly from the structure of

J. Define the isomorphisms as:
map: J(AD®J(B,I)=JAxB,I®I)=J(AxB,I) o:J(,I)=J(1,1)

These define J(—, I) as a strong monoidal functor by the coherence of the sym-

metric monoidal structure on S. [l
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By Theorem 5.3.14 and Propositions 5.4.1 and 5.4.5 we have the following

corollary:

Corollary 8.5.2 Given a finite product category C and a symmetric monoidal
category &, commutative S-parameterised monoidal strong monads on C that
have the right inverse property and both types of closure also give In-place Update

Categories.

This connection between linear types and (extended) monads improves on
previous connections established by Benton and Wadler [BW96] and Chen and
Hudak [CH97]. In comparison to Benton and Wadler’s relationship between com-
mutative monads and models of intuitionistic linear logic, we also require com-
mutativity, but due to the generalised definition of monad we can model state.
However, it does not appear that all In-place Update categories are expressible as
instances of the above parameterised monad structure, since it is not clear what
to choose for the category S. We have also improved on the construction of Chen
and Hudak since they only deal with a single linear type, whereas we may have
many.

By Theorem 7.1.1 and Proposition 7.1.2, the heap bounded state model of
Chapter 7 can interpret Ajypi.. We translate the extensions to the Typed Com-
mand Calculus presented in Chapter 7 to Ainpie. Firstly, boxed data types. For
every state-free type A there is a boxed counterpart [A] that is stateful. There is

also a type ¢, representing unused memory cells. There are two operations:
storey : O ® A — [4] retrievey : [A] — O ® [A]

The types and operations are interpreted as for the corresponding types and

operations in Chapter 7. The operations satisfy the axiom schemes:
storey(retrieve e) =e retrieve,(storese) =e
The singly linked list constructors are translated into Aippic as:

nily: I — L(A) conss : A® O ® L(A) — L(A)
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where A is a state-free type and L(A) is a new stateful type and we have assumed
syntactic sugar for n-ary products. The listfold syntax is translated into the
typing rule:
Fll_CliB FQ,IIB,yiA,d:OFCQZB F3|_C3ZL(A) Sf(Fg)
I'y, Ty, 'y F listfolda g(ci, (2,9, d)ca, c3) : B

where the type B is the loop invariant. The context I'; must be state-free because

it used many times in the loop. These satisfy the following axioms:

listfold 4 p(c1, (%, y, d)co,nilgxy) = ¢4

listfold s p(cq, (2, Y, d')ca, consa(y, d, xs)

let b = listfold s g(cq, (2, Y, d')ca, z5)
in b/, y/y, d/d]
The expression of these constructs is much simpler in Aj,p1c due to the mixing of

stateful and state-free types. As an example, consider the in-place map operation,

a translation of one of the examples of Chapter 7:

listfold(nil(x), (I : L(B),a: A,d: {)cons(fQ_a,d,l),I)






Chapter 9
Conclusions

We summarise the contributions of this thesis as follows:

e Formulation of A, an extension of the aA-calculus that allows the flexible
expression of the separation relationships between members of the context;
along with a careful proof of the well-formedness of the equational theory

and a type-checking algorithm.

e A categorical semantics for g, for which the calculus is coherent, sound
and complete. The semantics is an extension of the Doubly Closed Cate-

gories used for the interpretation of the aA-calculus.

e An extension of Day’s construction of closed symmetric monoidal categories
on pre-sheaf categories to the construction of our separation products. This
construction allows the embedding of any non-closed separation category in
one which is closed. We also presented two examples of this construction
that demonstrated how Ay, can be used to model resources and separation

“globally” and “locally”.

e The definition of Parameterised Freyd categories, a categorical model of
typed localised side-effecting computation and their closed variant Typed
Command Categories. We also defined the appropriate generalisation of
the definition of a strong monad that is equivalent to parameterised Freyd

categories.

233
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e The definition of the Typed Command Calculus, a typed A-calculus that
is coherently, soundly and completely modelled by Typed Command Cat-
egories. This calculus is the simply typed essence of other type systems in

the literature for typed memory management.

e We have given a concrete Typed Command Category based on Day’s con-
struction, showing how the calculus may be given an imperative semantics

with in-place update and bounded heap.

e An equational theory for a variant of Wadler’s linear type system with non-
linear types. We have demonstrated that it can be modelled coherently and
soundly by commutative Typed Command Categories, thereby explaining
its semantics in terms of call-by-value computation and permission man-
agement. We have also given a class of models that is complete, as well as

coherent and sound.

In addition, we have developed techniques and methods of presentation for
the substructural type theories we have developed in this thesis, in particular the
use of valid structural transitions, that have proved to be useful. They should
also be useful for the metatheory of other substructural and modal type A-calculi.

The original motivation of this thesis was to provide a foundational type
system for in-place update, and to include a description of read-only usage based
on [AHO02] (see below for information on read-only usage and passivity). We
originally thought that greater expression of separation in the type system and
applying this to aliasing control would be useful. The result of this is the work
presented on Asp. We now believe that the detailed expression of separation is
not as vital as careful control of permissions to access state, as embodied in Ajpic
and the Typed Command Calculus. We had originally intended to describe values
that were available for in-place update as “separate from everything else in the
program”. However, it proved to be easier to take the notion of permission as
basic and work from there. We have not been able to give an account of read-
only access, and we discuss this below with reference to other type systems in the

literature that allow read-only access.
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0.1 Related Work

We divide the themes of the thesis into three parts, as we did in the introduction
chapter, and discuss related and future work. First we cover the concept of
substructural type theories that applies to all the systems we have investigated
in this thesis. We also refer to other work on substructural type theories that does
not directly relate to this thesis. Then we discuss the expression of separation in
a type theory and work related to our work on A, and then others’ work related

to Ainple and in-place update.

9.1.1 Substructural Typing

The name “Substructural Logics” was apparently first used in DoSen’s historical
survey of such logics [Dos93] to describe logics that do not have a full complement
of structural rules. DoSen identifies intuitionistic logic as the earliest substructural
logic since, from the point of view of Gentzen’s sequent calculus [Gen35, Sza69],
it is a restriction on the contexts of classical logic. Orlov [Orl28] was an early
pioneer who axiomatised a logic without WEAKENING, now called relevant logic.
Gentzen’s sequent calculus makes the structural rules explicit and separate from
the rules for the connectives, and it is this presentation that substructural type
theories take their inspiration from. Substructural Logics and their algebraic and
possible world semantics are described in detail in Restall’s book [Res00].

Church’s original formulation of the A-calculus [Chu41] also included a variant
called Al that did not allow the abstraction of a variable x over a term that did
not contain it. By the Curry-Howard isomorphism [How80], we can see that a
typed version of this is isomorphic to relevant logic; logic without WEAKENING.

Lambek [Lam58] defined an extremely basic substructural logic without the
rules of CONTRACTION, EXCHANGE or WEAKENING. He applied this to the study
of natural language grammars in linguistics. Type systems without EXCHANGE
have been investigated by Polakow and Pfenning [PP99] and applied to ordered
memory layout by Petersen et al [PHCPO03] and to ordered resource usage by
Igarashi and Kobayashi [IK02].
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Ideas from substructural logics have also been used in elsewhere in computer
science to construct spatial logics and type systems that directly express spatial
relationships such as the layout of mobile processes [CG03, VCHP04] or memory
hierarchies [AJWO03]. Hybrid logics lift aspects of the possible worlds structure
used to interpret spatial logics into the logic itself [ABO1].

Possible worlds semantics for intuitionistic and modal logics was originally
developed by Kripke [Kri63c, Kri63b, Kri65, Kri63a], and has also been used
to give semantics to substructural logics, see Restall’s book for details [Res00].
Possible world semantics have been generalised categorically to (pre-)sheaves and
used to give models of higher-order logic [LS88, MM92]. Reynolds and Oles used
functor categories (a generalisation of presheaves) to give a semantics to the block
structure of Idealised Algol [Rey81, Ole82, Ole85, Ole97]. Day’s construction
[Day70], that we extended to Asp in Chapter 4 and used in Chapter 7, is a
categorical generalisation of the constructions given for substructural logics in
[Res00]. It has also been used to give functor category semantics of Reynolds’
Syntactic Control of Interference by O’Hearn and others [O’H93, OPTT99]. Pym,
O’Hearn and Yang gave several possible worlds semantics of BI based on Day’s
construction [POY04].

9.1.2 Separation Typing

We split the related work in this area into several (overlapping) themes and

discuss each separately.

Bunched Implications and the aA-calculus Pym and O’Hearn describe the
Logic of Bunched Implications in [OP99] and Pym goes into more detail in
his monograph [Pym02]. The primary innovations of BI are the bunched
contexts and the combination of substructural A — B and intuitionistic
A — B implications. These enable BI to model some aspects of resource
separation and have been used in Separation Logic [Rey02] as a language

for assertions about programs that manipulate pointers.

The al-calculus is the typed A-calculus derived from BI via the Curry-
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Howard isomorphism. It is described in Pym’s book [Pym02] and by O’Hearn
in [O’HO3].

We have already stated that our calculus Ay is an strict extension of the
aA-calculus. 'We have given a translation from the al-calculus to Agp in
Section 2.4.1 that preserves typing and equality. To go further we would like
to be able to prove whether or not A, is conservative over the aA-calculus.
We conjecture that it is, but we do not currently have any way of proving
it. Possible ways forward are semantic approaches based on embedding a
model of the aA-calculus in a model of Ay, and using a categorical gluing
construction [Cro94]. The construction of a model of A in Section 4.3.3
from the free symmetric monoidal affine category may provide a way of
constructing the embedding. Another approach may be to consider first-

order aA-calculus terms as separation graph inclusions and use the result
of [BAGR97] in some way.

Collinson, Pym and Robinson [CPR05] have defined a polymorphic version
of the aA-calculus. They have extended the calculus with the type abstrac-
tion operators VX and 3X of System F [Gir72, Rey74] (see also [GLT89]),
as well as new quantifiers V, X and 3,X that only quantify over types sepa-
rated from the rest of the (type variable) context. They give a PER (Partial
Equivalence Relation) semantics of their new system. We describe possible

future work on a polymorphic extension of A, below in Section 9.2.

POMset Logic The idea of augmenting contexts with a relation on the mem-

bers has also been used in Retoré’s POMset Logic [Ret97], an extension of
linear logic. POMset (Partially Ordered Multiset) logic extends linear logic
by adding a “before” connective A < B, such that AQ B+ A < B+ ApB.
This is interpreted, via proof nets, as being possible uni-directional com-
munication, with ® as no communication and ¢ as possible bi-directional
communication. Retoré gives a coherence space semantics and a sequent
calculus, but does not define n-ary tuple or implication formulae, nor does
he consider nesting as a way of managing contexts. He proves that his exten-

sion of proof nets is complete for the coherence space semantics. We believe
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that Retoré’s coherence space semantics also works for a cut down variant
of Asep With non-symmetric relations, but without contraction, weakening
or function types. The “before” connective has also been considered by
Reddy [Red93], da S. Corréa, Haeusler and de Paiva [ISCHdP96] as a way
of modelling temporal ordering in languages with state. The paper by da
S. Corréa et al also describe a semantics based on Dialectica Categories.
Reddy’s model in [Red94] is the basis for our model of Ay, without function
types in Section 3.2.5.

Syntactic Control of Interference and Passivity Reynolds introduced Syn-

tactic Control of Interference in [Rey78, Rey89]. It is essentially the call-by-
name imperative language Idealised Algol (TA) [Rey81] with a substructural
type system to prohibit interference. Interference in a imperative language
such as IA happens when two program phrases interact with a shared piece
of store. Programs which work correctly when passed non-interfering argu-
ments may fail when passed arguments that interfere. For example, consider
the procedure:
reverse = Az, y : integer array.
for i := 0 to 49 do
y[49 — 1] := z[i]

If called as reverse z z, then the procedure will not work as advertised; it
will leave in z two copies of the original first half, the first one in order and
the second reversed. Reynolds’ solution to this problem was to restrict the
rule of CONTRACTION so that the variable z could not have been used twice,

and hence the above bad invocation of reverse would be untypable.

In [O’HO3], O’Hearn describes an extended version of SCI, SCI+, which uses
the more powerful type system of the aA-calculus to express the separation

required. This fixes some problems with expressing recursive procedures in

SCL

It seems straightforward to extend O’Hearn’s SCI+ to use Ayp and thus

increase further the flexibility of the type system. However, it is unclear
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to us if the extra flexibility is useful in anyway when one is programming
in an idiomatic style. The extra flexibility of SCI+ fixes a problem with
recursive function definitions, but to our knowledge no-one has demanded

the extra flexibility in separation given by SCI+-.

Another important part of SCI is the concept of passivity. The restriction
of all uses of CONTRACTION is often unnecessary when dealing with program
phrases that do not write to the store. For example, consider the invocation

of reverse like so:

let 2" = (N\i.x[i], A, v.z]i] :==if v < [ then v else 1)
let y' = (Ni.y[i], i, v.y[i] :== if v <[ then v else )

reverse =’

The variables =’ and 3’ are bound to arrays using Reynolds’ decomposition

of imperative variables as pairs of retrieval and update commands [Rey81].

The two identifiers do not write to shared storage — assuming that z and
y do not interfere — but they both read from [. The shared [ is harmless;
it will not cause the operation of reverse to be incorrect. Reynolds terms
the use of [ as “passive” and states that passively used identifiers do not

interfere.

The concept of passivity was first described in [Rey78|, and he noted some
difficulties in integrating it into the type system. In particular the appar-
ently simplest way gives a system which does not enjoy the subject reduction
property. This was fixed in a complicated way involving intersection types
in [Rey89] and fixed in a simpler way using split contexts in [OPTT99].

C('??

O’Hearn discusses the connections between passivity and the modal op-
erator of linear logic in [O’H91]. We believe that passivity in SCI is linked
to the investigation of read-only types in linear type systems discussed in
the next section. The type system of [OPTT99] should provide inspiration

for developing a foundational linear type system with read-only types.
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9.1.3 In-place Update and Typed Command Categories

We again divide up related work in this area into several different (overlapping)

themes and describe each separately.

Notions of Computation Moggi introduced Computational Monads [Mog91,
Mog89a| in order to provide a uniform categorical semantics and metalan-
guage for programming languages with computational effects. Computa-
tional Monads abstract out the common factors of the difference between
pure and effectful computations and the sequencing of computations in
context common to all computational effects. Power and Robinson [PR97]
introduced premonoidal categories as an alternative to monads, as well as
r-categories, an indexed category structure for modelling effectful languages
[PT99, PT97, Pow00b].

Monads have also proven extremely useful for incorporating imperative side-

effects into pure lazy functional languages such as Haskell [JW93].

Linear Logic Girard [Gir87] introduced Linear Logic, a substructural logic with
only the rule of ExcHANGE. This logic has a negation that is self inverse,
so that AL = A, but retains a straightforward constructive reading, un-

(C'??

like classical logic. Linear Logic also introduces a modality that brings

back the missing structural rules in a controlled manner. So the sequents
A HA®!A and 'A F I are derivable. The inclusion of both linear and
non-linear types in a single system was responsible for the large amount
of interest in using systems based on Linear Logic for memory manage-
ment. We cover this in the section on work related to Aiypic below. See also
[Wad93b, Tro93]| for further introductions to Linear Logic. The categorical
structure of classical linear logic, with the linear negation, had already been

investigated by Barr several years before [Bar79].

Abramsky [Abr93| gave operational semantics for calculi based on intuition-
istic and classical Linear Logic. Seely [See89] gave a categorical semantics
for Linear Logic. The calculus and semantics did not quite match, and this

precipitated a large amount of work on good calculi and semantics for linear
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logic [Wad93a, Wad92, BBAPH93b, Ben95, BBAPH92, BBAPH93a, Bar96].
In particular the ! modality was a source of problems for constructing a
term calculus closed under substitution. Ambler [Amb92] has investigated

the categorical semantics of first-order linear logic.

Linear Logic has also proven useful for structuring the semantics of pro-
gramming languages. The categories used in Domain theory [P1093, BPR0O]
have some of the structure of intuitionistic linear logic as does the structure
of Game Semantics [AMJ94, AM96], due to Linear Logic’s number-of-uses

interpretation.

Type systems based on linear logic have also been used for strictness analysis

in compilers for lazy functional languages [W.J99].

Linear Logic, Memory Management and Side-effects Lafont [Laf88] noted
that a language derived from linear logic has a useful “single-pointer” prop-
erty that means that an implementation of such a language does not require
a garbage collector since re-use of memory may be statically determined by
the compiler. The static reuse of memory had already been considered
by people such as Darlington and Burstall [DB76], but Linear Logic gave
an apparent solid theoretical justification for such optimisations. Baker
[Bak92, Bak95] followed this up with Linear Lisp, a language that allowed

no aliasing and so had no need of a garbage collector.

Lafont and Baker considered a use of the contraction rule of I’d variables in
Linear Logic to be operationally interpreted as copying. Chirimar, Gunter
and Riecke [CGR96] presented a different interpretation, based on refer-
ence counting. Turner and Wadler [TW99] compare the two approaches.
Mackie [Mac94] and Lincoln and Mitchell [LM92] also presented operational

interpretations of linear logic with useful memory management properties.

The use of the ! modality for introducing non-linear types was investigated
by Wadler [Wad91] and found to be a cause of problems for obtaining good
memory management invariants. The use of the dereliction rule means that,

at run-time, values of linear and non-linear types can become confused.
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Wadler’s system presented in [Wad90] split linear and non-linear types and
is the main inspiration for the system we presented in Chapter 8, as well

as most practical substructural type systems developed subsequently. See
[Wal05] and [AFMO5] for examples.

The system presented in [Wad90] allows explicit use of side-effects in a
functional language via in-place update, as well as implicit static mem-
ory management. This was exploited by Hofmann [Hof00] to do program-
mer controlled explicit memory management. Guzméan and Hudak [GH90]
also developed a system for in-place update, called the Single Threaded

A-calculus.

The pure functional programming language Concurrent Clean [NSvEP91|
has included a linear-inspired system called Uniqueness types for incorpo-
rating side-effects [BS93]. This system appears to be slightly different to
Wadler’s system that we have investigated in this thesis, due to the possi-
bility of a call-by-name interpretation. Harrington [Har01] has developed
a logic and categorical semantics for Uniqueness types, which should allow
comparisons between the two systems. The logic programming language

Mercury also uses uniqueness assertions to control side-effects [Ove03].

The connection between linear typing and the monadic expression of side-
effects has been investigated by Benton and Wadler [BHMO02] and Chen and
Hudak [CH97]. The presentation of a linear type system in terms of param-
eterised monads in this thesis gives a better connection since, even though it
also requires commutativity as Benton and Wadler do, it widens the range
of commutative monads to include state monads, as well as allowing more
than the one linear type as allowed by Chen and Hudak’s construction.
Chen and Hudak’s construction of monads from algebras appears to pre-
figure the construction of computational monads from algebras by Plotkin

and Power [PP02]. See below for more information on this subject.

Read-only Types Despite the incorporation of non-linear types in linear type

systems, the systems have proven to be much too restrictive in practise. The
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primary reason identified by many authors has been that read-only uses
of variables have been counted as destructive, meaning that the aliasing
control is far too strong when one only wishes to have multiple readers on a
variable. Wadler [Wad90] identified this in his first paper on linear typing
by introducing a special let! expression that allowed a linear value to be

aliased in a sub-expression as long as it was only read from.

The idea of read-only variables has been followed up by many others. As-
pinall and Hofmann use it in their Aspect-typing system to make the type
system of LFPL more flexible [AH02]. Odersky defines observable linear
types that also provide a similar flexibility [Ode92] and Kobayashi defines
Quasi-linear types to do a similar thing [Kob99]. Walker and Watkins
[WWO01] use a variant of Wadler’s construct for non linear access to regions
in their calculus. Fahndrich and DeLine [FD02] describe the solution in the
Vault programming language for providing temporary unrestricted access

to linear variables.

We consider a good explanation of read-only types essential for a good
foundational in-place update type theory and we wish to extend Ajppic to
incorporate some form of read-only types based on the insights of the above
authors. We believe that read-only types are related to passivity for SCI.
This connection has already been investigated in part by O’Hearn [O’H91].

Other approaches to statically controlling side-effects There have been many
other approaches to statically controlling side-effects. We mention some of
the more influential ones here. Effect Systems [LG88] augment traditional
type systems with information about the side-effects caused by a program’s
execution. Wadler [Wad99] has presented a connection between effect sys-
tems and monads indexed by effect types. The difference between the in-
dexed monads presented by Wadler and our parameterised monads is that
the indexed monads are indexed by one variable representing the effects
encapsulated by that monad, whereas our parameterisation represents the

start and finish states of the effectful computation.
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Another approach to static memory management is that of Tofte and Talpin’s
region calculus [TT97]. This statically allocates dynamic program data into
a stack of lexically scoped regions. Since the lifetime of a region is deter-
mined by the structure of the program code it does not require a garbage
collector. Walker and Watkins [WWO01] have used linear typing to remove
the lexical scoping limitation by using the unique pointer property to al-
low safe deallocation of regions. Memory management by regions has been

integrated into the Cyclone language [JMG102, GMJ102].

There have also been many other type systems more loosely based on Lin-
ear Logic than the ones described above, including Alias Types [WMOO,
SWMO00], the Capability Calculus [WCMO00] and Stateful Views [XZLO05].
We describe possible connections to the work in this thesis below in Section
9.2

Moving from type systems to program logics, Separation Logic [Rey02,
1001] is a logic based on Hoare logic [Hoa69, Flo67] that uses BI to make
assertions about heaps with pointers. The main feature of Separation Logic
that makes it useful for reasoning about programs that manipulate the heap
is the Frame rule:
{PrC{Q}
{P* R}C{Q * R}

where R does not mention any of the variables modified by C'. This allows an
assertion about a program C' to be placed within a larger separate context.
Therefore, one can reason about C' locally and then insert it into a proof for
a larger program and not have to worry about aliasing. Given our semantics
in Chapter 7, we believe that there is a close connection between this rule
and the definition of premonoidal structure with respect to S that we gave

in Chapter 5.

Separation Logic has been successfully used to verify complex programs
involving pointers [BTSR04] and has recently been extended to concur-

rent programs [O'H05]. Birkedal, Torp-Smith and Yang [BTSY05] have de-
scribed a type system for Idealised Algol based on Separation Logic and the
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structure of the semantics theyx describe seems very close to our monoidal

parameterised monads in Chapter 5.

Algebras and Notions of Computation The inspiration for the results pre-
sented in Appendix B was the work of Plotkin and Power on determining
monads from computationally natural systems of operations and equations
[PP04, PP02]. With Hyland, they have applied this to the problem of
combining monads [HPP02] and building up descriptions of programming

languages in a modular fashion.

Plotkin and Power’s method has been used by Stark [Sta05] to reconstruct
previously known fully abstract semantics of the finite m-calculus. Also,
the basic idea seems similar to that of Chen and Hudak’s construction of

monads from operations and axioms for linear datatypes [CHI7].

0.2 Some Directions for Future Work

Finally, we discuss some directions for future work that we would like to follow

up.

Generalisations of )\, We consider non-symmetric relations as a variation of
Asep- Right from the start we have assumed that the separation relations
S used in Agp are symmetric. In fact, the results we have proven also go
through for non-symmetric relations as well. The existing structural tran-
sitions remain the same, and there is an option of adding a new structural

transition TRANSITIVE, where TC(S) is the transitive closure of S:
S’ C TC(S)
S(T) = §/(T)

(TRANSITIVE)

The categorical semantics can be extended by adding an additional natural

transformation with the appropriate coherence requirements.

The trickier part comes with trying to thinking of a use for non-symmetric
relations. In [Atk04] we attempted to use it for describing allowable in-

formation flow, in the context of a security type system [SMO3], but this
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does not quite work, because there is no notion of control flow in Agp.
Other possible uses may derive from the game semantics sketched below, or
other substructural type systems that currently record orderings on context

members by restricting the use of the exchange rule.

Categorical approaches to presenting substructural type theories In this
thesis we have used a generalised presentation of substructural type theories,
specialised to our needs. The presentation of contexts and valid structural
transitions, and their interpretation as functors and natural transforma-
tions, is obviously related in some way to the presentation of structures
on categories as 2-monads on 2-categories. We note the work of Liith and
Ghani on categorical rewriting systems [LG97| and the work of Power, Kelly
and others on 2-monads, algebras and their application to substructural

type systems and coherence [Pow95, PT05, Rob02, KP93, Pow89].

Polymorphic and Dependent )\, Extending Ay, to the polymorphism de-
scribed in [CPRO5] would presumably include type quantifiers Vs X7, ..., X,
and ds X7, ..., X,,, where S is a separation relation of size n + 1. This would
match the n-ary function types that As, has. Another possible direction
of extension for Asp, would be to consider polymorphism over separation

relations. For instance, a program may be typable as:
VS.S (A1, As) 2 [la(As, Ay)

This kind of polymorphism may also require some kind of bounded quan-
tification, such as that found in System F_. [CMMS94]. It may also be for-
mally similar to the polymorphism over linear and non-linear types found
in [WJ99].

To provide a semantics for such a polymorphic calculus, we consider a pos-
sible PER semantics. We could take the usual definition of a total combi-
natory algebra (A, -k, s) [Lon95] and require a symmetric relation of sep-
aration on A, written z#uy, such that if a#c and b#c then (a - b)#c. The

intuition is that the members of A represent computational objects that
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carry resources, the separation of which is described by #. We can now use
the usual construction to generate the category PER(A) of partial equiv-
alence relations over A and realisable functions, with the slight alteration
that an element f of A used to realise an arrow must be resource-free, in
the sense that Va.f#a. This stops arrows from leaving more resources in

the result than were in the input. We can define Separation Products on

PER(A):

x(S(A, --->An))y
& Vi(m-x)Ai(mi-y) A (V6 5) € S (mi - 2)# (- ) A (mi - y)#(T5 - y)

where m; denotes the appropriate projection combinator in A. Separation
functions may be defined similarly. For a concrete example of this kind
of structure take (3-equivalence classes of untyped A-terms over some set
of constants R. The resources contained within each equivalence class is
defined as the intersection of all the sets of constants from R used by the
members of the equivalence class. Two equivalence classes are separate if

the intersection of their resources is empty.

Going further, we would also like to investigate dependently typed variants
of Asep, following the Bunched Dependent Type Theory of Stark and Schopp
[SS04].

Distinguishing Reference and Permissions A primary limitation of the sys-
tems discussed in Chapters 6 and 8 is that they conflate the notions of
reference and permission to access that reference. Successful formalisms
for reasoning about and safely using complex imperative concepts such as
pointers have often separated the notions of reference and permission. Ex-
amples include Separation Logic [Rey02] (see in particular [OYR04]), Alias
Types [WMO00, SWMO00], the Capability Calculus [WCMO00] and Stateful
Views [XZL05].

Following Xi et al’s work on Stateful Views, we propose future work based
on Xi and Pfenning’s Dependent ML [XP99], extending the Typed Com-
mand Calculus of Chapter 6. Indexing types by location variables in the
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style of Alias Types means that we can connect pure value types contain-
ing references to state types representing permissions. Judgements would

therefore look like:
O:INAFe: AS

where I, A, A and S all depend on the location context ©. Pointers would
be represented as singleton value types ptr(l), as in Alias Types, and per-
missions by state types [l — int], representing the type stored in location .

Storage and retrieval operations would be typed thus:
store : IIl.(ptr(l) x Int, [l — O]) — (1,[l — Int])

retrieve : Ill.(ptr(l), [l — Int]) — (Int, [l — Int))

where IIl... denotes a dependent product over a location variable. Note that

these are types in the value calculus.

We expect that the main advantage of such a system, apart from its flexi-
bility, is that we can extract a traditional imperative program by forgetting
all the state parts since pointers are no longer represented by values of state
type, as they are in the Typed Command Calculus. Thus the typing es-
sentially is equivalent to a proof in a logic similar to Separation Logic that

verifies the safety of the extracted imperative program.

We can foresee one main potential disadvantage of the direct addition of
indexed types to the Typed Command Calculus: the expression of existen-
tial types. Dependent product types, as used in the store and retrieve
operations above, can be useful just over pure value functions, but it would
be very useful for existential packages of value and state to be constructed.
One useful instance is an allocation primitive that allocates some memory
and returns a pointer to it and a permission. Without existential types
we would have to incorporate such an operation as a construct in the lan-
guage, or in a continuation passing style. Alias Types [SWMO00] gets around
this problem by building continuation passing style directly into the typing

rules.
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We expect that such a calculus should be soundly and completely modelled
categorical by an application of Lawvere’s hyperdoctrines [Law70], using a
category of location contexts for indexing. Using the connection between
the Typed Command Calculus and Aiypie described in this thesis, we expect
that we should also be able to derive a categorical semantics for the lan-
guage L3 [MAFO05], a language with linear types that separates reference

and permission, albeit possibly without L3’s existential types.

Better semantics The concrete model of in-place update presented in Chapter
7 is suitable for a simple model of LFPL [Hof00]. However, it misses several
important aspects of real programming languages, such as allocation and
deallocation and recursion. In addition, it does not seem suitable for models
of the indexed type theory discussed above. Also, we have not related it
in any way to the operational semantics of programming languages, which
are usually taken as “the” semantics for proving type safety. Ahmed’s step
indexed models of mutable state [Ahm04], as used in [Ben05] and [MAFO05]

may provide a good semantics with the required properties.

Algebras and Parameterised Monads We believe it would be worthwhile to
follow the work of Plotkin and Power [PP04, PP02] and develop a theory of
algebras for parameterised monads suitable for modelling in-place update,
extending the preliminary work presented in Appendix B. A crucial first
step would be to find a suitable notion of “parameterised” Lawvere theory
and prove a similar result to that for non-parameterised enriched Lawvere
theories and finitary enriched monads by Power [Pow00a]. An interesting
extra twist is provided by the monoidal structure possible on parameterised
monads, and it remains to be seen how this would affect a definition of

parameterised Lawvere theory.
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Proofs for Chapter 5

A.1 Proofs for Theorem 5.2.17

Theorem 5.2.17 states that the categories CPF(C,S) and CSPM(C, S) are equiv-
alent. To show this equivalence we define a functor FCSPM(C, S) — CPF(C, S):

<T7n7M7T7__>_7A)) = (CT,JT,[f,CHf®C;T],[C,f|—>C®f;T/],—H—7A>
fh=T — (93(A>51)_’(Ba52))Hg;fsl,sz,B

where 7' is the co-strength defined as o;7;7(S;,S2,0) and the functor F'f is

necessarily always identity on objects.

A.1.1 The functor F' is well-defined

We verify that this definition is well-defined on objects by checking each of the
required conditions of Definition 5.2.1. We know from the discussion after Defi-
nition 5.2.8 that Cr is a category and Jr is a functor. The mappings of arrows ©
and & are also functors. On identities:

idy ©1dps =1d @n; 7 =1 = idaxB,s) idas ©idp =
n®id;o;;T(S,S,0) =0yid®@n;7;T(S,S,0) =030, T(S,S,0) =n =idaxs,s)
On composition, for ©:
(f;9) © (c15¢2)

251
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= (f19) ® (ci;T(Sh, 82, c2) )i T

= f®c1;9@T(S1,5,¢); A3 @ pi; 7

= f®c1;9T(S1,Ss,¢0);7;,T(S1,S2,7); 1t
= [®c;T(51, 5,9 @ci7)ip

= ;99

(c1502) © (f39)

(c1;T(51, 82, ¢2); 1) @ (f3 9); 0573 T(S1, 53, 0)

c1 ® g; T(S1,S2,¢2) ® g; 05 A3 @ p; 75 T(S1, 53, 0)

¢1 ® g; T(S1, S2,¢2) ® g; 0573 T(S1, S2,7); 41; T(S1, S3,0)
c1®g;0;7;T(S1, 52,9 ® ca;7); p; T(S1, Ss,0)

¢1 ® g; 037 T(S1, 52,9 ® co; 73T (S, Ss,0));

¢1 ® g;057;T(S1, 52, 0;0;9 @ co; tau; T(Sy, Sz, 0));

¢1 ® g;0;7;T(S1, S2,0); T(S1, S2, ¢2 @ g; 03 taw; T( S, Ss, 0));
€19¢;c209

The functors Jy, © and © obviously respect the monoidal structure of C on ob-

jects. On arrows, this follows from the naturality of strength and the interaction

between the strength and the monad unit:

felJr(g,s) = fomT(S, s 9);T
= A@nnT(S,s f®g)
= 0, T(51,s,f®9)
= Jr(f®g,s)

The case for © can be verified in a similar way, using the naturality of the sym-

metry isomorphisms.

Naturality of Jp(o,—) in the first position:

Aoc; Jr(o,5)
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= A®¢T;T(S1, 52,0 T(S2,52,0)); 1

= A®c¢T1;T(S1,5,0)

= 0;0,AR¢1;T(S1,S59,0)

= o0;c¢® A;0;,7;T(S1, S9,0)

= n;T(S1,51,0);T(S1,S1,c® A;0;71;T(S1,52,0)); 1
= Jr(0,51);cc A

Naturality of Jr(o, —) in the second position:

¢S A; Jr(o, Ss)
= ¢® A;0;71;T(S1,S2,0); T(S1, S2,m; T (S2,52,0)); 1
= 0;A®c¢;7;T(S1,89,0);T(S1,S2,0)
= g, A®cT
= 1, 1(51,51,0); (51,51, A® ¢ 7)ip
= Jr(0,51);Aec

Naturality of Jp(\, —):

ITec Jr(AS)
= [ ®c;1;T(S1,52,m;,T(S2,52,\)); p
= I®cT;T(S,52,A)
= I®cA
= Ac
= 1, T(51, 51, A); T'(51, 51, ¢)5
= Jr(\ S1);¢
Naturality of Jr(p, —):
co I; Jr(p, S1)

= c®I;0,7;T(51,52,0);T(S1,S9,1;T(S2, 5, p)); it

= c¢c®I;0,7;T(S1,S9,0;p)

= c®I;0,7;T(51, 5, )
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= c®I;0; )\

= c®IL;p

= pc

= n;T(51,51,p); T (51,51, ¢);
= Jr(p,S1);c

Naturality of Jr(a, —) in the first command position:

¢S B) e C; Jr(a,id)

)
c®B)®C;(0;71;,T(51,52,0)) @ C;0;1;T(S1, S2,0; )
®RCo®C;0,CR1;1;T(5,5,C Q0;0;a)
)R C00C;0;CR71;7:T(S), Sy, 0@ A; o)
)

(
(
(

= (c® B)
(c® B
(c®@B)®C;0C;o;a 7 T(S1, 52,0 ® A; 0)
(c®@B)®@C,a; AR 0;0;71;T(S1,S52,0 ® A;0)

®R(BRC);A®0;0;71;T(S1,52,0® A;0)

= a;c®(B®C);0;7;T(S1,S,,0)

= n;T(S1,51,a);T(S1,52,¢c® (B®C);0,7;T(S1,S2,0));

= Jr(a,51);¢ce (B C)

= a’

In the third command position:

(A® B) @ ¢; Jr(a, Ss)

(A® B) @ ¢;7;T(S1, Sa,m; T(S2, Sa, ) ); p

(A® B) ® ¢;1;T(S1, 52, «)
(A®B)®@c;a; AQ 75T

= AR (B®c);AQT;T

= n;T(5,5,a);T(5,5,A® (BRc);,AQT;7); 11

= Jr(a,81);A© (B&c)

In the second command position, using the coherence of the symmetric monoidal

c® B) & Oa (U;T;T(SDSZJO-)) & O’ U;T;T<Sl?5270);T(Sla SQ7T];T<SQ7SQJQ));N
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structure of C, and the other naturality properties of Jr(«, —) and Jr(o, —):
(Aec) e C; Jr(a, S2)
= (Ae)eCJr(c®@Ciajo s A® 0, 5,)
= Jrlo®Cia0 a4, A®0,5);A0 (ceC)
= JT(OZ, Sl); A Q (C ] O)

Next, we verify that F' is well-defined on arrows. Given f : T} = T5, an arrow
of CSPM(C, S), then F'f is a functor, preserving identities (7;.s.4; fs.5.4 = 72.5.4)

and composition:

g;Thh; s, s,,5,05 fs1,85,0
= g;Tih; fS1,527T(S2,53,C); TQ(Slv Sa, fsz,Ss,C); H2,84,55,83,C

= 0; fs1,5,.8; 12(S1, S2, 1 fs,,55.0); 12,51,55,55.C
Moreover, it is an arrow of CPF(C,S). Firstly, it commutes with Jy:
Ff(Jrg) = Ff(g:m,s8) = 9:msp; [ss5=9giMss = Jng
It commutes with ©:
©s(g, F'fc)
= ©2(9,¢ fs1,5,5")

= 9® (6 [51,9,8'); T2,A",9,,52,B"

= Q@ CTLA.8,5.8 [8),5.5

= Ff(g©1c¢)

The steps to verify that it commutes with & are similar. Finally, we verify that

F itself is a functor. Preservation of identities of CSPM(C, S):
F(id)c = ¢;id = 1d(c)
and the composition of CSPM(C, S):
F(f;9)c=c fig=Fglc f) = Ff(Fg(c)) = (Ff; Fg)e

So F'is a functor.
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A.1.2 The functor F' is full and faithful

We first prove a simple lemma about functors between Kleisli categories that will

be useful for the calculations below.

Lemma A.1.1 (Fact about functors between Kleisli categories) If f:Cp —

Cr, is a functor such that Jr,; f = Jp, then g; f(id) = f(g)

Proof By calculation:

g; f(id)
= g;m; 1251, 51, f(id)); pio
= flgim); To(S1, 51, f(id)); po
= flgim;m)
= f(9)

O

Recall that we have defined the supposed inverse to the arrow f : F(1}) —
F(Ty) as the family of arrows (F'f)s, 5,4 = [(idry(s1.8,,4)). We must show
that this family is an arrow of CSPM(C, S). Firstly, naturality in Se and A, for
s:S8 — Shand g: A— B:

—

(id); T5(S1, 8, g)

(id); T5(S1, 8, 9); To(S1, S5, m2); pio

(id); To(S1, S2, 123 To(Sa, 5, 9)); 1o

= f(id); To(Sy, S1, f(m; T1(S2, 8, 9))); p2
(
(
(

id

I
=

= J(T1(51, S2,m; T1(S2, 8, 9)); )
= J(Ta(S1,8.9:m); )

= f(T1(S1,5,9))

= T1(S1, s, 9); f(id)

Naturality in Sy, for s : S; — S}:

f(Zd), TQ(S, SQ, A)



A.1. Proofs for Theorem 5.2.17 257

= f(id); Ta(s, Sz, A); s pio

= 02; T3(51, 1, f(id)); T2(S1, 51, Ta(s, S2, A)); pia
= 123 Ta(S1, 51, f(id)); To(Sh, 8, To(SY, S2, A)); pio
= 12; T5(S1, 5, T1(S], 82, A)); Ta(Sh, 51, f(id)); pa
= f(m;Ta(Sh, s, T1(Sy, S2, A))); To(S1, 51, f(id)); pe
= f(m;Ta(Sh, 8, Ta(Sy, S2, A)); pua)

= [l Ta(S1, 81, Ta(s, Sz, A))s )

= [(Ti(s, 52, A);m; )

= f(Tu(s, 52, A))

= Ti(s, 52, A); f(id)

(
(
(
(

Now we must verify that the defined natural transformation commutes with all

the structure of the parameterised monad. Firstly, it commutes with #:

m; f(id) = f(m) = ne

It commutes with u:

Ml;f(id)
= f(m)
= [f(id); To(S1, S, f(id)); p2

Finally, it commutes with 7:

71; f (id)
= f(n)
= f(A®Ti(S1,5:, B);11)
= A® f(id); 7
The last remaining task is to show that the two operations are mutually

inverse. The following two calculations show this, where the second equality

follows from Lemma A.1.1.

NFEf)=F Yg—gf)=F
F(F'f)=F(f(id) =g+ g; f(id) =g — f(g) = f
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Hence F' is full and faithful, as required.

A.1.3 The functor F' is essentially surjective

Recall that, given an object X = (K, J,©,5,— — —,A) of CPF(C,S) we have
defined the object Y = (T, nX, p, 7%, — =X — AX) as
TX(S1,8,A) = (I,8)) — (A,Sy)
Msa = Apa,S)
Mfs*{l,SQ,sg,A = Alev; J(p™', S);ev)
7’51{51,52,3 = A(J(a,S1); A ev)
(A, 8)) =~ (B,Sy) = (A,S) — (B,S,)
(A,8) =% f = (A4,8) = (J(p™!, S2)i ATH(f))
AY(f) = AJ(pags S ATH(S))
We must first show that this really is an object of CSPM(C,S). The func-
torality of T follows directly from the functorality of — — —. We check all the

(di)naturality conditions of the defined families of arrows. Firstly, naturality of

the family nfng in A, for f: A— A"

Fimga = fiMpa,S)
= A(f®I;pa,S))
= A(pa, 9); (f,9))
= Alpa,S); (1, S) — (£, 9)
= ﬁé(AvTX(S S, f)

Dinaturality of the family T)g{ 4 in S, for s: 57 — Sy

Mas T (S1,8,4) = Alpa,S1); (1,51) — (A, )
= A((pa, S1); (4, 3))
= AM(A®1,5);(pa, 52))
= A(pa; 52); (I, s) = (A, 5)

= n§s27 (S SQ’A)
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Naturality of the family MQS%S&A in Sy, S3 and A, for s; : S7 — 57, s3:
S; — Sy and f : A — B: (we elide the subscripts on the ev and p natural

transformations to conserve space)

TX(S1, Sa, TX(S27 s3, f)); Mfgi S5,54,B

= (I,51) = ((1,52) = ([, s3),52); Alev; (p~, 52); ev)

= A(((I,51) = (1, 82) = (f,83), 52) ® I, 51) H(p7h, Sa)sev)

= A(((I1,87) = ((I,95) = (f,53),52) @ I, s1);ev; (p ", Sa); ev)

= A(((1,57) = ((1,9) — (f,53),92) @ I, S1);ev; (p ' Sa)s ev); (I, 51) — (B, S3)
= Alev; (p7", Sa2);ev; (f,83)); (1, 51) — (B, 53)

= Alev; (p7", S2);ev); (1, 51) — (f, 53)

X
= Msg,SQ,SS,AST (51,83, f)

Dinaturality of the family ;g g, g, 4 in Sa, for s, : Sy — S5 (again we elide the

subscripts on ev and p)

TX(S1, 52, T (S, S5, A)); 15, 5,554
= (I,81) = ((1,8) — (A, S3), 52); Alev; (p7', S5); ev)
= A(((1,81) = ((1,S5) = (A, 83),59) @ I, S1);ev; (p~', S5); ev)
= Alev;(p7", 82); (1, S5) — (A, S3) @ I, 5); ev)
= Alev; (p71,92); (1, 59) — (A, S3) @ I, S5); ev)
= A(((1,S1) = ((I,52) = (A, 83),8:) @ I, 81);ev; (p~", Sa)sev)
= (I,51) = ((I,52) — (A, S3), S2); Aev; (p7", S2); ev)
= T%(S1, 5, T* (52,53, A)); 113, 5.55.4

Naturality of the family 75 g, g, p in all variables, for f : A — A’, 51 : Sy — S,
Sg: Sy — Shand g: B — B

f®T(s1,82,9); Tar 5,555
= f@(I,s1) = (g:52); A(, S1); A" © ev)
= A((f& (L, s1) = (9,82) ® L, S1); (@, 51); A" © ev)
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= A(a,51); (f @ ((1,51) = (9,52) @ 1),51); A" © ev)

= AM(a, 51); (A (I, 81) = (B, 52) ®1),5); A ev; (f @ 9, 52))
= A(a,51); (A® ((1,8)) = (B, S) @ 1), s1); A© ev); (f © g, 52))
= M(A®(L,58)) = (B, 5)) @1, s1); (a, S1); A© ev); (f © g, 52))
= A(a,51);A9ev);(I,s1) = (f®g,s2)

X
= TAS!.8,,B; T(s1,52, f®g)

Now we verify the required axioms of monad structure hold. The first unit

property for n% and uX:

ng‘(l,T(Sl,Sg,A); HSy,55,53,A
= Alp,S1);Alevi (p7", S1)sev)
= A((A(p, 1) ® 1, S1);ev; (p", Sh);ev)
= AAT(A(p,S1); (07" S)sev)
= A((p,S1); (p7",81); ev)

= idrx(5,,5,,4)

The second unit property for n* and p*:

T(S1, S2,18,,4)3 3, 55,54
= (I,51) — (Alp, Sa), S2): Alev; (p7, S2); ev)
= A(((Z,81) = (A(p, S2), S2) @ I);ev (p~', Sa);ev)
= Alev; (p7,82); (A(p, S2) ® I, 55); ev)
= Aevi(p™', S2); A7 (A(p, S2)))
= Afev)

= idrx(s,,8,,4)

The associativity property for p*:

TX (Sla SQ) /"[/SQ,S37S47A); Méi,Sg,S4,A
= (1,51) — (A(ev; (p’l, S3);ev), Sa); Alev; (p’l, Ss); ev)
= A(((I7 Sl) - (A(GV, (p_lv 83)7 ev), SQ) ® I: Sl)a €v; (p_17 82)7 eV)
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= Alev;(p! 52) (Alev; (p~t, S3);ev) @ I, S5); ev

= Alev;(p7!, Sy);ev; (pt, S3);ev)
= A(A(ev ( L Sa)iev)ievi(pT, Ss)sev)
= Alev; (p7', Sa);ev); Alev; (p71, S3);ev)

X X
- /’le S2,53, (53 S4, )7 'LLSI,S?nS%A

The interaction of 7% and \:

X X
T1,81,50,A1 T (517 Sa, >‘A>

= A, S1); 1 ©ev); (1, 81) = (Aa, S2)
= A((a, 51); 1 © evi (A4, 52))

= A((e, 51); (A, 51); ev)

= A(A®I,51);ev)

N

= A

The interaction of 7% and «:

QU BTX (51,5,0) A @ TH 5, 50,05 TA 51,80, B9C
= ;AR A((a,S1);Boev);A((a,S1); A€ ev)
(A A((a, S1);Beev))®1,5:); (o, S1); A ev)
(a,51); (A® (A((,S1); Boev)®1),51); A€ ev)

A(

A(
= a;A((a,51);(A®a,51); A9 (Boev))
= Al
= A
= A

o, 8); (a,81);Ae (Boev))

((
((
(@, S1); (A® B) @ evi (a, Ss))
((

= Ao, 51);(A® B)@ev); (I,S1) — (a,Ss)

= TA@B,51,52,0; T (S1,S2,a4,8,0)

The interaction of 7% and n*:

X ._X
A®NSE Thssh

®1,5); (a0, 51); (AR, 51); A (Boev))

261
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= A®A((p,9)); A(a, 5); A ev)
= AM((A®A(p,S))®1,S);(a,S); A ev)

= A((e, S); (A® (Mp,S) ®1),5); A ev)
= A((e, 9);(A®p, 5))

= A((p,9))

= 7759’(7,4@3

The interaction of 7% and p*:

Tﬁsl,sg,TX(SQ,sg,Bﬁ T%(S1, s, Tj(,SQ,Se,,B); lug'(l,SQ,Sg,A(@B

A, S1); A ev); (1,5)) — (A((a, Sp); A ev), Sy); Alev; (p71, Ss); ev)
a,S1); Aaev; (A((a, Ss); A ev),S)); Alev; (p7 1, Sy); ev)

A(a, S1); Ao ev; (A((a, Sa); A@ev), Sy)) @1, 5));ev; (p7 1, Sy); ev)
a,S); Aaev; (A((a, Sy); A@ev),Ss); (ph, Ss);ev)
a,S1);Aeev;(p !, S); (A((a, S2); A ev) @ I,5:); ev)
a,S1);A@ev;(pt, ) (o, S2); A ev)

);
);

(

(
a,8);A@ev;(A®p 1 S,y); A ev)

(

~~ I~ /N I~ I/~

a,51); (A® (Alev; (p', Sy);ev) @ 1), 51); A ev)
A ((A®A(ev (p~ ,Sg),ev)) ®I,5); (a,51); A ev)
A® Aev; (p~,52);ev); A((a, S1); A ev)

X .
A® i, 5,.5,8 Ths.Ss.B

Before showing that the definitions for Kleisli exponentials meeting the ax-

ioms, we note the following identity for closed parameterised Freyd categories:

N T (S, S, 9); 1)

S (1,81) = (9,52); Aev; J(p~', Sa);ev))

s A, 51) (9,82) @ I,81);ev; J(p~', Sa);ev))
s A(ev; J(p™', S2); J(g @ I, Sa);ev))
A

AT
ATY(
— AT
ATY(
AN Aevs J(p~ 1752);/\‘1(9))
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A~
AN I (p!

First we show that the functor (4,5;) —%

have:

(A, 51)
= (A,51)
(A, 51)
(A, 51)

l

l

A, S,
A, S,
id

b

YA (ev)); J(p7
,Sa); A1

(
(J

) Sg), A_

(9)

"(9))

On composed arrows, by the identity shown above:

A, 8y) =%
A,8)) —
A, 81)

) —

(
(
(
(4,5

The map of homsets A : Cr(A &7 (B, S1), (C,Sy))

(J(p~
— (J(p™', Sa);
—% fi(A,5) =Yg

(f TX(S27 Sé?
752);

i
AT

9); 1
(T

f);

)

J(p~', S2): A g))

natural in A. For f: A® B — T%(5,5,,C) and g : A’ — A:

g;AX(f)
= g AJ(p7" S1); ATHS)
-~ A(J( ®@ B;p~ ', S1); A7)
= AJ(p 9@ B®I,8);A(f))
= A(J(p™, 85107 (9@ B; )
= AX(9®B f)
= A (9@ B; f;n; )
= A (g® B;n; T(Sy, 51, f); 1)
= A((g;m) © B; 7, T(S1, 51, f); )
= A(gor (B,S1);T(S, 5, f); 1)

- C<A7 (Ba Sl) -

263

— is well-defined. On identities we

(C,Sy)) is
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The map A¥ is also natural in (C,S;). For g: C — TX(Sy, S5, C'):

AX(f); (B, S1) =¥ g

= A(J(p75 S1); ATN(f)); (B, Sl) — (J(p™",S2); A1 (g))
= A(J(p " S AT (7 Sa) A (g))
= AJ(p™ ' S AN (Sl,Sz,g)mX))

= A(f; TX(SI,SQ,QL )

= A(J(p, 8); A7H(S))-

That these are inverse follows directly from the fact that A and A~! are inverse

The map A¥ is also an isomorphism. The inverse is AX~1(f)

and p and p~! are inverse.
Finally we show that FY is isomorphic to X in CPF(C,S).

identity on objects functors:

Define two

K . CTX —>IC

Kf = Jp™',81);A7(f)

L
Lf

K — CTX
A(J(p, S1); f)

It is easy to see that these are mutually inverse operations on arrows, so it only
remains to show that they are actually arrows of CPF(C,S). Firstly, they must

be functors. They clearly preserve identities and for composition:

K(f;T(S1, 52 9); 1)
= Jp7' S AT (1, 51) — J(g, Sa); Aev; J(p™, Sa)sev))
= J(p 1S fel(l,S);(I,S) — J(g,S) @ L;ev; J(p~ ', Sy);ev
= J(p 8 fe (8 ):ev: (g, S1); J(pt, Sa);ev
(p S fel,S)ev; J(p™h, Sa);g @ (I, S)se
(P S ATHS); T (7! S2); AN (g)

Since K and L are mutually inverse on arrows this proves that L preserves com-

position as well. Now we verify that the functor K preserves the parameterised
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Freyd structure. This will also imply that L also preserves the structure since

they are mutually inverse. For K, preserving the functor from S x C:

K(Jpx (s, f))
= K(n*;T*(S,s,[))
= K(A(J( ))( S) — J(s, f))

); (1,5) = J(s, f))

l

The functor K preserves :

K
= K

(f ©rx c)

(f@c1¥)

= K(focA(J(a,51);A0ev))

= KA(fece((,S5);J(a,51); A ev))

= KAJ(a,8);feJ(c®l,S);Aev))
(

= K(A(J(a, S1); f @A (0)

I
<

(p~1, 81); ATHA(J (e, S1); f @ A7)
= J(p™'S1); J(a, Sh); fe AT o)
= Ao J(p L, S); fer (o
— fekKc

The proof that it preserves & is similar, and relies on the naturality of J(o, —).

So the functor F' is essentially surjective, as required.

A.2 Proof of Theorem 5.3.7

We need to verify that the double Freyd-category structure defined from a Power,
Robinson, Thielecke Freyd-category is well-defined. We do this first for ©¢, S¢.
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Recall that we defined f ©¢ c as the composite:

(Ax B,S) J(idA—“f’A)

Ax B, I®S)
Ax B I®S)
A'x B I®5"

A'x B', S

(AD)ec
—

(
(
J(fid))o(B,S)
—) (
(

(id g1y pr A7)
==,

Define ¢ S¢ f as the composite:

(BxA,8) M0 gy sel)
(Ax B,S"®I)

HHASES) (4 BLS @ T)
(

J(idAle/,pfl)
==

A'x B', S
The functors so defined preserve the monoidal structure on arrows:

focdlg.s) = JdN):J(A 1) © J(g,5); J(f.id) & J(B', S"); J(id, A™")
= J(id,\); J(f @ g,id @ s); J(id, A\7")
= (f®g,5);(id, \; A7)
= (f®gyg,s)

where the second equality is by centrality and the strict premonoidal properties

of J.
Naturality of J(o,.S) in the first argument:

J(0,8); B&c¢ c
= (0, S): J(id ) J(B, ) © ¢ J(id, A7)
= J(id, p); J(0,0); J(B,I) © c; J(id, A™")
— J(id, p);c & J(B, I); J(o,0); J(id, A1)
— J(id, p):c e J(B, 1) J(id, p~Y): T (o, S)
= ¢G¢ B;(0,5)

Naturality in the second argument is similar.
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Naturality of J(A,S):

J\, S);1ecc
= J\S);J(id, N); J(1,1) @ ¢; J(id, A7)
= ¢ J\A);J@GEd, AT
= ¢ (\,9)

Naturality of J(p, S) is similar.
Naturality of («, S) in the middle argument:

J(e,5); Ac (cGc¢ B)

= J(a,9); J(id, A); J(A, I) © (J(id,

= J(a,S); J(id, \; I @ p); J(A D) ©

= J(id,\;p); J(a,a); J(AT) © (¢ ©

= J(id, A\ p); (J(A T) ©¢)
id, \;p); (J(A, 1) ©c)

= (A&cc)Se B; J(a, S)

p);ce J(B,I); J(id, p~1)); J(id, A7)
(ce J(B,I)); J(id, I @ p~ ;A7)
J(B,1)); J(id, T @ p~ ;A7)

(a, @); J(id, T @ p~5 A7)

(
(e,
(ev,
(
(
J( (id, p~5 A7) (a, )

(
s J(B,I);J
e J(B,I);J

The other two naturality equations are proven similarly.

A.3 Proofs for Theorem 5.3.14

A.3.1 The functor F' is well-defined

We must show that the definition of F' is well-defined on objects and on arrows,
and it preserves identities and composition. The bulk of the proof is identical
to the proof of the non-monoidal case in Section A.1.1. For objects we need
only verify that the defined ©% and &% are well-defined and obey the required
axioms for Double Parameterised Freyd categories. Recall that we have defined
s©Lc=cus,e; T(S) @ Sy;s® Sy, B). This is a functor. Using naturality and

the second commuting diagram for pg we obtain:

(s1;52) ©5 (c1; ¢2)
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= ¢;T(S2, Sy, C2); p; prsye3 T(S1 @ Sa, (515 82) @ S5, O)

= c1;T(S2, 5, ¢2); prsy; T(S1 ® Sz, 81 ® Sy, pisy@); 145 T(S1 @ Sy, (515 82) ® Sy, C)
= 15 15,0, T(S1 ® Sz, 51 @ 9y, €25 fis,0); 145 T(S1 @ Sa, (515 52) @ Sy, C)

= 15 15,0, T(S1 ® Sz, 51 ® 9y, €2 15,0, T(S1 ® Sy, (51552) ® Sy, C));

= o1 s T(S1 ® Sz, 51 ® S5, ¢ psie; T(s1® Sa, 82 ® Sy, C));

= c15 5,5 T(S1 ® Sa, 81 ® Sy, B); T(S1 ® 52,51 ® Sy, a5 phgr 03 T(S) @ 95,50 ® Sy));

T .. T
= 51851582 Q5 C2

as required. That ©% respects identities is easier to show and follows directly

from the fourth commuting diagram for pgg:

ids, © id(s, A) = 1; hSe = N51052,4 = 1d(5,05,,A)

The functor ©% also strictly preserves the monoidal structure on S. On objects

this is obvious. On arrows, it follows from the identity law for gs and naturality:

5105 Jr(f, s2)
= Ns,.4; T (S, 82, [); psye; T(S1 @ Sa, 51 @ Sy, B)
= Nsy,4; sy T(S1 ® S, 81 @ 59, B)
= Ns,08,4; (51 ® Sa, 81 ® 89, B)
= J(s1® sy, f)

The definition of ¢ &% s as ¢; pgs,; T(S1 @ Sz, 5] @ s, B) can also be seen to
be a functor respecting the monoidal structure on arrows in a similar way.
Finally, the naturality conditions. These each follow from the appropriate

diagram. We demonstrate the middle condition for «:

(51 ©% ¢) ©F s9; J(B, )
= (5195¢) 0% 50 T((S1 ® S2) ® S35, (5] ® S5) @ Sy, m; T((S] ® S%) ® 4, r, B));
= (519%5¢c) 0% sy, T((S) ®Sy) ® Ss,a, B)
C; s, T(S1 ® Sa, 81 ® 95, B); lgss;
T((S1 ® S3) @ Ss, (S ® S5) @ s9, B); T((S; @ S2) ® Ss, v, B)
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= G lisiei Hess T((S1® S2) ® S5, (51 ® S3) ® 82, B); T((S1 ® S2) ® S5, , B)

= Hsie} sy T((S1® S2) ® Sz, a0, B); T((S1 ® Sp) ® S, 51 ® (S5 ® s2), B)

= G flesyi Hsiei T(a, 51 ® (53 ® S3), B); T((S1 ® S2) @ S3, 51 ® (S ® s2), B)

C; sy; T'(S2 @ S3,55 ® 82, B); 15,5
T (S @ (S5 © Ss), 51 © (55 @ S3), B); T, S @ (5 ® S53), B)

= 5195 (0§ 52); T(a, 51 ® (S, ® S3), B)

= 5105 (cO§ 52);m; T((S1 ® S2) ® S5,0, T(S1 ® (S2 ® S3), 57 ® (S5 @ Sy), B));

= 3, T((S) ®S2) ® S3,a,5 OF (cO& 82));

= J(A,a);s, ©% (cOF 59)
The other naturality conditions are proven similarly, by using the corresponding
diagram for the monoidal multiplication. Hence F' is well-defined on objects.

To show that F' is well-defined on arrows we can re-use the proof in Sec-

tion A.1.1; we need only verify that the functors F'f also preserve the functors

(%, oL). Commutativity with the ©%:
o5’ (s, F fe)

= ©g(s.¢ fs,.5,.8)
= M,51,4; 12(51, 8,6 fsy,9,.B); He.2,51,5,,55,5),8
= M150.45 f51,51,4; 12(51, 8, 6 fs,.,B); He,2,51,5,,55,55,8
= M5,4; T(S1,8,¢); fs1,51,4; T2(S1, 1, fon,50,8); Ho,2,51,51,52,55.B
= s, T (S1,8,0); M®,1,51,5,52,55,B3 fS1®Sz,S{®S§,B
= (598 0); fs,e8m.505,.8

= Ff(s @? c)

The steps to verify that it commutes with &% are similar. Hence F is a functor.

A.3.2 The functor F' is full and faithful

Recall that we have defined the supposed inverse to the arrow f : F(T1) — F(T5)
as the family of arrows (F~'f)s, 5, 4 = f(idr(s,,5,,4)). We must show that this
family is an arrow of CSMPM(C,S) and that the two operations F' and F~!
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are inverse. The bulk of the proof is identical to the proof for the non-monoidal
case in Section A.1.2, we only need to verify that F'~1f preserves the monoidal
multiplication transformations, which it does by Lemma A.1.1 and the fact that

f preserves the ©% and &% functors on Kleisli categories:

HS®,1; f(id) = f(ﬂs&l) = f(id); HS®,2

The case for pggs is similar. Hence F' is full and faithful.

A.3.3 The functor F is essentially surjective

Recall that, given an object X = (K, J, ©¢, S¢, ©s,Ss, — — —, A) of CDPF(C, S)
we have defined the object Y = (T n* u%, 7% — =% — A%) as

TX(S1, 85, A) = (I,5)) — (A,S,)
Ma = A(J(pa,S))
Mé(1752,53,14 = Alev; J(p™", Ss);ev)

Tj{sl’S%B = A(J(a,S1); Acev)
pee = A(Sesev)
pas = MevesS)
(A,8)) =~ (B,Sy) = (A, S)) — (B,S,)
A (f) = AJ(Pagp: S1); M)

We must first show that this really is an object of CSMPM(C, S). We have
already done the bulk of the work in Section A.1.3 and it only remains to show
that pd, and pdg are well-defined.

Firstly, the naturality of u§®:

T% (51,59, f); H3w,51,9,,5
= J(,s1) = J(f,s2); A(S ©sev)
= ANJ(J(I,s1) = J(f,82) @I,S®S1);S ©s ev)
= AS s (J(JU,s1) = J(f,52) ® 1, 51);ev))
= A s (J((L,S1) — (4,9) @ 1,s1);ev; J(f, 52)))
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= AJ((I,S]) — (A,8)®1,S®s1);Ssev;S s J(f,s2))
= ANSesev); J(I,S®s1) — J(f, S ® s9)
= Udwsy 5o T (51,52, )

The proof of the naturality of ugg is similar. Dinaturality of pgy:

HSe.51,50,: T (5@ 51,8 ® Sy, A)
= AS@esev); J(I,s®S51) — (A, S®Ss)
A(J((1,51) — (A,52),s®51); S ©s ev)
= NS @sev;J(A,s®9,))
= NS @sev);(I,5®85)) — (4,52 53)
= Udgs g4 T (S ®S1,s® 5, A)
The proof of the dinaturality of ugg is similar. The defined monoidal multiplica-
tion commutes with the normal multiplication:
e TY (S © 81,8 © Sy, i ); 1
= ASesev);(I,S®S)) — J(A(Sasev),S®S,);Alev; J(p™, S @ Sy);ev)
= ASasev;J(A(S@sev),S® %)) Alev; J(p~', S ® Sy);ev)
= ASesev;J(A(Sasev),S®5,); J(p~h,S®S);ev)
= ASesev;J(p ', S®5,);S &g ev)
= AJ(Aev; J(p7t, S9);ev) @ 1,8 ® S4); S @5 ev)
= Alev;J(p~', S2) ev); A(S ©s ev)
= ¥ §MS®
Again, the proof for Hgs is similar. The defined monoidal multiplication also

preserves identities:
77§A§ M?’@,S,S,A
= A(J(p,9)); A(S" ©s ev)
= AJ(A(p,S)®I,5®8);S ©s ev)
= A(J(p,5"®S))

X
= TNgws.A
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As before, the proof for ;¢ is similar. For this to be an object of CSMPM(C, S)
it remains to show that the symmetric monoidal structure diagrams hold. All
of these follow from the corresponding naturality condition for the symmetric
S-premonoidal structure of X. As an example we show the middle case for

associativity:

sy Have: T (@, 1 @ (S5 © S3), A)
= AlevSs S3);A(S1@sev); J(I,a) — (A, S ® (S, ®S3))
= AA(evSs S3)€c (1,51 ® (S ® 53));S1@sev); J(I,a) — (A, S ® (S5 ®S53))
= A(S; s J(A(ev s S3) ® 1,5, ® S3); 81 @sev); J(I,a) — (A, S @ (S, ® S3))
(S1©s (ev s S3)); J(I,a) — (A, S1 ® (S5, ® S3))
(
(

Il
-

= A(J(id, a); S, ©s (ev &g Ss))
— A
= A(
= A(

(S1 ©sev)Gs S35 J(A, a))
(51 ©sev) Gs 83); (1, (51 ® 52) ® 53) — J(A, @)
S1©sev); Alev S5 S3); (1, (S1 ® S2) ® S3) — J(A, a)

= qu(@; sy TX((S) ® S9) @ Sz, ar, A)
Hence Y is an object of CSMPM(C, S). To finish the proof we must show that
FY is isomorphic to X. We re-use the functors K and L defined in Section A.1.3,
so we already know that they are mutually inverse and preserve J, ©¢ and Se.

We must show that they preserve ©s and Sg, noting that showing that this holds

for K implies that it holds for L since they are mutually inverse.

K (s ©grx c)
= K(cp o;T¥(S1 ® Sa, 5 ® Sh, B))
= K(c;A(S19sev); (1,5 ®Sy) — J(B,s®S55))
= K(gA(s©sev))

= K(A(ce(I,5 ®S,);5 s ev))

(A(s s A7 (0)))

(p71, 81 @ Sa); AT (A(s @5 AH(0)))

(p

= J -1 51®SQ)S@SA ()

[
%N
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= s0s (J(p™,82); A7 ()
= ss Kc

The case for Sg is similar. Hence F' is essentially surjective.






Appendix B

Adjunctions and Algebras with

Parameters

In this appendix we explore the connection between parameterised monads and
parameterised adjunctions. This appendix presents very preliminary work on
the connection between parameterised monads and adjunctions, and especially

between parameterised monads and algebras.

B.1 Parameterised Adjunctions

Parameterised adjunctions are families of normal adjunctions indexed by some
category S, subject to a naturality constraint. The relationship between parame-
terised monads and parameterised adjunctions is very similar to the relationship
between monads and adjunctions. We start by defining parameterised adjunc-
tions in their own right and showing how every parameterised adjunction gives a
parameterised monad. Conversely, each parameterised monad gives two canon-
ical parameterised adjunctions which determine the monad and are initial and
terminal in the category of adjunctions determining the monad.

The terminal adjunction determined by a parameterised monad relates the
category C to a category CT of algebras for the monad. At the end of this section

we will give a category of “typed state” algebras and show that it is equivalent to

275
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the category of algebras for the typed global state monad in Example 5.2.11. This
points to the possible development of a methodology for deriving parameterised
monads for modelling computational effects from algebras in a similar manner to
Plotkin and Power’s [PP02]. Eventually we would like to have a close connection
between algebras and parameterised monads, similar to the case described for
(enriched) monads by Robinson [Rob02].

The development in this section closely follows the development of the rela-
tionship between non-parameterised monads and adjunctions in Mac Lane [Mac98§]
§VI.1-5. Sometimes we have only sketched some details in the proofs where they
are similar to the case for non-parameterised monads. See also Barr and Wells

[BW83] for more information on monads (where they are called triples).

Definition B.1.1 Given categories S, C and D, an S-parameterised adjunction
from C to D is a triple (F,G, ) : C — D where F and G are functors:

F:8§xC—1D G:8"xD—C
and 1 is an isomorphism of homsets, natural in A, B and S:
¥ : D(F(S. A), B) = C(A, G(S, B))

By Theorem §IV.7.3 in [Mac98], if we have a functor F' : § x C — D such
that for every object S, F(S,—) has a right adjoint Gg : D — C, then there is a
unique way to make G into a bifunctor S°® x D — C such that it is a parameterised
adjunction in the sense of this definition.

As with non-parameterised adjunctions, we can express a parameterised ad-

junction in terms of a unit and counit:
ns.a:A— G(S,F(S,A)) esa: F(S,G(S,A) — A

such that the are both natural in A, dinatural in S and obey the standard tri-
angular identities. These are derived, as in non-parameterised adjunctions, as
Ns,a = Y(idp(s,.a)) and ega = ¥ (idgs,a)). The fact that ¢ is natural in S

ensures that these are dinatural in S. Conversely, given a unit and counit we
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can define ¥ f = nga;G(S, f) and v~ 'f = F(S,g);es5. We will use the two
presentations of parameterised adjunctions interchangeably.

Our interest in parameterised adjunctions lies in the fact that they are to
parameterised monads as adjunctions are to monads. Firstly, every parameterised
adjunction gives a parameterised monad in the same manner that an adjunction

gives a monad:

Theorem B.1.2 Every S-parameterised adjunction (F,G,n,€) : C — D gives

an S-parameterised monad on C, defined as:

T(S1, 82, A) = G(S1, F(S2, 4))  mia=1Nsa 18 50554 = G(S1, €5,.7(55,4))
Proof The naturality and dinaturality of n* and pu” follow directly from n and
€’s properties as unit and counit of an adjunction. The associativity law for the
parameterised monad follows from the naturality of € and the left and right unit

laws follow from the triangular identities for the adjunction. 0

In the opposite direction, from monads to adjunctions, we have the same sit-
uation as for non-parameterised monads: there are two canonical adjunctions
arising from a parameterised monad, the initial and terminal objects in the cat-
egory of adjunctions that define the monad.

First we define the category of adjunctions that we are interested in.

Definition B.1.3 Given an S-parameterised monad (7,7, 1) on a category C,
the category PAdj(T) is defined as:

Objects S-parameterised adjunctions (F,G,n,¢€) : C — D that define the monad
(T, m, p);

Arrows An arrow K : ((F,G,n,¢) : C — D) — ((F',G",n,e) : C - D) is a
functor K : D — D’ such that G = Id X K;G', F' = F; K and €5, =

K65,A.

Note that, by the condition that all the adjunctions form the same param-
eterised monad, all objects of this category have the same unit. The definition

of arrow is derived from the standard definition of a transformation of adjoints,
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extended to parameterised adjunctions and specialised to those that define the

same monad.

Theorem B.1.4 Given an S-parameterised monad (7,7, ) on a category C,
the functor Jr : § x C — Cr defined in Definition 5.2.8 has a right adjoint
Gr : §°° x Cr — C such that (T, n, 1) is the parameterised monad determined by
the adjunction. This adjunction is initial in PAdj(T).

Proof Define Gr as Gr(51, (A, Ss)) = T(S1, 52, A) on objects and, for arrows
S Sl - Si and f : <A7SQ> - (B,Sé), as GT(Saf) = T(3752af);ﬂ5'1,52755,8 on
arrows. Functorality of Gp can be checked by routine calculation. It is trivially

the right adjoint to Jr since:
Cr(JrA,B)=Cr(A,B)=C(A,TB) =C(A,GrB)

The functor part of the monad derived from this adjunction is the same as the
original monad: Gr(Si, Jr(S2,A)) = TA on objects and Gr(sy, Jr(s2, f)) =
T'(s1,S9,Msy,4; T (S2, 52, f)); ths1,50,55.8 = T(51, 52, f31s5,8); tsy,s5,5,,8 = T(s1, 52, f)
by naturality, dinaturality and the unit monad laws on arrows. By the defini-
tion of identities in Cr, the unit of the monad derived from the adjunction is
1, the unit of the original monad. The multiplication of the derived monad is
s, 5y.55.4 = G(S1,€1,5,,F(55,4)), Where €75, (a,5,) = idr(s,,5,,.4), in Cr, therefore
i = p by the definition of Gr.

This parameterised adjunction is initial in the category PAdj(T). Given
another parameterised adjunction (F,G,n,€) : C — D that defines the param-
eterised monad 7', define a functor K : Cr — D as K(A,S) = F(S,A) and
Kf = F(5, f);€s,p(s,,8)- This is an arrow in PAdj(T):

G(S1,K(A,Sy)) = G(S1, F(S5,,A)) = Gr(S1, (A, 5,))
G(s, K(f)) = G(s, F (52, [)); G(S1, €s,,r(s5,8)) = Gr(s, f)
K(Jr(S, A)) = K(A, S) = F(S, A)
K(Jr(s, f)) = K(ns,4; T(Sy, 8, f)) = F(s, [i15,,8); 151,502,508 = F'(s, [)

K(er,5,4) = F(S,1dr(s,5,4)); €5,7(5,4) = €K(A,S)
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Any other PAdj(T) arrow L : Cr — D is equal to K. On objects L(A,S) =

LJr(A,S) = F(S, A) =

Hence K is the unique PAdj(7") arrow Cr — D and Cr is initial.

K(A,S) and on arrows:

Kf

=

S1, )i €s1,7(82,B)

!

Sty f); €s1,1(8.5)
L(Jr(S1, f); €r,s,,(B,52))

f 181,81,B5 151,81,52,B )

(
(
(
(

h

Lf

0

The second canonical parameterised adjunction that arises from a parame-

terised monad is the parameterised version of the Eilenberg-Moore category of

algebras for the monad. This definition is the generalisation of the standard

definition of T-algebra to the parameterised setting.

Definition B.1.5 Given an S-parameterised monad (7,7, 1) on a category C,

the Eilenberg-Moore category of algebras CT is defined as:

Objects T-algebras: (A :

family A is natural in S and dinatural in S5 and satisfies these two diagrams:

T(Sla S27

Arrows An arrow f :

HS1,55,53 J

T(S27S3aAS3)) (5175271452)
hsy,s,
hsy,sq
T(Sl, 53, ASg) ASI

(A h) —

SOP — C, hsl,sg :

T1zs2s

AS —E~ T(S, 8, AS)

h
x Ls,s

AS

T(S1, S5, ASy) — ASi), where the

(A’,R') is a natural transformation f: A = A’
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such that this diagram commutes:

T(S1,92,fs,
T(S1, S5, ASy) L2 g, 5, A5y)
hsy,s4 hs, sy

fs,
AS, ° A'S,

This definition clearly defines a category: the composition of two arrows is an
arrow of the category by putting the two commuting squares side by side. The
next theorem relates this category to the original category C by an adjunction
which is terminal in PAdj(T).

Theorem B.1.6 Given an S-parameterised monad (7,7, i), the functors

FI' . Sxc—-Ct
FT(S,A) = (T(—,5,A), s, 5,5)
F'(s,f) = T(=,s,[)
GT . ST kT
GT(S,(A,n)) = AS
G'(s,f) = As;fs,

form a parameterised adjunction, with unit 1 and counit €g 4 = h_ g, whose

monad is (7,1, ). This adjunction is terminal in PAdj(7).

Proof  The object part of FT is well defined: the map ug, s, satisfies the
two diagrams for algebras by the associativity and left unit laws for monads.
The arrow part is well defined by the naturality of u. Also, FT clearly preserves
composition and identities. The definition of GT also gives a functor: it is trivially
well-defined on objects and arrows, and preserves composition by the naturality
of arrows in C7.

The unit is natural and dinatural since it is the unit of a parameterised monad.
The defined counit is natural and dinatural in the appropriate variables by the

definition of algebras. The unit and counit satisfy the triangular identities by the
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right unit law for a parameterised monad and the unit law for an algebra. Hence
(FT ,GT n,€T) is a parameterised adjunction.

This parameterised adjunction determines the monad 7. The units are the
same, as are the functors: GT(Sy, FT(Sy, A)) = T(S;, S, A) and the multiplica-

tion:

T o T _ T
HS,,85,55,4 = G (517 ESQ,FT(S3,A)) =G (Slv 6527<T(*753’A)’P«—,—,53,A>) -

T
G (Slaﬂ—,SQ,S&A) = H51,82,53,A

Given any other parameterised adjunction (F,G,n,€) : C — D in PAdj(T),
define the functor K : D — CT as KA = (G(—,A),G(S},€5,4)) and Kf =
G(—, f). This is well-defined on objects since the first diagram for algebras com-
mutes by naturality and the second is just one of the triangular identities for
a parameterised adjunction. It is well-defined on arrows because € is a natural

transformation. The functor K is an arrow of PAdj(T):

G7(S, K A) = GT(S,(G(~, A), G(S1,e5,.0))) = G(S. A)
G (s, K f) = GT(5,G(, ) = Gls, Ay; G(S, f) = Gls, f)  K(F(S, A)) =
(G(— F(S, 4),G(S1, csprisn)) = (T(~, S, A), sy sn.5.4) = FT(S, A)
K(F(s. f)) = G(=, F(s, f)) = T(~,s, f) = F" (s, )

T T _ _
€S.KA = €5,(G(—A4) G515, 1) = G €5.4) = Kega

Given another arrow of PAdj(T), L : D — CT, it is equal to K: the equation
Id x L; GT = G implies that LA = (G(—, A), h), for some h and Lf = G(—, f).

For the arrow h:

T _ T _ _
hsi.8, = €5, G A h),8 = €55.04 = (L€s, )5, = G(S1,€55,4)

Hence K is the unique arrow to C* and C? is terminal. U

B.2 Typed State Algebras

We will now show that a suitable category of “typed state algebras” is equivalent

to the category of algebras for the typed global state monad on a cartesian closed
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category in Example 5.2.11.

Let C be a cartesian closed category and let S be a category with a chosen
terminal object and ~: & — C a functor that preserves the terminal object. We
will write 1 for the chosen terminal objects in S and C and ! for the unique maps
to them. Given such a pair of categories we define the category of typed state

algebras over it.

Definition B.2.1 The category StAlg(C,S) is defined as:

Objects Triples (A : S°° — C,stores : AS X S — Al, retrieveg : ASS —
AS), such that store is dinatural in S and retrieve is natural in S and the

following diagrams commute:

A(ASSXdup evxS) sto T‘GS
AS® (AS x 8)% —— A1
A(my) s
AlS AS AS
ASS retrieveg
retrieveg AS
retrieveg AS
AS
Aé«(SA%'S)S x dup;ev X S;ey)
S evs, A1 (A ) —— AS°
Al” x S Al
AlS XS‘/ storeg retrieveg retrieves
g TetrzeveSXS
AS° x § —= AS x S retrieveg

ASS AS

Arrows An arrow f : (A, store, retrieve) — (A’ store’, retrieve’) is a natural

transformation f : A = A’ that preserves the operations:

S

S s 75 s
ASx 8 5w s AS A'S
storeg store'y retrieveg retrieveg
f
Al A A — 5. ag
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We informally justify the axioms of these algebras by thinking of the oper-
ations of the algebras as operations in a typed programming language. We do
not have a formal link between parameterised algebraic operations and arrows in
the Kleisli category as Plotkin and Power do [PP01], but can intuitively justify
the axioms anyway. The store and retrieve operations correspond to primitives

in the Typed Command Calculus of Chapter 6 typed as so:
storeg : (§, 1) —(1,5) retrieveg: (1,5) — (§, S)

and the map to the terminal object in § corresponds to a term clear : S — [
in the state calculus. The four axioms correspond to the following equations

between terms:

let (z;s1) = retrieve(*;;s) in

let (d;sy) = store(z;clear s;)in = retrieve
(; 52)
let (x;s) = retrieve(*;;s)ine = e (x not free in e)

let (d; s1) = store(y; s) in
let (x; s2) = retrieve(x;;s;) in
. = e[y/ZE,S/S3]
let (d; s3) = (%1; clear s3) in
e
let (z;s1) = retrieve(x;s) in ‘
let (z;s1) = retrieve(x;s) in

let (y; se) = retrieve(xy;sy) in =
elz/y, s1/s2]

(&

In order, these equations state that retrieving and then storing is the same as just
retrieving; retrieving and then discarding is the same as doing nothing; storing,
retrieving and then clearing is the same as doing nothing; and retrieving twice is
the same as retrieving once and using twice.

Ideally, we would now apply the parameterised analogue of Beck’s Theorem
([Mac98] §VI.7 and [Bec67]) to show that this category is isomorphic to the
Eilenberg-Moore category for the typed global state monad, i.e. that it is monadic
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over C. However, we do not have such a theorem at this time, so we prove the

desired result by hand:
Theorem B.2.2 The functor G : §°° x StAlg(C,S) — C, defined as:

G(S, (A, store, retrieve)) = AS
G(Sa f) = AS; fSl
has a left parameterised adjoint which determines the typed global state monad

T(Sy,52,A) = (Ax SA'Z)STl Moreover, the Eilenberg-Moore category of this monad
is isomorphic to StAlg(C,S).

Proof The tedious calculation in this proof has been placed at the end of this
appendix, in Section B.3. Define the functor F': S x C — StAlg(C,S) as:

F(S,A) = ((AxS)7,st,rt)
F(s,f) = (fxs)”
where:
st = A(mi;evg, (axs)) rt = A(((Ax S)Sl)s1 X dup; evg, (axs)st X S1; eV, (AxS1))

This definition is well-defined on objects and arrows, see Section B.3.1. Before we
show that it is the parameterised left adjoint, recall the unit and multiplication

of the parameterised monad:
nsa = A(id) : A — (A x S)°
Sy Sp.85.4 = evgéy(AXsS) (A x S3)%2 x G)% — (A x S5)

Take the unit of the parameterised adjunction to be the same as the unit of the
parameterised monad; this is well-defined since G(Sy, F'(S1, A)) = T(S1, 52, A) as
defined and we already know that this unit is appropriately natural and dinatural.

Define the counit to be:
S’ S’ .
€S,(A,store,retrieve),S" = 5t0r€5 7A' ; retrieveg:

See Section B.3.2 for the proof that this data forms a parameterised adjunction.
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This adjunction determines the typed global state monad by the construction
in Theorem B.1.2: we already know that it is the same as a functor and the units
are defined to be the same. The derived multiplication is the same as the original

multiplication:

!
Hs1,55,55,A
= G(S1,€8,F(85,4))
- ESQ,F(SQ,,A),Sl

= A(m;ev); ((A x 9)) A(((A x 8)5)5t x dup; ev x S;ev)

= HS51,5:,53,4

Hence this adjunction gives the original typed global state monad.
We now show that the category StAlg(C,S) is isomorphic to the Eilenberg-
Moore category CT. Define:

K : StAlgC,S)—C"
K ((A, store, retrieve)) = (A, storeg\;;A!é\I;retrz’eveSJ
Kf = f
L : C'—StAlg(C,S)
L{AR)) = (A A(m); his, A(AS® x dup;ev x S); hg.s)
Lf = f

The definition of K matches the definition of the terminal arrow to C’ in the
category PAdj(7T) given in the proof of Theorem B.1.6. Therefore we automat-
ically know it is well-defined as a functor. The definition of L is also a functor,

see Section B.3.3. These two functors form an isomorphism, see Section B.3.4.
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Therefore the category StAlg(C,S) is isomorphic to the category of algebras for
the typed global state monad. ([l

We believe that Theorem B.2.2 strongly hints that there is a connection to be
made between parameterised monads and some notion of typed algebras where
operations have start and finish types taken from the objects of some category.
We envisage that further research along this line would first prove an analogue
of Beck’s Theorem for parameterised monads and then find a suitable generalisa-
tion of Lawvere theories that corresponds to finitary parameterised monads. See

[Rob02] for more information about the case for normal and enriched monads.

B.3 Proof Details

B.3.1 The functor ' is well-defined

Recall the definition of F': § x C — StAlg(C,S):

((Ax S)7,A(m;evs, (axs)),
A(((A x S)51)50 X dup; evg, (axg)ys: X S1; Vs, (axsy)))
F(s,f) = (fxs)”

F(S,A) =

We must check each of the axioms in turn, the dinaturality of the store family

and the naturality of the retrieve family. The first axiom:

A(((A x S)")5 x dup;ev x S)); store! (A x S))51; retrieves,
A(((A x §)51)5 x dup;ev x Sy);
A(mp;ev)®i; ((A x 8)) A(((A x §)51)51 x dup; ev x Sy;ev)

((( )*) ) Amisev) ™ A(((A x §)™) x dup;ev x S;ev)
((( VIS X dup;yev x S1); A(A (5 ev)®t x Sp; (A x S)5)5t x dup; ev x Sp;ev)

= A(((A x 9)")% x dup;ev x S1); A(((A x S)%* x S1)%* x dup; ev x Sy;m;ev)
((( )7) )i A(
((( )7) ); Alev
((( )7) )

1

51 dup; ev x Sy

X dup;ev X Sy);
X dup;ev X Sy);

x dup; ev x Sy); ev™!
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= A(((A x 8)")% x dup;ev x Sp;ev)

= relrieveg,
The second axiom:

A(my); retrieveg,
= A(m); A(((A x 8)")5 x dup;ev x Sp;ev)
= A(A(m) x S1; (A x )" x dup;ev x Sy;ev)
= A((A x 9)"* x dup; T, x Sy;ev)
(ev)

I
=

= id
The third axiom:

((A x S)1)' x Sy; retrieves, x Sy; stores,

= ((Ax 9% x S1;A(((A x 8)°) " x dup;ev x S;ev) x Si; A(my;ev)

= A(((A x S)H' x dup;ev x S;ev) x Sy; A(my;ev)

= A((A x )N x dup;ev x S; (A x S)' x Sy;ev) x Sp; A(m;ev)
= A(((Ax SN x dup;ev x S; (A x S)'x!;ev) x Sp; Almy; ev)
= A(((A x )N x (id,!);ev x 1;;ev) x Sp; A(my;ev)

= A(m; A(((A x S)H® x (id,);ev x 1;;ev) x Sp;ev)

= A(m; (A x $YH5 x (id,!);ev x 1;;ev)

= Aev x 1;;ev)

= ev;A(ev)

= ev

The fourth axiom:

retm'eve”; ; retrieveg,
= A(((A x 8)™)5 x dup;ev x Sp;ev); A(((A x S)5)5 x dup; ev x Si;ev)
= AA(((A x S))% x dup; ev x Sy;ev)™ x Sp; ((A x S)51)5 x dup;ev x Sy;ev)
= A((((A x 9)") )5 x dup;ev x Si; ((A x S) )5 x dup;ev x Sy;ev)
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St dup; (((A x S) 1)) x dup x Sijev x Sy x Sy;ev x Sp;ev)

S dup; A((((A x S)51)51)51 x dup;ev x Sp;ev) x S x Sy;ev x Si;ev)
S5 % dup;ev x Spyev) x Sp; ((A x S)51)51 x dup;ev x Sp;ev)

S dup;ev x Spyev); A(((A x S)51)5t x dup;ev x Sy;ev)

Il
-
—~~ o~~~ —~
-
—~ —~ o —~ —~
—~
—~
—~
N
X
@)
~—
n n
~— \:

N
X
W
~—
&
~— =
n
~— =

51X dup; ev x Sy;ev); retrieves,
Dinaturality of store:

) x Sy; storeg,
W x Sy Ay ev
= A(m; (A x S) x Syjev
= A(m; (A x 9 x frev

S
S

)
)
)
)

Naturality of retrieve:

(A x YN retrieves,
= (A x9N A(((A x 8))5 x dup;ev x Sy;ev)
= A(((A x 8)2)%2 x dup; ((A x 8)%)%2 x f x frev x Sy ev)
= A(((Ax 8)%)% x fi (A x 8)%)™ x dup;ev x Sy ev)
= A(((A x 8)%2)%2 x dup; ev x Sa;ev); (A x S)/
= retrieves,; (A x S)f
Hence F' is well defined on objects. The definition of F' is also well-defined on
arrows, firstly, commutativity with the defined store natural transformations:
F(s, f)s, x Si;storeg,
= (f x5)° x Sp; A(my;ev)
= A((f x 8)% x Sy x Sy;m5ev)
= A(m;ev;f X s)
= A(mzev); (f x s)™
= stores,; F(s, f)s,
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Secondly, commutativity with the defined retrieve natural transformations is sim-

ilar:

(F(s, f)s, )™ retrieves,
= ((f x )" A(((B x S)°)" x dup;ev x Sy;ev)
= A(((A x 8))% x dup;ev x Sy;ev; f x s)
= A(((A x S)™)% x dup;ev x Sy;ev); (f x s)

= retrieveg,; F(s, f)s,

B.3.2 The functor F' is a parameterised left adjoint

Recall that the unit and counit are defined as:
. g/ 19 .
NAs = A(ZdAXS) €S,(A,store,retrieve),S’ — StOTeS 7A ; retrievegs:

It is easy to see that these are well-defined in terms of objects. The counit is

an arrow of StAlg(C,S); it commutes with the store transformations:

€5,(A,store,retrieve),S; X Sl, StO’I"esl
= (storel'; A% retrieveg, ) x S; storeg,
_ S .
= stored" x Sijev
= stores' x Sy;ev; A(m); retrieve,
= ev; storeg; A(my); retrieve;
= ev; A(m); stores; retrieve;

= A(m;ev); storeg; AlY; retrieve

= A(ﬂ—l; eV); €S,(A,store,retrieve),1

and it commutes with the retrieve natural transformations:

St

ES,(A,stOTe,retrieve>

= (storeg)"; (A1°1)51, retm’evegi; retrieves,

= (stored")%; (A1) A((ASTY)™ X dup;ev x Sy;ev); retrieveg,

s,) Tetrievesg,
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= A(((AS x 8)°1)*' x dup;ev x S;ev; storeg; Al); retrieveg,
= A(((AS x S)™)™t x dup; ev x S;ev); Storegl; A5 retrieveg,

- A(((AS X S)Sl>51 X dupa ev X Sa eV); 65,{A,stor€,retrieve),51
This definition is also natural:

F(S7 G(‘Sa f))S1 ; 65,(B,store,ret7’ieve),5'1
= (fs x S)%; storedt; BI; retrieves,
= storegl;Alsl; retrieveg,; fs,

= €8,(A,store,retrieve),S1 5 fSl

and dinatural:

F(s,G(S, (A, store, retrieve)))s, ; €s,(a,store,retricve), S1
= (AS x 8); stored; A% retrieves,
= (As x 8" storel; AV retrieveg,
= F(5' G(s, (A, store, retrieve)))s,; €S1,(A,store, retricve), 51

This is a good definition of counit; it satisfies the triangle equalities for a param-

eterised monad:

1S,G(S,(A, store,retrieve)); G (S5 €5, (A, store,retrieve))
= 115,G(S,(A,store,retrieve)) s €S,(A,store,retrieve),S
= A(id); store®; A% retrieveg
= A(A(m) x S; AS® x dup; ev x S); store®; A1°; retrieveg
= A(m); A(AS® x dup;ev x S); store®; A®; retrieveg
= A(m); retrieveg
= id

and:

F(S,ns,4)8:; €5.7(5,4),51
(Aid) x )15 A(my; ev)™; (((A x S)¥ x §))™,
A((((A x S)% x 8)51)%1 x dup;ev x Si;ev)
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= (A(id) x S)%; A(m;ev)® ;s A((((A x S)® x §)°1)' x dup;ev x Sy;ev)
= (A(id) x )5 A((((A x 8)® x S))% x dup; ev x Sy;71;ev)

= (A(id) x S)%; Alev;ev)

= (A(id) x S)%; Aev); ev™

= (A(id) x S)%;ev™

= id

Hence (F,G,n,¢€) is a parameterised adjunction.

B.3.3 The functor L is well-defined

Recall the definition of L:

L : C"— StAlg(C,S)
L{AR)) = (A A(m); his, A(AS® x dup;ev x S); hg.s)
Lf = f

Firstly, it is well-defined on objects: the first axiom:

A
= A

(AS® x dup;ev x S);
(AS® x dup;ev x S);
(AS
(AS® x dup;ev x S);
= A(AS® x dup;ev x S);
(
(
(
(

: storeg; A5 retrieves

I
=
o3

) ((AS X S) )%; B 53 A(AS® X dup; ev x S); hs s
)% he .55 A(AS® x dup;ev x S); hss
m1)%; A(ASS x dup;ev x S); (hss x S)°; hs.s

)

)

x dup;ev x S); A(
(
(
(m1)%; A(AS® x dup;ev x S);ev®; hgg
(
(
(

AS® x dup;ev x S);
AS® x dup;ev x S);
= A(AS® x dup;ev x S);
= A(AS® x dup;ev x S);
= A(AS® x dup;ev x S);

m1)%; A(AS® x dup;ev x S;ev); hg.s
AS® x dup;ev x S; m); hss

ev); hs,s

— = = = = = = = =

= retrieveg
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The second axiom:

); retrieveg
= A(m); A(AS® x dup;ev x S); hs.s
AS® x dup; T x S); hs.s

The third axiom:

Al® x S; retrieveg x S; storeg
= A® x S;A(AS® x dup;ev x S) x S;hgs x S; A(m1); his
= A x S;A(AS® x dup;ev x S) x S; A(m); (hss x S)';his
= Al® x S;A(AS® x dup;ev x S) x S; A(my);evts hyg
= A(A1° x dup;ev x S) x S; (Al x )° x S; A(m);evis hyg
(A15 x dup;ev x S); A(m1); (Al x S)° x S)sevt by g
(A15 x dup;ev x S); A(m)); evh; (Al x S)'s hy g
(A15 x dup;ev x S); A(my);evh; (A1x))' by
(715 A(A1® X dup;ev x S);ev); (A1x))' hyy
(715 A1% x dup;ev x S); (A1x!)'; hy 4
(715 A1% x dup; evx!); by y
= A(ev x S);hy;

The fourth axiom:

A((AS®)¥ x dup; ev x S;ev); retrievesg

AS®)® x dup;ev x S;ev); A(AS® x dup;ev x S); hg.s

AS%)S x dup; (AS®)® x dup x S;ev x S;ev x S); hgs
)

AS%)S x dup;ev x S; A((AS®)® x dup;ev x S);ev); hss

[
<

((
((
((
((

= A
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AS%)S x dup;ev x S)%; A(AS® x dup;ev x S;ev); hsg
5 A(AS® x dup;ev x S);ev®; hs.s
5 A(AS® x dup;ev x S); (hs,s x S)°; hg.s

S, h”Sq’S;A(ASS X dup;ev x S); hg.s

S x dup:ev x S

)

)

AS®)¥ x dup;ev x S
)S

~—  ~—  ~— —

X dup;ev X S

= retrieveg; retrieves

The defined store family is dinatural:

As x S storeg
= Asx S;A(m);his
= A(m);(As x ) hyg
= A(m); (AS" x s)' by g
= AS" X s;A(m); hy g
= AS' x s;storeg
The defined retrieve family is natural:

Af7; retrieveg
= Aff;A(AS® x dup;ev x S); hgs
= A(AS™ x dup; Aff x S x S;ev x S): hgg
= A(AS™ x dup; AS" x f x S;ev x S; Af x S); hs.g
(AS™ x dup; AS" x f x S;ev x S); (Af x S)%: hgg
(AS™ x dup; AS"S" x f x S;ev x S); (AS' x f)%: hg.s
= A(AS™ x dup; AS" x fx frev x S'); heg
(AS™ x f; AS" x dup;ev x S'); hg,s
= A(AS™ x dup;ev x §'); (AS" x S"): hgs
= A(AS" x dup;ev x §'); hg 53 Af
= retrieves; Af
Hence L is well-defined on objects. The definition is also well-defined on arrows;

commutativity with store:

L(f)s x S; storeg
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= fsx S;A(m); hfs

= A(m); (fs x )" his
= A(Wl)th,séfl

= stores; L(f)1

and commutativity with retrieve:

L(f)3; retrieveg
= [§;A(AS® x dup;ev x S);h§
= A(AS® x dup;ev x S); (fs x )% hig
= A(AS® x dup;ev x S);hi g fs

= retrieveg; fg

Hence L is a functor CT — StAlg(C, S).

B.3.4 The functors L and K form an isomorphism

It is immediate that they are bijective on arrows. On objects, for K; L:

L(K (A, store, retrieve)))
= L({(A, storegé; Al®': retrieveg, ))

= (A, A(m)); storel; A'; retrievey, A(AS® x dup;ev x S); storey; Al%; retrieves)

We must check that these new store and retrieve operations are equal to the

originals:
A(m); stores; Al retrieve;
= storeg; A(m); retrievey
= storeg
and:

A(ASS X dup;ev x S); storeg; AlS: retrieveg

= retrieveg
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Hence K; L = Id. In the opposite direction:

K(L((A, 1))
= K((A,A(m); hig, A(AS® x dup;ev x S); hg.s))
= (A A(m)%; hily; A5 A(ASTY X dup;ev x S1); hs, s,)

We must check that the two structure maps are equal:
A(m)5 hfls AL A(ASTY X dup;ev x S); b, s,
= A(m)%; ((ASy x Sy)")5L; hgi SQ;A(ASE1 X dup;ev x S); hs, s,

()™

(1)

(m1)% h' g A(ASTY X dup;ev x S1); hs, s,
= A(m)

(m1)™

(

(

(e

= A
51 A(ASY x dup;ev x S); (hg, s, X S1)%; hs, s,

= Alm (ASS1 X dup;ev x S); ev® L hs, s,

= A ASSl x dup;ev x S; A(m;) x S;ev); hg, s,

= A ASSl X dup;ev x S;m); hs, s,
= A ) hS1,SQ

= hs,.s

Hence L; K = Id and the categories C* and StAlg(C,S) are isomorphic.
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