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Abstract

This thesis examines the use of denotational semantics to reason about control
flow in sequential, basically functional languages. It extends recent work in game
semantics, in which programs are interpreted as strategies for computation by
interaction with an environment.

Abramsky has suggested that an intensional hierarchy of computational fea-
tures such as state, and their fully abstract models, can be captured as violations
of the constraints on strategies in the basic functional model. Non-local con-
trol flow is shown to fit into this framework as the violation of strong and weak
‘bracketing’ conditions, related to linear behaviour.

The language PCF (Parigot’s  with constants and recursion) is adopted as
a simple basis for higher-type, sequential computation with access to the flow of
control. A simple operational semantics for both call-by-name and call-by-value
evaluation is described. It is shown that dropping the bracketing condition on
games models of PCF yields fully abstract models of PCF.

The games models of PCF are instances of a general construction based on
a continuations monad on Fam(C), where C is a rational cartesian closed category
with infinite products. Computational adequacy, definability and full abstraction
can then be captured by simple axioms on C.

The fully abstract and universal models of PCF are shown to have an effective
presentation in the category of Berry-Curien sequential algorithms. There is
further analysis of observational equivalence, in the form of a context lemma, and
a characterization of the unique functor from the (initial) games model, which is
an isomorphism on its (fully abstract) quotient. This establishes decidability of
observational equivalence for finitary PCF, contrasting with the undecidability

of the analogous relation in pure PCF.
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Chapter 1

Introduction and Background

1.1 Control

This thesis is a study of sequential computation based on the ‘flow of control’;
essentially the order in which programs are evaluated. This is a pervasive and
expressive notion, as complex sequential computations are invariably performed
as a series of interdependent processes. Indeed these steps can be so trivial that
the only substantive information contained in the program is contained in the

flow of control.

Data can be represented intensionally using control, a fact which has been known
since the definition of the Church numerals. As a minimal example, the
element tt in the domain of booleans, tt + ff, is represented by passing

control to tt, and stopping.

Functional programs A functional program of type A = B can be considered
as a way of passing control between the ‘argument’ A and the ‘result’ B.
Control flow dictates whether this is done in a ‘demand driven’ or ‘data

driven’ way [73].

Control operators Purely functional programs have a natural order of evalua-
tion; they exhibit only ‘local control low’. Only the most recently scheduled
task can be completed and so every subprocess which has been started must
be completed (in reverse order) before a result is returned, even if an error
has been encountered. This leads to obvious inefficiencies. The solution
is to include explicit operators giving programs internal ‘access to the flow
of control’. These range from the brutal GOTO, to more elegant exception

handling mechanisms.

Proofs of classical logic It was observed by Griffin [32], that Felleisen’s con-
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trol operator C can be typed as a rule of classical logic, and that its com-
putational rules correspond to normalization of classical proofs. Similarly,
Parigot’s [69], a term-language for classical proofs, can be used as a cal-
culus of control. That is the context in which appears in this thesis, but
the possibility of using games as a fully complete semantics for constructive
classical logic remains a tantalizing prospect (discussed further in Section
6.1).

An important concept used to formalize these ideas is that of continuation passing.
A continuation is a completion of a program; the evaluation which remains to be
done before a result can be returned. Hence it can be represented as a map from
the current ‘control point’ to a conclusion. Computation can be performed by
continuation passing between parts of the program; in purely functional programs
with local control flow, this corresponds to performing the next task scheduled
by the continuation, and passing it on. However, if continuations are ‘first class
objects’ they can be stored, discarded and substituted, causing jumps in the flow
of control. Syntactically, this gives a ‘continuation-passing-style’ (cps) translation
from functional languages with control operators and data, to a much simpler
functional language representing only control flow.

The discovery of continuation passing was a seminal event; for the first time
control was given its own semantic representation. In fact (as so often), it was
not the result of a single inspiration, but a process of enlightenment. In the

conclusion of a survey by Reynolds [77]:

11

. continuations or closely related concepts were first discovered in
1964 by van Wijngaarden, repeatedly discovered in a wide variety of
settings — both intellectual and geographical — during 1970-71, and
occasionally rediscovered thereafter.”

Control was placed in the context of other computational features by the work of
Moggi [62], showing that continuation passing (along with many side effects) could
be represented (and reasoned about) as a monad. More recent work by Thielecke
[82] and others has further abstracted the notion of continuation passing, giving
it an elegant basis in premonoidal categories [74].

The use of first class continuations as ‘control points’ in functional programs
which can be manipulated like ordinary variables can be represented syntactically
using the control operator call-with-current-continuation, or call=cc. This orig-
inated in the language Scheme [17], (following other, similar, constructs such as
Landin’s J-operator [50]). It can be used both for simple ‘escapes’ from nested

computations, and to manipulate the flow of control in more subtle and complex
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ways; for instance to write coroutines [37]. Subsequent work on formalizing con-
trol operators (for instance, by Felleisen and co-workers [25]), has resulted in a
range of ‘idealized’ control constructs. The approach taken here (advocated by
Ong and Stewart [67]) is to adopt the  -calculus, and a programming language
based on it, as a convenient syntax into which other control operators can be
translated.

Although control is a useful paradigm for understanding several aspects of
computation, it is non-local control flow which requires a specifically control-
based analysis. Thus, modelling this behaviour and relating it to the operational
semantics of control operators is the main feature of this thesis. However, the
intention is to study control within a realistic computational framework so it
has been necessary to synthesize the work on the semantics of control calculi and
PCF, to show how a few basic notions; cartesian closure, infinite products and re-
cursion, can be the basis of a more structured model of computation. A semantics
for a similar language was considered by Sitaram and Felleisen [80], however, it

contained parallel features; this thesis is an analysis of feasible, sequential control.

1.2 A complete analysis

The investigation is grounded in categorical, syntactic and denotational charac-
terizations of control, via continuation passing models, PCF, and the bracketing
condition of game semantics. None of these can be considered definitive, but by
finding isomorphisms between syntax and semantics, a coherent analysis emerges,

based on soundness, and the following completeness properties.

Categorical completeness: Purely categorical and syntactic reasoning can be used
to show that the representation of functional languages with control operators via
continuation passing is complete as well as sound; that the definable part of all
models of PCF + call=cc arise in this way from a cartesian closed category (so the
cps translation is invertible). This notion of completeness of models of control
was considered by Hofmann, [39] for Felleisen’s ‘C operator’ [25], with subsequent

work on by Hofmann and Streicher [40] and Selinger [79].

Denotational completeness: Completeness results of the above kind can be used
to show that one form of syntax (or categorical construction) can be represented
by another. A complete semantics of programming benefits from a more abstract

denotational description of control in order to give a natural interpretation of



infinitary features such as recursion. Denotational completeness can also lead to
enhanced understanding of the processes at work in computation. But semantics
of this kind can still be given formal, categorical characterizations. In particu-
lar, there is the possibility of giving an axiomatic description along the lines of

Abramsky’s ‘Axioms for full abstraction’ [1].

Full abstraction: This is the natural notion of completeness for models of pro-
gramming languages, based not on what is representable in the language, but on
what is distinguishable. The evaluation of programs induces a notion of observa-

tional equivalence between them.

Definition 1.2.1 [Full Abstraction [60]] Given a language L with an operational
semantics giving a notion of termination |}, an observational equivalence can be
defined:

M ~ N if (CIM] | <= CIN] ) for every program-context C[-| which accepts
M and N.

A semantics is equationally fully abstract if observable equivalence and denota-

tional equivalence define the same relation, i.e.
[M] = [N] if and only if M ~ N.

To define an operational semantics requires some notion of control behaviour,
but observational equivalence ‘bootstraps’ this to a powerful and precise theory.
There are many alternative axiomatizations of control operators such as call=cc
which are sound with respect to the operational semantics, for instance, but the
theory of observational equivalence induced by it is unique. A ‘truly denotational’
and complete model of this theory should therefore constitute a powerful analysis
of control.

It is certainly the case that the search for a fully abstract model for PCF,
from which this study borrows much of its motivation, has generated several
important insights into the semantics of functional languages, starting from the
original observation by Plotkin [71] that full abstraction fails for the Scott contin-
uous functional model of PCF because of the presence of parallel elements. (The
problem with the Sitaram and Felleisen model of control [80] is essentially the
same, but it also contains sequential as well as parallel ‘junk’.) Construction of
fully abstract models can be performed solely by syntactic and categorical meth-
ods, as shown in the case of PCF by Milner [61]. To move beyond a ‘superficial’
analysis, therefore, additional conditions can be applied, — that the presenta-
tion of the model be denotational, or syntaz-independent, and (the ‘Jung and

Stoughton criterion’ [44]) that it should also be effective. The existence of such a
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semantics of PCF is made more significant by the fact that, following a result of
Loader [54], there can be no effectively presentable fully abstract model of PCF.

An important precursor to this thesis came from the observation of Cartwright
and Felleisen [15] that as well as being important programming features, control
operators make the intensional behavour of programs explict. This makes a fully
abstract model a realizable aim. They gave a fully abstract semantics to a lan-
guage called SPCF which extends PCF with control features: errors, and a form
of catch operator. Their SPCF semantics was subsequently shown (with Curien)
to be equivalent to a presentation using sequential algorithms [16]. Their work is
developed here, connecting the sequential algorithms interpreattation of control
flow and control operators to the more general notion of continuation-passing, to
the less toy-like control operator (call-by-value) call=cc and to the local control

flow of the games models of PCF.

1.3 Game semantics
and the intensional hierarchy

Given the categorical completeness result described above, one could argue that
the semantics of control is, in effect, the semantics of cartesian closed categories.
Indeed, this proves to be a useful simplification of the proofs of denotational
definability and full abstraction. However, this reductionist approach can be
compared to that of a naturalist who never leaves the laboratory. He has a
profound knowledge of the anatomy and genetics of his chosen species, but no
understanding at all of their behaviour and place in the environment. Similarly,

a significant part of the analysis of control is contextual, — for instance
e what is local control flow ?
e how does state interact with control 7

There is also a tension between full abstraction and this need for a broader per-
spective embracing other computational effects: a semantics in which objects are
identified up to observational equivalence cannot be naturally extended with more
expressive features. (As this would allow observationally equivalent objects to be
distinguished.)

The outline of a solution can be found in the ‘intensional hierarchy’ pro-
posed by Abramsky; a sound, complete and universal semantic characterization
of computation. It is grounded in game semantics, in which functional-based

computation is modelled by interaction of certain ‘typed processes’, or strategies,
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for computation. This paradigm can be used to give semantics to a wide variety
of computational effects in a coherent way. It can be represented graphically as

a partial ordering with syntactic and semantic reflections as in fig. 1.1

vertices correspond semantically to a combination of constraints on the be-
haviours of strategies, and syntactically, to a ‘function (PCF)-based lan-
guage’ which can be given a fully abstract model in the semantic category
by a semantic collapse; characterizing this collapse is thus the problem of

determining observational equivalence in the language.

In particular, state and control occupy orthogonal ‘axes’ of the hierarchy,
of which state corresponds to restrictions on sharing of information — the
amount of access of a strategy to the history of the game, and control
corresponds to restrictions on copying of requests for information. In both
cases this basic picture has been refined by showing that there are several

‘degrees of freedom’ with computational meaning along each axis.

edges are bidirectional:
one direction corresponding to the embedding of the more constrained model
in the more general one,
the other corresponding to a ‘factorization’ of the more liberated strategies.
This shows that they can be represented by composition with some char-
acteristic group of unconstrained strategies denoting a new feature such as
control operators. It is the key lemma in a full abstraction theorem binding

syntax and semantics together, and building on the basic result for PCF.

The intensional hierarchy developed from the models described by Abramsky;,
Jagadeesan and Malacaria [6], Hyland and Ong [43], and Nickau [65] which ap-
peared, more-or-less simultaneously, as a solution to the full abstraction problem
for PCF. The AJM work used ideas from the Geometry of Interaction [30], and
the game semantics of Blass [13], whilst the Hyland-Ong approach grew from the
work of Lorenzen [57] and subsequent researchers, which used games to study the
semantics of logic (Felscher’s paper [26] is a useful survey). Subsequent develop-
ments include games for recursive types [59], call-by-value [3], and games models
of state[2], and higher-type references [4].

A connection between games and control is in any case a natural step; both are
offered as paradigms for explaining a variety of computational features, modelled
intensionally. More specifically, sequential games are represented as the passing of
a token between two participants, this can be thought of as the system interacting

with the environment (or the system interacting with the current continuation).

11



Such plays are a concrete representation of the history of the control flow in the
computation, moreover this is the only information which is carried by plays,
confirming the expressive power of control. The games models of PCF showed
that it is possible to capture local control by labelling moves as questions and
answers, and imposing a ‘well-bracketing’ constraint. This condition requires that
processes must be terminated in the reverse order to which they were initiated.
Implicit in the definition of well-bracketing is the notion which is analysed here,
that access to the flow of control is gained by dropping this condition. It is a
possibility which has also been studied by Herbelin [38], as well as in previous work
by the author [48]. Here it is developed, and the relationship with continuation

passing studied in detail.

1.4 The contents and contributions of the thesis

Chapter 2 is a more technical introductory chapter, combining material on cate-
gorical models of continuation passing, and PCF and its extensions with compu-
tational effects. This becomes a basis for a more detailed programme of analysis
into the denotational and operational semantics of control, which is summarised
in Section 2.6, and pursued in the succeeding three chapters.

Chapter 3 is about game semantics. It describes a novel development of the
intensional hierarchy, based on the specification of games by the application of
rules to arenas. A ‘linear decomposition’ of this category is described, which
allows the construction of a cartesian closed category in a manner consistent with
different combinations of rules (allowing, for instance, the modelling of references
in the style of [4] in this setting). A generalized axiomatic decomposition which
applies to the category of games and innocent strategies extends some results
of Abramsky by giving both a soundness and a full completeness result for this
category as a model of control calculi. The modelling of local and non-local control
flow in games via ‘bracketing rules’ is analyzed. It is shown that the result of
dropping this condition on the models of PCF (and imperative extensions) can be
represented as a continuation passing semantics. Also, there are strong and weak
versions of the bracketing condition, with violation corresponding to ‘first-order’
use of control operators (escapes and exceptions) and ‘second-order’ (‘upward
continuation passing’).

Chapter 4 is a study of the operational and denotational semantics of the
‘functional language with control’, PCF. A new, simplified, one-step opera-

tional semantics of call-by-name and call-by-value PCF is given, and a general
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description of computationally adequate models with respect to this semantics
is described and verified. Existing continuation passing translations for control
calculi are extended to PCF. In particular, this entails giving a new cps-based
interpretation of datatypes such as the natural numbers. Because these transla-
tions are surjective, the axiomatic definability results for models of the -calculus
can be applied to the semantics obtained by dropping the bracketing condition
on the original games models of PCF. In the case of the call-by-value calcu-
lus, a metalanguage based on the computational lambda-calculus is used to show
soundness of the model (by showing that the ‘deGroote translation’” into € is
sound and complete in this case, pace call-by-name).

Chapter 5 is an analysis of the fully abstract model, and its effective presen-
tation in the category of sequential algorithms. The definability result from the
previous chapter is used to derive context lemmas for PCF and these, together
with the continuation-passing-style translations already given are shown to have a
number of straightforward but significant consequences. For instance, this yields
a way to model call-by-value languages using sequential algorithms for the first
time. It is also observed that the fact that the fully abstract model is effectively
presentable (in contrast to PCF) means that it yields a semantic characteriza-
tion of the ‘minimal model’ of the -calculus [68], and hence a solution to a part
of the higher-order matching problem. Extending full abstraction, universality
is proved, the first example of a universal model of this kind of language with-
out error terms. The relationship between the two fully abstract models is then
investigated. The most significant findings are translations between the two mod-
els which capture observational equivalence semantically. One removes repeated
queries from innocent strategies, mapping observationally equivalent elements to
the unique sequential algorithm denoted by the same lambda terms. The other
saturates sequential algorithms with repeated queries, sending each one to a inno-

cent strategy representing a ‘normal form’ for its observational equivalence class.
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Chapter 2

Models of Control

This chapter consists of background on the semantics of functional based lan-
guages in general, and continuation passing models of functional control in par-
ticular. A semantic basis for the ‘intensional hierarchy’ is given, embracing call-
by-name and call-by-value evaluation, and side-effects via computational monads.
Control is, of course, the specific example of a non-functional feature which will
be studied semantically. The construction of simple computational ‘models of
control’ is described, together with conditions for full abstraction to hold. In do-
ing so, a series of problems of denotational and operational semantics emerge, and
these are distilled to give the outline of an analysis of the semantics of control.
Much of the following material is standard, and the proofs are correspondingly
sketchy.

2.1 The -calculus and its semantics

The simply-typed -calculus and its semantics have two distinct roles in this
thesis. One is as the basis of functional programming languages, extended with
non-functional features in general, and control operators in particular. Its other
role (specific to control) is as the target language for continuation-passing-style
translations. In other words, the simply typed -calculus without values is used
as a low-level language into which languages with control can be compiled. An
important observation showing the suitability of the -calculus for this second
purpose is that the translations are in several senses complete, — in appropriate
circumstances they will be invertible, or at least surjective. There are, there-
fore, associated isomorphisms between models of these languages. This means
that many problems in the semantics of control (such as full abstraction) can
be reduced to analogous, but more simply stated problems in the semantics of

the -calculus. Accordingly, some of these problems and associated notions are
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reviewed here, although as cartesian closure, the -calculus and the connections
between them, are now standard, the reader is referred to e.g. Lambek and Scott
[49] for background on semantics, and Barendregt [8] for syntax.

The main distinguishing feature of the models of control considered here (as
opposed to [39], [79] etc.) is that they include a notion of partiality ab initio, as
the intention is to model programming languages in which there is a possibility of
non-termination. (Extension to infinitary types and fixpoints can be added later
(see Section 2.5) as a natural procedure of chain completion.) Following Braiiner

[14], and [1], the basic notion used is the L-map.

Definition 2.1.1 A category C has L-maps if every hom-set C(A; B) contains a
distinguished morphism L 4 g such that for every ¥ : C — A, f; Lap = L.

If C has a terminal object, then l-maps can be specified by giving only the
morphisms 1 4 = 11 4 and letting 1 4 5 =t4; L.
In particular, the models of control boil down to a continuation passing con-

struction applied to a cartesian closed category with L -maps.

Definition 2.1.2 Define a pointed cartesian closed category to be a CCC with
L -maps such that for all objects A;B, Laxp = (La; Lg), and Laep = A(Lag).

L -maps can be used to define the useful notion of strictness.

Definition 2.1.3 In a category C with 1L-maps, the strict maps are morphisms
T:A— B suchthat Ls; ¥ = L. Hence ida; and L4 p are always strict, and the
composition of strict maps is strict, so the strict morphisms form a subcategory
of C, written Cs (as in [1]).

As the pointed CCCs used here will be generated over a set of base type-objects
S, L-maps need be specified only at base type, defining L 4.5 = ‘L4 g". In fact,
any CCC gives rise to a pointed CCC of this sort, by adding partiality at ‘ground
type’ by freely adjoining a product of the objects in S to the domain of each

morphism in C.

Proposition 2.1.4 Let C be a cartesian closed category, with non-terminal ob-
jects freely generated from some finite set S = {S1;Sq9;:::S,} by X;=. Then
there is a pointed cartesian closed category C,, with the same objects as C, and
morphisms

CL(A;B)=C(Ax(s1x:::x5,);B).
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PROOF: C, is the co-Kleisli category of the co-monad - x (S; x :::s,):C — C,
which sends f: A — B to T X id(, x..s,)

with canonical natural transformations ' : A x (S; x :::S,) — A, and

idg X (id;id) : A X (S; X 111S,) X (S1 X 111S,) = A X (S X 1I1Sy,).

For each base object s;, there is a L-map, L, = 2; ;. 0

Although partiality will not be modelled in this way in the setting of game se-
mantics (as it proves to be more basic than totality) this will be a useful way of

adding distinct ‘error elements’ to a CCC.

Definition 2.1.5 For any set S, the free pointed CCC over S is the initial object
i the category of pointed CCCs whose objects include those of S, and functors
which preserve 1-maps and the universal properties of the terminal object, product
and exponentials. As in the case of the free CCC [49], it can be constructed as the
category in which objects are freely generated from {S}U{1}, with the constructors
x and =, and morphisms are freely generated from {L, | X € S}, {id, | X € S},
and the terminal morphisms t : 1 — A for each object, by forming products,

-abstractions and applications, and equated modulo the universal properties for

these operations.

Theorem 2.1.6 The free pointed CCC over S is well-defined and initial in the

category of pointed cartesian closed categories and structure-preserving functors.

PROOF: is by minor adaptation of the proof given in Lambek and Scott [49] to

cover 1 -maps. [

The analogous extension of the -calculus with constants for non-termination is

straightforward.

Definition 2.1.7 Following Barendregt, [8] define A(2)s to be the simply-typed

-calculus over the base types S, together with constants 2° : S for non-termination

at each base type. The equational theory of A(QQ) is (the compatible closure of)
equality.

A(©2) has an obvious interpretation in a pointed CCC by fixing the base type-
objects, and setting [Q°] = Lps). That pointed CCCs are canonical models of
A(2) can be expressed by observing that the theory of A(Q2) is sound and complete
for pointed CCCs.

Definition 2.1.8 (Sound and complete theory of A(Q2)) An equational the-
ory T of A(2) is:
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e sound with respect to interpretation in pointed CCCs, if every equation in
T s valid in every model, — i.e.

For all terms s;t of the same type, S =r t implies that in any pointed CCC,
C, [S]ec = [t]ec-

e complete if every equation which is valid in every pointed CCC is in T, —

i.e. if [S]e = [t]c in every model, then s =r t.

Proposition 2.1.9 The A(QQ)-theory () is sound and complete for pointed
CCCs.

PROOF: is by minor adaptation of the proof of [49]. O

By observing that there is a bijective correspondance between terms-in-context
I'Ftof A(R2), and terms-in-context of the simply-typed -calculus with an ad-
ditional, non-clashing free-variable, X substituted for €2 in t, it can be shown
that:

Proposition 2.1.10 If C is (isomorphic to) the free CCC over S, then C, is
1somorphic to the free pointed CCC over S.

Attention will henceforth be restricted to the -calculus with a single base type,
. Models of this calculus will be given as a pair (C;a) where C is a pointed CCC

C and a is a (non-terminal) object C interpreting .

2.1.1 Full abstraction in CCCs

A second ‘canonical’ example of a pointed CCC will also prove to be central to the
discussion of fully abstract models of control. This is the ‘fully abstract” model of
A(2), where the relevant observational equivalence (of Definition 1.2.1) is defined
with respect to ‘termination’ at the function type = . (A A(Q) term of this

type is said to terminate if it is  -equivalent to X:X.)

Definition 2.1.11 Define the following congruence on terms of A(Q):
S: T ~pt:T if for all contexts C[-: T]: = |

Cls] =p, Clt]

(And s T@B5 t if for all contexts, C[-: T]: = |:
Cls| =5, XX implies C[t] =g, X:X) A model of M of A(2) is fully abstract if
[slam = [t]m if and only if s ~ t.

17



The semantic counterpart to this notion of observational order and equivalence
on a pointed cartesian closed category is its intrinsic preorder. In a pointed CCC
with non-_L morphisms, the elements in a = a which are definable (denotations

of A(Q)-terms) form a ‘Sierpinski space’ — i.e. a pointed two element set.

Definition 2.1.12 (Intrinsic preorder and equivalence) Let (C;a) be a model
of A(Q). Writing ‘¥’ : 1 — A = B for the ‘name of f : A — B, and T | for
T #£ L, define the following preorder and equivalence relation on the hom-sets of

(C;a).
f<spg<=Vh:A=B—(a=a):(‘f;h])= (‘g ;h|):
f=1890—= (FSa-89ANQa-sT)

The intrinsic equivalence and preorder preserves the categorical structure of a

model of control.

Proposition 2.1.13 For any pointed CCC C, = is a congruence on the hom-sets

of C, — 1.e. the following conditions hold.

i f=4.pF andg=p_cq implies T;9 =4_.c ;0.

ii f=c_af andg=c_pq implies (F;9) =c—axp (F;0)

iii f =axp_c T’ implies A(T) = A (B=C)

(Similarly, the preorder < is a pre-congruence, — a preorder satisfying the above
conditions. )

PROOF: is straightforward (see [6]). O

This ‘higher-type’ notion of observational equivalence is the strongest non-trivial

congruence on a pointed CCC.

Proposition 2.1.14 If = is a congruence on terms of A(QQ) properly extending

~ then it is the trivial equivalence which holds between all terms.

PROOF: Suppose = is a compatible relation on terms properly extending ~.
Then there are terms a; b : T such that a = b but thereisaterm f: T = ( = )
such that (w.l.o.g.) fa=g, x:xand fb=g, XQ.

So x:Xx = x:, and given any t:S = |

t=5, W:( XXX) (tW) = W:( x:2) (tW) =g, W:Q.

i.e. every term at each type is congruent to €. 0]

18



A fully abstract model of A(£2) can be derived by the quotient construction from
any non-trivial pointed CCC in which every morphism is the denotation of a
A(Q2)-term) by ‘collapsing under the intrinsic equivalence’. This is a simplified

version of the construction of the fully abstract models of PCF in [6], [43].

Proposition 2.1.15 Suppose C is a pointed CCC with a congruence =. Then the
category C= = with the objects of C, and the equivalence classes of = as morphisms

between them, is a pointed CCC (with L-maps given by [La g]).
PROOF: is direct by the fact that = is a congruence. O

Corollary 2.1.16 Suppose C is isomorphic to the free pointed CCC over a, then
(C==;a) is a fully abstract model of A().

In particular, this means that a syntax-free characterization of the free pointed
CCC gives rise automatically to a syntax independent presentation of the fully
abstract model of A(2). However, effectiveness of the presentation is not guar-
anteed (for a formal presentation of this notion, see [70]). Indeed it is impossible
in the analogous case of finitary PCF, as Loader’s result shows [54]. As in PCF,

the problem boils down to decidability of observational equivalence.

Proposition 2.1.17 The fully abstract model of A(S?) is effectively presentable
if and only if ~ is decidable.

PRroOF: If the fully abstract model is effectively presentable then ~ is decidable
by comparing denotations of -terms. Conversely, suppose ~ is decidable. The
free pointed CCC is certainly effectively presentable as the  -long normal forms
of A(2). The intrinsic collapse of this model can then be effectively presented
by recursively enumerating a series of unique representatives of each equivalence
class at each type, using decidability of ~ to discard equivalent terms. The
canonical operations on the CCC, such as application, are clearly also effective
by decidability of ~. O

It will be shown in Chapter 5 that decidability of ~ is a corollary of decidability
of observational equivalence in the -calculus with two constants (in fact, the
problems are equivalent) which has been shown by Padovani [68]. However, the
goal of that chapter is a construction of the fully abstract model (and an infinitary
extension) which is both syntax-independent and effective. These properties can

be combined in a purely semantic and ‘local’ characterization of observational
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equivalence, through the observation that the unique functor from the initial
to the fully abstract CCC has (by definition) the property that

(1) = (&2) <= e;=ey:

Hence a semantic solution of the observational equivalence and effective pre-
sentability problems can be found by giving an effective syntax-free character-

ization of the functor between the initial and fully abstract models.

2.2 The fam(C) construction

In order to interpret datatypes in a programming language, some notion of sums
will be required in the semantics. These will be obtained via the action of a strong
monad (of continuations) on a category with co-products. The latter are incom-
patible with pointedness in a CCC. However, it is not necessary to define new
categories of ‘predomains’ concretely, to extend the full completeness and full ab-
straction results. The process of freely constructing co-products from an arbitrary
category (the ‘co-product completion’) can be described in a syntax-independent
way, as a category of indexed families of objects and fibred morphisms of C. Dis-
tributivity, and duality of products and co-products, then allows cartesian closure
to be extended to the category fam(C).

The category of indexed families of games was first used to construct a fully
abstract semantics of call-by-value languages by Abramsky and McCusker [3].
In this work, it was presented as a general method of obtaining a call-by-value
semantics from a call-by-name one, given the basic ingredients of a pointed order
enriched cartesian closed category, (from which a bicartesian closed category of
‘predomains’, fam(C), can be constructed) and a weak co-product on C (which
yields a strong monad on fam(C)). Their claim, that it is a broadly applicable way
to transfer full abstraction results from call-by-name to call-by-value, is supported
by a growing body of evidence. It has been applied to well-bracketed games and
innocent and history-sensitive strategies in [3], and visibility-free strategies in [4],
with fully abstract models of call-by-value PCF (an alternative presentation of
Honda and Yoshida’s [41]), and function-based languages with references being
found as a result.

In this thesis, however, it seems appropriate to take a slightly different perspec-
tive. In fact, both call-by-name and call-by-value semantics can be interpreted
in fam(C); the interpretation of sum types in the call-by-name semantics being
weak, distributive co-products derived from a strong monad (rather than obtain-

ing a strong monad from a weak co-product). This description seems particularly
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suited to the semantics of control, in which both call-by-name and call-by-value
semantics can be given by continuation-passing-style translations based on a sin-

gle strong monad on a bicartesian closed category.

Definition 2.2.1 Given a category C, form the category fam(C); the free com-

pletion of C with respect to co-products having

e as Objects, families of objects of C indexed over finite sets.

e as Morphisms from {A; | i € 1} to {B; | j € J}, a pair consisting of a
reindezing function ¥ : 1 — J and a family of morphisms ; : A; — By, in
C, indexed over the source family:
i.e. fam(C)({A; |iel};{B;|jed})
={(K;{i]iel})| i€CA;Bsy);T: 1 =J}.
Without making any demands of C, it is immediate that fam(C) has an initial

object, the empty family {}, and more generally:

Proposition 2.2.2 fam(C) has all finite co-products.
PROOF:
{Ailiel}+{B;|jed}={Cy| kel +J}
where C; = A; fori € 1, and C; = B, for j € J. O

Proposition 2.2.3 If C is cartesian closed, then fam(C) is cartesian closed.

PRrROOF: Definition 2.2.4 Products:

(Aliel}x{B,;|jed}={A xB,]|(i;j)el xJ}

The terminal object is the singleton family {1} containing the terminal object of
C.

The operation of exponentiation simply forms a family indexed over functions
from | to J, where the object indexed by f is the product of the exponentials
A; = By, indexed over i € I.

Definition 2.2.5 Ezponentials:

If C is (continuous) partial-order enriched, then so is fam(C):
F{ . liel})y <(g{ :lielphiff=gandViel: ;< ,.
Pointedness of the ordering (_L-maps), however, is not preserved.
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2.2.1 Strong Monads on fam(C)

Computational monads, as introduced by E. Moggi [62] can now be employed to
obtain call-by-name and call-by-value semantics from fam(C). As this is a well

established notion, only a few facts are recalled here; for further details see [64].

Definition 2.2.6 A strong monad on a category C with cartesian products and
L -maps is specified by a quadruple T; ; ;t (Kleisli triple with tensorial strength
t) where:

nTA Tna

TSAST2A TAAT2A<TA

T 1% HnA
I CH N 0774

T2A—/—TA TA

HA

Figure 2.1: Defining equations of a monad

e T:C — C is a functor giving the appropriate structure for the ‘notion of

computation’,

e 1 — T is a natural transformation giving the inclusion of elements of C

as values (i.e. fully computed elements) which are trivial computations,

o :T? — T is a natural transformation which ‘computes’ the computation

of a computation,

o typ: AxTB — (TA x TB) is a tensorial strength. (A natural transfor-

mation such that the following diagrams commute):

AxB [axn AxB  1xTA—LT(1xA)
idAXnBl lnAxB wpa lTuA
AxTB fas T(A x B) TA

idAX[LBT TNAXB
AxT2B mT(AXTB)Tt—AB)TQ(AX B)

taxB,C

(AxB)xTC

T((AxB)xC)
assA,B,TC l lTGSSA,B,C

'dAXtB’c tA,BXC

A x (B x TCIZ2A x T(B x C) 2ZXT(A x (B x C))
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The tensorial strength allows a pair of computations to be constructed from the
computation of a pair, in two ways, which, in the general case in which T is
non-commutative, will be distinct. This corresponds in a sequential language to
the choice of which component to evaluate first. Taking the option of evaluating
left-first:

Definition 2.2.7 Let
48 (TAXTB) - T(AXB)=Crars;treaT(Creatan); axs

where Cap: A x B — B X A is the twist’ map.

tTA,B Tera,B

TAXxTB—2T(TAXxB)—%'T(B x TA)

"/’A,Bl thB,A

T(AxB)=—T(B xA)<—T2(B x A)

CB,A KBx A
Figure 2.2: Definition of 4 p

Definition 2.2.8 A monad T : C — C is pointed (w.r.t. the order enrichment
onC):

if for each object there is a L-map in C, Lpa:1 — TA, and Lara # a.

In fam(C), (C pointed), L-maps exist only for singleton families, so if T is a
pointed monad on fam(C), the image of T consists of singleton families of objects
of C, i.e T resolves as an adjunction between a functor from fam(C) to C, and
the inclusion {_} : C — Fam(C).

Compare this with the notion of a weak co-product on a pointed category C.

Definition 2.2.9 C has weak (distributive, pointed) co-products if
for each finite family {A; | 1 € 1} of objects of C, there is an object ¥;c1A; such

that there are:
e injections in; : A; — XicA;, for each 1 € 1, and

o for any family {f; : A, = B | i€ 1}, there is a ‘co-pairing’:
A unique strict map [f; | 1€ 1]: Eie/A; — B, such that
ing[f; | iel]="T,.

o A distribution map for each object B,
distp : B X Xie/A; — Yier(B X A;) such that
(Fylg; |1 €l));dist=[(F;0:) | i €]
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e a L-map Ly, 4, 11— XiciA;, such that L4, 5, 4, # in;.

Abramsky and McCusker [3] have observed the following correspondence between

weak co-products and strong monads on fam(C).

Definition 2.2.10 Suppose C is a category with a notion of pointed, distributive
weak co-products, ¥, satisfying the following additional condition:
forf,: A —B; i€l,andg:B—C,[f, |iecll;g=[f;0]icl]

Then define the following strong monad:

Ty, : fam(C) — fam(C)

To({A; |1 €1} ={ZcA}

To(f:1—-3{ ,:A =By |iel})={] ;iny | i € 1]}

with natural transformations
® {AZ“E]}{AZ|IGI}—>{EZ€]AZ}:{1nZ|I€|}
® (A | del} {E(EzEIAl)} - {EiEIAi} = {[idEiEIAi]}

o tia, |ieny (B, | jesy - 1A X BjesBy |1 € 1} — {3 jierxsAi X By}
= {disty, |iel}}

Proposition 2.2.11 Ty is a strong pointed monad.

PRrROOF: It is straightforward to show that the families of morphisms so defined

are natural transformations, and that they satisfy the equations given above. [J

2.2.2 Call-by-value and call-by-name semantics in fam(C)

Moggi ([62], etc.) describes the semantics of the call-by-value computational
-calculus in the Kleisli category of a strong monad. A point made effectively in
this work is that the order of evaluation (or flow of control), which is relevant to
all forms of side-effects, can be studied using the computational -calculus and its
theory, which is complete for these models. As will become apparent in Chapter
4, the case of non-local control itself is special, in that the -transformation of the
monad is the denotation of a control operator. It will accordingly prove useful to
define a monadic metalanguage along the lines of the computational -calculus;
more detail is contained in [62] [64]. This language is exploited in Chapter 4 by
relating it directly to calculi with control operators.
Models of .(€2) (the computational -calculus with constants for non-termination)
are given by a strong, pointed monad T on a cartesian closed category C which

has all exponentials over the image of T in the following sense.
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Definition 2.2.12 A cartesian category C has all exponentials of (the C-object)
B if there is a contravariant functor - = B : COF — C, with an evaluation map
Apps : A= B x A — B at each A, with the standard universal property that
for every ¥ : C x A — B, there is a unique map A(F) : C — A = B such that

A(F x ida; Appy) = T.

The types of . are formed from a non-empty set of base types, B by making the

action of the monad in the Kleisli category explicit.
A:=AcB|TA|A=TB

The core typing system can be extended with product and sum types.

Terms are formed as shown in Figure 2.3.

e The operations of -abstraction and application, which are interpreted using
the monad strength, and exponentials of the base category. An undefined

term denoting | -elements has also been added.

e A let constructor, which is interpreted using composition in the Kleisli
category (let X =S in tis computed by evaluating s to a value, substitut-
ing it for X in t, and evaluating). This is a useful programming feature in its
own right, and it also allows the equational theory to be extended beyond

-equality, to reflect the order of evaluation. Note, however, that uses of
let can be eliminated by replacing let X = S in t with the equivalent
( xt)s.

e Operations [] and , corresponding directly to composition with the natural
transformations of lifting ( ), and flattening,
These maps define an isomorphism between terms of type TA, and values of
type T?A, (a ‘monadic reflection’ [27]) which in the case of control defines

an ‘idealized’ control operator.

The call-by-name interpretation of the simply-typed -calculus in the cartesian
closed category fam(C) is completely standard. The problems come with the
addition of sum types due to the inconsistency of pointed order enrichment and
cartesian closure with true co-products. One solution, adopted in [14], and [59],
is to take weak co-products, giving separated sums. (Hence the claim that the
fam(C) construction represents a way to generalise call-by-name semantics to
call-by-value.) But one can also use co-products and a strong monad to define a

call-by-name semantics of sums.
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[THt:TA]=f [I',2:AFs:TH]
I 2n: AFay, T A]=mn5m4) [l 1let o=t in s:TB]=(idjr),f);t[r.1a1:T9:018]

[[FI—QZTA]]ZLT[[A]]

[T,x:A-t: TB]=f [THt:TA]=f [I'Fs:T(A=TB)]=g
[TEAz.t:T(A=B)|=A(f)ina=ts s t:TB]=(9,f);¥1a)=1(8],14); TAPPLA) 18] 1 B]
[CHt:A]=f [CHT2A]=f
[THE]:T A]=finpay [THp(t): TA)=f3ppa;

Figure 2.3: Term formation and semantics for .(€2)

Proposition 2.2.13 Suppose T is a strong monad on Fam(C), together with a
natural transformation % : T — Id, such that ;% = id, and for any strict map
f:TA =B, if%a; a;Ff =40, then f =g. Then T(A+ B) is a weak co-product
of A and B in C.

PROOF: Injections into T (A + B) are given by ini; aip and iny; ayp, where
iny; in, are the injections into the true co-procuct.

The co-pairing of F: A — C;9: B — C is %a1p;[f;0] : T(A+ B) — C, so that
this is a weak co-product: (iny; a4+p);%a+s;[F;09] = in.; [F; 9] = F, and %; [f; g] is
unique as if {f; g} : T(A+B) — C is a strict map such that iny; 4.p5;{f;9} =T,
and iny; a4p;{F;9} =0, then 4,p;{f;9} = [F;g]. Hence by uniquenes of [f;g],
%ain; a+n;{F;9} =%ain;[F; 0] and hence {f; 9} = %a5; [F; 9] as required.

The distributivity transformation is derived from the monadic strength, together
with distributivity for the true co-product:

tar(sic); Tdistapic: Ax T(B+C)— T(Ax B +AxC). O

2.3 Models of continuation-passing

The semantics of the specific computational feature of access to the flow of control
can now be described, based on the key notion of continuation passing style (cps)
semantics. But it is necessary to make a choice. There are several possible
semantic frameworks for continuation passing, although (see Section 2.3.2 below)
there is a sense in which each is representable in terms of the other. In any
case, the more concrete models of simple programming languages considered here
can be given in terms of simple cps translations to which the differences between
styles of continuation-passing semantics seem less relevant. In fact, an observation
made in Chapter four (see Example 4.1.1) is that the finite parts of the models of

PCF with control are given by a continuation-passing interpretation over a single,
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empty type. Since definability of this finite fragment is the key to full abstraction,
attention will be focussed on this simple and specific notion of model.
Say that an object a of a cartesian category C is an answer object of C if C

has all exponentials of a.

Proposition 2.3.1 For any answer object a,

the contravariant functor _ = a : COY — C is self-adjoint.

Cartesian closure of C is not necessary, although as shown by Hofmann [39] any
Kleisli category of a continuations monad can be embedded in one constructed
from a cartesian closed category (using the Yoneda lemma). It is also the case
that if C is bicartesian closed, there is a cartesian closed full subcategory of C
with objects freely generated from a by the operations of x;=-.

Write a¢ for the category of exponentials of a, with C-morphisms between them

(‘the category of a-continuations’).

Proposition 2.3.2 If C has co-products and all exponentials of a, then aC is
cartesian closed, and so if C is a cartesian closed category constructed from a

single base object a, then {a}fm(C) = ¢

PRrROOF: For the first part, define:

(A=a)x (B=a)=(A+B)=a,

(A=a)=(B=a)=(A=axB)=a.

The objects of {a}fm(©) are the singletons {((B; = a) x ::: x (B,, = a)}, where

each B, is either terminal, or an object of C. O

Hence the call-by-name -calculus with control over a single, empty type can be
interpreted in a category of continuations. This is a degenerate example of the
more general call-by-name cps models described by Hoffman and Streicher [40]
(see Remark 4.5.10).

2.3.1 The continuations monad

It was observed by Moggi [63] that continuation-passing is an example of a ‘notion
of computation” which can be represented as a strong monad, and has since been
studied widely using this paradigm, for instance by Filinski, in his thesis [27]. As
_ = a is a self-adjoint functor, it resolves a monad, which can be described as

follows.

Definition 2.3.3 (Continuations Monad) For a category C and answer object

a define the following ‘monad of a-continuations’:
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TX =(X=a)=a
T(f:A—B)=[x:(A=a)=alk y:B=ax(z:Ay (f(z)))]
4:A—-TA=[x:AF y:A=ai(y X)]
4:T2A — TA
=[X: (A=a)=a)=a)=a)F y:(A=a)X ( z:(A=a)=a)zy)
and monad strength:
tas: AxTB — T(AxB)
=[xX:(Ax((B=a)=a)F y: (AxB)=a)( 2x) ( z: By { 1(x);2)))]

If C has all exponentials over a, it has all exponentials over (A = a) = a. (Any
exponential B = (A = a) = a is isomorphic to an exponential ((B x (A =
a)) = a) over a.) Hence the Kleisli category of continuations on C will be a
<(€2)-model.
The requirement that the continuations monad is pointed restricts the possible

answer objectss in fam(C) to singletons of non-terminal objects.

Proposition 2.3.4 For any pointed CCC, C, the monad of O-continuations on
fam(C) is pointed (with the 1-maps of fam(C)) if and only if O = {a} for some

non-terminal object a of C.

Proor: If {A; | i € |} is a non-singleton, non-empty family, then ({A; | i€ 1} =
O) = O is a singleton (and hence pointed), if and only if O is a singleton. O

Remark 2.3.5 The continuations monad (by Proposition 2.2.13 above) can be
described as a weak co-product on an appropriate category; it is the sum which 1s
definable in the CCC' of type-objects freely constructed from a as the weak dual of
the product:

A+B=((A=a)x(B=a))=a

The categorical models of control which will be used throughout this thesis can
now be defined. The interpretation of a functional basis ( *(€2): the simply-typed
-calculus with sums and constants for non-termination) is described here, the

extension with control operators described in Chapter 4.

Definition 2.3.6 (A model of control) is designated by a pair of a category
with 1L-maps, C, and an object a such that C has all exponentials of a. The
full subcategory of C consisting of objects freely constructed from a with x and =
yields interpretations of +(Q) (via the fam(C) construction and the monad of {a}
continuations) as detailed in Section 2.2.2. The call-by-name and call-by-value

interpretations will be respectively called call-by-name and call-by-value models of
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control.

The denotations of types in these models is therefore as follows:

The call-by-value control model is the Kleisli category of the a-continuations

monad on fam(C) giving the following interpretation of the 0; X; =; + types.

e [0], ={} (so T[0], = {a})
o [S=T],=[S],= T[T,
e [SxT],=T[S], x T[B],
o [S+TJ,=[S]o+[T].
For each finite set X, a ‘ground type’ X corresponding to {1, | x € X1,

can be defined from the empty type.
[1], = [0 = 0], and X =], 5 1.

The call-by-name control model is the pointed CCC with weak co-products
given by T(A + B), giving the following interpretation of the 0; X;=; +
types.

[0]» = {a}

[S=T].=[S].=[T]x

[S xT]n=1[S]nx[T]x

[S+T]n="T([S]n + [T]n) = (([S]n = {a}) x ([T]n = a)) = a

Other ground types (flat domains) can be constructed from 0 as weak co-

products: 5(: =Yrex1l = (Il;exa) = a.

Proposition 2.3.7 The full subcategory of type-objects in a model of control spec-
ified by (C;a) (call-by-name or call-by-value) is isomorphic to the full subcategory
of C with objects freely constructed from a with =.

ProOF: This is trivial for the call-by-name model. In the call-by-value model it

is necessary to show that for every non-terminal object A in (C; a) there is a type
S such that T[S] = {A}

e {a} = T{0} = T[0].

e suppose {A} = T[S],, and {B} = T[T]..
Then [(S = 0) +T] = T(([S]. = {a}) +[T].)
= ((([Slo = {a}) = {a}) x ([T]. = {a})) = {a} = {A= B}
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2.3.2 The continuations monad and other control models

A natural question which arises is whether the semantics of control based on a
models of continuations is the simplest and most general choice. The semantics of
continuation-passing via translation uses a notion, cartesian closure, which is not,
on the face of it, specifically relevant to control, as the operation of continuation
forming need not be described in terms of exponentiation by an answer object.
An attempt to describe the semantics of control at a more fundamental level
has recently been developed, based on the notion of premonoidal category. Initial
work by Thielecke [82] took a self-adjoint, contravariant ‘not-functor’ as primitive,
rather than any notion of exponentiation, an approach which has been developed
by Fithrmann [28].

Particularly relevant in this context is a recent paper by Selinger [79]. This
describes ‘control categories’, certain premonoidal categories, in which the call-by-
name -calculus can be soundly interpreted. Their duals, co-control categories,
are (essentially) tensor-not categories, which are models of the call-by-value
calculus. These models have strong completeness properties.
The key to a comparison between the monadic and premonoidal approaches is
the ‘not-functor’ - = a which resolves the continuation monad, and its image, the
(premonoidal) category of continuations. A premonoid [74] is a binary operation
on a category which is functorial in its arguments individually, but not jointly.
For instance, in the Kleisli category of a monad on a cartesian category, the
cartesian product from the base category is not cartesian, but it is a premonoid
®. A tensor-not category is a premonoidal category with a not-functor, —, as a
primitive, so that the call-by-value function-space A = B can be represented as
-(A® -B).

Working in the dual setting of categories of continuations and call-by-name

cps gives an example of a premonoidal ‘disjunction’.

Proposition 2.3.8 If a is an answer object for a cartesian category C, then the
category of a continuations on C is a symmetric premonoidal category, with the
premonoid & defined by: (A=a)® (B =a)=AxB=a

The call-by-name function-space A = B can then be represented as -A & B.
Thus each category of continuations is a control category, and its dual is a tensor-
not category (there are further requirements to satisfy, see [82] and [79]). The
question posed by Fiihrmann [28], (for tensor not) and Selinger [79], is: which

control categories arise in this way? The answer is that they all do.
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Theorem 2.3.9 (Structure theorem for control categories [79]) Every

control category is equivalent to a category of continuations RC.

Hence generality is not gained or lost by choosing the premonoidal presentation
of control models. This means that the simply-typed -calculus is a completely
expressive language for expressing control (notwithstanding its other roles as the
basis of functional languages). Given the similarity in motivation behind the
introduction of monads and premonoidal categories, as corresponding to a general
notion of computation with side effects, could there be other results of this kind?

The deciding factors in the choice of presentation of the semantics of control
are therefore philosophical and pragmatic, depending on the way in which control
is to be analysed. Continuation-passing creates complex high-level objects from
a simple cartesian closed category; for the ‘reductive’ analysis of denotational
models of control which form the major part of the technical contribution of
this thesis (for instance the axiomatic definability result in Section 3.7), it is
the simplicity of this basis which is important. For understanding behaviour in
the model, reductionism is not appropriate, but structuring tools are required.
Monads and premonoidal categories are both examples of such tools; of the two,
control categories offer perhaps a more direct and elegant presentation of the
semantics of control. In the context of other computational behaviour, however,
understood via the intensional hierarchy of game semantics, the continuations
monad is more directly relevant (see, for instance the work of Abramsky and
McCusker on structuring games for purely functional languages and state with
monads [3], [4]). An interesting possibility is a similarly general investigation of

game semantics via premonoidal categories.

2.3.3 Complete languages and models of control

Having fixed on a notion of model, it will also be necessary to find an extension
of the -calculus with control operators to interpret in it. As in the case of the
semantics, there are a number of possible (and broadly equivalent) alternatives.
A natural property to demand is that the chosen language also has a theory which
is sound and complete for an interpretation in models of control, in the sense of
Definition 2.1.8. (A related requirement (see e.g. [79]) is for a -calculus extension
which is an internal language of models of control.) Instead, this requirement can
be expressed in terms of syntax, by asking for a relationship with the language
A(£2) which is analogous to the semantic relationship between models of control
and pointed CCCs.

31



Definition 2.3.10 A language L of typed terms-in-contexts is an extension of
() if the types, terms and contexts of T(2) are included in the types, terms
and contexts of L, and the operations of application, -abstraction, and their

associated typing judgements, are also included in L.

Definition 2.3.11 (A complete syntax of control) ia a language L, extend-
ing the 1(Q)-calculus, such that there are translations (-)* from L into A(Q).
These are required to be surjective on  -equivalence classes, and have the property
that for any pointed CCC, C, and associated model of control M, interpretation
of T(Q)-terms in M coincides with translation into A(Q), and interpretation in
C, i.e. for all t:

[tha = [t]e

A principal aim of this thesis is to describe denotational models of control with
completeness properties, which will form the finite part of a fully abstract model.
(It is not straightforward, for instance, to obtain a continuous order-enrichment on
the free constructions). The notion of full and faithful completeness (originating
in the semantics of proofs [5]) captures the property which is sought, — that
elements of the model are all denotations of terms of the language which are

unique up to equality in its theory.

Definition 2.3.12 Let L be a language extending the +(Q)-calculus and T an
equational L-theory. A model of L is fully complete if for every map between
type-objects, T : [A] — [B], there is an L-term-in-context X : A = ty : B such
that ¥ =[x : AF ty: B]. It is fully and faithfully complete if each ty is unique
up to equality in T.

Although denotationally fully complete models will be the main objective , cate-
gorical completeness has a part to play. As they are constructed by continuation-
passing construction, finding such models will boil down to finding a fully com-

plete model of A(£2), and a complete syntax of control.

Proposition 2.3.13 If L is a complete syntax of control, and C is isomorphic to
the free CCC over a single object, then the models of control defined from (C;a)
are fully and faithfully complete models of L.
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2.4 Models of programming languages

The simply-typed -calculus with control operators is not sufficiently expressive
for the analysis of functional control in a programming context, which requires
(at least) the natural numbers and recursion. PCF [78], which includes these
features, can be considered not only as the prototypical functional language, but
also as a basis for languages which combine the -calculus with non-functional
features like state, concurrency or access to the flow of control. This choice also
allows the semantic techniques which have been developed in the study of PCF,
for modelling recursion and proving full abstraction, to be adopted (with minor
adaptations) in the case of control. They are described succinctly here, reverting
to the general framework of -calculus based languages interpreted via a strong,
pointed monad.

To give a semantics of recursion requires a fixpoint operator. The standard
solution for PCF [10] is to assume a continuous order-enrichment on the model, so
that least upper bounds of all directed sets exist. Definability of compact elements
is then sufficient to construct a fully abstract model from an algebraic category.
In practice, this is a good syntax-independent way to present a model. However,
the ‘collapsed’ categories on which the fully abstract PCF semantics is based may
not have continuous order-enrichment (although, as will be shown in Chapter 5,
the fully abstract models of PCF with control can be cpo-enriched). A minimal
solution is to use the implicit order-structure on definable elements defined by
pointedness and monotonicity of application and -abstraction in a CCC. Instead
of general chain-completeness, recursion can be based on the existence of least

upper bounds of chains of endomorphisms (following AJM [6]).

Definition 2.4.1 In a category with 1L-maps, for each endomorphism € : A — A,
define the chain

{fi:1—>A | i€} (such that f' C fitl)

0= 1,4,

fitl =4 f.

A category is rational with respect to some order-enrichment C of its hom-sets if

all Y-chains of the above form have least upper bounds,

V=] |f

€W
and for every g : A — B, fV;9 =], (F;9):
It is also important to have access to recursively defined datatypes, such as the
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natural numbers. Infinite (small) sum types can be interpreted in FAM(C), the

category of families of objects of C indexed over infinite sets, defined as for fam(C).

Proposition 2.4.2 If C has all small products, then FAM(C) is cartesian closed.

PROOF: is by extension of the definition of exponential for fam(C) to infinite

families and products, recalling that

In particular, there is a natural numbers object in FAM(C)

Definition 2.4.3 Let N = {1; | i € V}. This is a natural numbers object with

zero = (idy;0), and successor = (id;; succ ).

The weak I-indexed co-product TN is a flat domain of natural numbers, or ‘object
of numerals’ in the terminology of [43]. By the assumption that Lxy # in; for
any 1, it is also a standard datatype, — numerals correspond to distinct non-_L

elements.

2.4.1 PCF and its semantics

PCF was introduced as a programming language by Plotkin [71]. It extends the
-calculus with arithmetical constants, conditionals, and a recursion combinator

(to which sum and products can be added).

Definition 2.4.4 (Call-by-name semantics of PCF) Types are freely gener-
ated from the ground type nat by an arrow constructor =, and interpreted as
follows:

[nat] = TN = ¥,c,1;, — the flat domain of natural numbers or V-indexed sepa-
rated sum of empty domains,

[Ty =T = [T4] = [T2]:

The original presentation of PCF also contained a ground type of booleans, with
relevant constants, which is omaitted here.

The interpretation of terms is described in Figure 2.4.4.

Numerals are interpreted as the relevant injection m: 1 — N, = in,, wnto the

object of numerals.
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Conditionals at type T are interpreted by the composition (in context) of the
tested term, which is an injection into e, 1;, with the co-pairing of the
‘zero case’, (as a map into [T]) with (inifinitely many instances of) the

non-zero case.

The Y combinator can be interpreted in a rational category as the least fired-
point of Fa: (A= A)=A) - (A= A)=A)

= A((id=say=a X 1da-4); APD(asA)ma,ama X 1dA=a; COMaza)
So for any endomorphism, f: A — A, £;[Y] =fV
For any type T, there is an ‘undefined term’ of type T, QT =Y( x: T:X):

Note also that a series of case-splitting constructs can be defined along the lines
of IFO with the intended meaning that casejt|;<xS; evaluates to s; if t evaluates
to 1. These have proved useful for definability results, but full abstraction is not
affected, as they can be simulated up to observable equivalence using IF0 as

follows:

caseg M | Ng | N'=TF0 M then Ny else N’;
case,11M | Ng| i:0 | N, | Npgr | N' =
case,M | Ng | ::: | N, | IFO (pred”t' M) then N,.; | N”:

The definability results for call-by-name PCF were given with respect to PCF,,
which extends PCF with these constructs, but the related full abstraction results
hold for PCF itself because of this simulation.

[Cx:TEX:T]= . [[]x[T]—[T]
[-0:nat] =ing: 1 — TN

[I'F succ M:nat] = [I'+ M: nat]; plusl

[I'Fpred M:nat] = [I'+ M: nat]; minusl

[T xM:T=U]=A([''x: T FM:U])
[TFMN:U]=(TCFN:T[;[TFM:T = U]); App
[['F (IFO L then M else N): nat] = ([I' - L: nat]; [[['+ M: nat]; [T - N : nat]]
[CFY'™M:T]=[FM:(T=T)];FV

Figure 2.4: Terms of PCF in contexts, with a call-by-name interpretation
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Definition 2.4.5 (Call-by-value semantics of PCF) The interpretation of call-
by-value PCF in Fam(C)t is similar to that described above, with the following

modifications.

-abstraction and application are interpreted in the Kleisli category of a

strong monad on Fam(C) (as described in Section 2.2.1).

The type nat denotes the V-indexed co-product {1; | i € V}, with the same

interpretation of numerals as injections, and conditionals as co-pairing.

Recursion behaves quite differently in call-by-value to call-by-name. As ev-
ery endomorphism £: A — A in the Kleisli category is strict,all least fix-
points are trivial, so one cannot add recursion by taking YV = e, T

¢

The solution generally adopted is to take ° -expansions’ at each iteration,

— based on the following conversion for the Y combinator:
YM — M ( x:((YM) x)):

So YM s approzimated by ;M ( x:QX); M ( y:(M( x:Qx)y));:::

Provided C is rational, these fixpoints can be modelled in the Kleisli category.

Definition 2.4.6 For objects A; B in the Kleisli category, define
a5 T(A=TB)—- TA=TB) =

A(taa=tB; T(APPAa=TB); B); A=TB-

(So for anyt: Ty = Tp, [ X((tX)]= a5;[t].)

Now define a firpoint operator ()2 for the Kleisli category:

Iff: T(A=TB)— T(A=TB))

2 =( oo F; asmp)Y = |_|( a-te; 6 aTp)™

new

Hence the call-by-value Y -combinator can be interpreted
[C =YM], =[T'FM],;FA.

An operational semantics for PCF was defined in [71]. By soundness, rationality,

and standardness of datatypes, the crucial property of computational adequacy (a

program denotes a value if and only if it reduces to that value) of the denotational

model with respect to this semantics can be established. (See Section 4.4 and [14]

for more details.)
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2.4.2 Fully abstract models of PCF-based languages

The notion of observational equivalence defined in Chapter 1 (Definitionl.2.1)

can be generalised to an observational preorder on terms.

Definition 2.4.7 For a language L extending PCF (in the sense of Definition
2.3.10), define the observational preorder between terms in (the same) context,
'EM and THN

M CO9B5 N if for every compatible context C[-] : nat, C[M] |} implies C[N] |}
Full abstraction for partial-order-enriched models is equivalent to demanding that
M C9P5 N if and only if [M] C [N].

The key properties for full abstraction for PCF and extensions are computational
adequacy and finite definability, although these can be combined in a variety of

ways.

Proposition 2.4.8 Let M be a cpo-enriched denotational semantics of a lan-
guage L (extending PCF ) which is computationally adequate with respect to the
operational semantics of L. Suppose that every morphism between type-objects of
M is the least upper bound of a chain of L-definable elements, then for any closed

terms (values in the case of call-by-value) M;N : T,
M C9P9 N <= Vh (definable): A — T(N): f;h | = g;h | :

PROOF: Suppose M Z9B% N, then there is some L-context C[- : T] : nat such
that C[M] |} and C[N] ¥, and hence by adequacy, [C[M]] |, and [C[N]] T, hence
IM]; [ x:C[x]] | and [N];[ x:C[x]] T as required.

In the other direction, suppose there is some h such that [M];h | and [N];h =
L, then h = | |, h; for some chain of definable h;, so | |, ,[M];h; |, so [M];h; |
for some i such that [N];h; T.
By the assumption of finite definability, h; = [L] for some term L : T = nat such
that [L M] | and [L N] T, so by computational adequacy L M |}, and L N Jf,
so M ZOB5 N. OJ

(This is shown to extend to terms with free variables in Lemma 4.6.8.)

Corollary 2.4.9 Suppose M is an adequate, cpo-enriched model of L such that
all elements are suprema of chains of definable elements,

and for all elements £;9 : A, Vh : A — [nat];f;h # L = g;h # L implies
T C g, then M is fully abstract.

37



Alternatively, the ‘intrinsic preorder collapse’ of a cpo-enriched model satisfying
definability will be fully abstract.

Definition 2.4.10 Let M be a model of L (a PCF extension) in a (cartesian

closed) category C, and define the intrinsic preorder

f<us5g < Vh:A=B—->TNf;h| = (‘g’;h]);
and in the call-by-value model

fSi9g &< Vh:A-TN'f; g5h| = ‘g; g;h|):

Define the collapse of M= < as in Definition 2.1.15, — type-objects are as in M,

morphisms are equivalence classes of M-morphisms partially-ordered by <.

Proposition 2.4.11 Supppose M is a cpo-enriched model of L such that every
element is a supremum of a chain of definable elements, and that its collapse
M= < is an adequate model of L. Then M= < is fully abstract.

ProoF: By Proposition 2.4.8, for all terms M;N : T, M C; N if and only if
for all definable h : [T] — TN in M, [M]r;h | implies [N]a;h | As every
element of M, is approximated by definable elements, M C; N if and only
IM]amt Sprp INJ e, as required. O

Collapse under the intrinsic preorder preserves the key features of PCF adequacy

at least, — cartesian closure, as in Proposition 2.1.13, and rationality.

Proposition 2.4.12 The collapse of a cpo-enriched CCC under its intrinsic pre-

order 1s rational.

PROOF: Given [f]: A — A, define [f]V = [fV], — to show that this is consistent
and rational it is necessary to show that for any g : A — B, fV; g is a least upper
bound (with respect to <) for {f;g | i€ 1}. (and if g =F, then f¥V =gV). So
it suffices to show that if fi;g < hfor alli € 1, then fV;g <h.

Suppose fV:g £p h, then there is some k : B — Tnat such that h;k = L
(Wieo, T59); k = e, T 95k # L, hence for some i, F;9;k # L, so F';9 €5 h as
required. 0
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2.5 Models of PCF with control

The language PCF will be obtained by extending PCF with certain operations
from the control calculus . Proceeding from the basis of finitary models of
control on the other hand, it is relatively straightforward to describe the passage
to ‘computational models’ of control with recursion as a process of completion

which is in some respects simpler than the general notion of PCF-model.

Definition 2.5.1 Computational models of control (call-by-name and call-by-
value) are specified by a pair (C;a) of a rational pointed CCC with Y-indexed

products and non-terminal answer object a.

Definition 2.5.2 A category C has V-indexed products, if for every object A,
there 1s an object A*, with projection maps

head : A* — A and tail : AY — AY with the following universal property:

for every pair of maps ¥ : B — A;g: B — A¥, there is a unique map

f::0: B — AY such that T::9; head = T and T::9; tail = g.

(Informally), A is the least solution to A = A x A%.

Definition 2.5.3 Let A° = 1, A" = A x A, Then a series of embeddings and
projections €; : A® — A¥ and p; : AY — A’ can be defined such that e;;p; = ida,,
and P;;€; E idgw, viz:

€0 = Lav;, €1 = 116

Po = 1aw; Piy1 = (head; tail; p;)

These embeddings and projections can be used to define embeddings and projec-
tions between type-objects constructed from finite products, and from !-indexed

products.

Definition 2.5.4 Define the A(Q)¥-types as follows: T = | T¥ | S=T
and interpret them in a pointed CCC C with V-indexed products and answer object
a:
[lica)=2a [T¥lca)=[T]c.ay [S = Tlica = [Slica = [T]ca-
For each A(Q)“-type T, form T; by ‘truncating all ¥-indezed products at i’
ie. i=a, (T, =(T)5 (T=S),=T,=S,
Then there is an embedding/projection pair [T]ca) —pr [Tilca) —er [T]ica)

o &7 = A(idjs,~1, ¥ p’; App;€]),

;=" = A(ids=r x €; App; p});
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° ef = ngief;ei,

P = pis <€y
Proposition 2.5.5 For every A(Q)“-type T, and i € ¥, e;pl = idy,.

PROOF: is by induction on the structure of T, using the definition of e;; p; and
the universal properties of a CCC. O

Although all set-indexed products are required for cartesian closure of FAM(C)
(and the specific models considered will have such products), the semantics will
require only countable co-products. So attention will be restricted to Fam(C), —
the category of countably indezed families of objects of C. Fam(C) is clearly not
cartesian closed. However, the observation that a continuations model requires
only limited exponentials can be used here, as provided C has !-indexed products,

Fam(C) has all exponentials of {a}.

Proposition 2.5.6 IfC has ! -indexed products, then the monad of a-continuations

on C 1s well-defined, and for any object A, C has all exponentials of TA.

Note that it is still not necessary to introduce ground type values into control
models, — data is modelled intensionally. For instance, in the domain correspond-
ing to nat, TN = (N = {a}) = {a} = {a* = a}, each numeral corresponds
to a projection from a“, ‘the countable list of as’. This is the basis for fully
abstract translations of PCF with control into the simply-typed -calculus with
fixpoint combinators and infinite lists. This is described, with the call-by-name
translation, in Section 4.5.

Because the initial model of control is constructed by a process of completion
from a simple cartesian closed category, there is a direct relationship between the
CCCs with the associated properties, — the fully complete and fully abstract
models of A(Q2) described in Section 2.1, — and the fully complete and fully
abstract models of control.

In order to give a full abstraction result based on finitary definability, a contin-
uous order-enrichment is assumed (although rationality, together with continuity

of composition is all that is used).

Definition 2.5.7 A continuous model of control is specified by a pointed cpo-
enriched CCC, with Y-indexed products such that for every embedding/projection
pair € : Al — AY;p; 1 AY — A7

| |p:; e = ida.
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Lemma 2.5.8 In a continuous control model, the above property extends to all
of the defined embeddings and projections el : [T;] — [T¥];p! : [T¥] — [T,
7.€. I_liEw P:;€; = ld[[T]]

PROOF: is by continuity of composition, and the universal properties of pairing

and -abstraction. O

Say that a morphism of a computational control model (between A(2)“ type-
objects) is definable if it can be defined via -abstraction, application, the opera-
tions (head; tail; ::) of the countable product, and taking least fixpoints, (_)V. The
following proposition shows, in essence, that the definable part of a continuous
model of control is !-algebraic, with a finite basis of finitary definable elements

embedded from the definable elements of a model of control.

Proposition 2.5.9 If (C;a) specifies a continuous computational model of con-
trol, then every definable morphism is the least upper bound of a chain of mor-
phisms definable in the model of control specified by (C;a),

i.e. if ¥ :[S] — [T] is definable, there is a series of morphims ¥; : [S;] — [T.]
such that { p?;fi;el : [S] — [T] | i € 1} is an Y-chain, and

f=| |0 Fise)):
icw

PROOF: is by induction on the possible definitions of morphisms in the compu-
tational model of control. By the Lemma 2.5.8 above, idjsy = | |, P7; ids,; €7
If f = A(f') for some F/, then the hypothesis extends to f by the universal prop-
erty.
Suppose T = (g; h); App, then by hypothesis, there are chains of finitary elements
such that g = | |, p7;0;e7 7% and h=| ], p7;h;el.
Thus g = | |,c,, p7;9; x pl'; App; ef, and so by continuity of composition,
h = (idpsp; 9); ¥ x idps); App
= e, ((idgsys 75 i €); P75 F x pf's App; eff
= ;o (P7(idgs,p; 0i); F X idpryy; App; el as required.
If f =gV for some g : A — A, then by hypothesis, g = | |p7;0;;€7, for some
series of morphisms {g; : [S;] — [Si] | i € 1}.

. . 11
Let fz = g;, then fi; e, = g;, e, C g;—tl; €iy1 = fi—f—l; €it1- [l

Recall that a complete syntax of control is an extension of the -calculus (includ-
ing sums) with control operators, such that there are surjective translations into

the simply-typed -calculus.
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Definition 2.5.10 A complete computational syntaz of control is an extension
of PCF (with the empty type), such that there is a translation (_)* into the simply-
typed  -calculus with lists, A(2)“ (see Section 4.5) which is surjective on A(€2)*-
equivalence classes at translated types T*, and such that for all PCF terms M,
interpreted in a PCF model M, constructed from a computational model of control
(C;a):

[M]r = [M™ ] A

Corollary 2.5.11 If M, specified by (C;a) is a continuous computational model
of control, and L is a complete computational syntazx of control then every mor-
phism between type-objects of M is a least upper bound of a chain of L-definable

elements, in the form | |, (p; Fi;eP).

Similarly, the intrinsic preorder on the finitary part of a computational control

model characterizes the preorder on the whole model.

Proposition 2.5.12 Suppose (C;a) specifies continuous models of control via the
monad of a-continuations on Fam(C), such that every element is a least upper
bound of definable elements. Then the intrinsic preorder on the call-by-name and
call-by-value PCF models in Fam(C) given by Definition 2.4.10 is equivalent to
the preorder induced by by taking observations on a = a in the CCC generated
froma. ie. if F:A—B =], ptTi;e’, andg =], p0;e’, then

T Sa—p 9 if and only if for every i € ¥, there exists j > 1 such that ¥; Sa,— B, 0.

PROOF: is by Proposition 2.5.9 together with continuity. 0

Together with Proposition 2.1.14, this yields the following corollary.

Corollary 2.5.13 The observational equivalence = is the strongest non-trivial

congruence on computational models of control.

Note that this is not an extensional equivalence on models of control (pace, for
instance PCF). This is simply the semantic counterpart of the non-extensionality
of observational equivalence in the presence of control operators (for further dis-
cussion see Chapter 5).

Thus if (C;a) defines a computational model of control, (C= <;a) defines a
model of control such that [M]¢,< = [[M]c]. So there are two routes to a syntax-
free presentation of the fully abstract model of control; take the quotient of a
continuous model of control for which the restriction to finite types is isomorphic

to the free CCC, or more directly, give a continuous model for which the restriction
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to finite types is the fully abstract pointed CCC. The first (based on Hyland-Ong
games) is taken in Chapter 4, the second (based on sequential algorithms) in

Chapter 5, where they are compared.

Corollary 2.5.14 The fully abstract computational model of control is effectively

presentable if and only if the observational equivalence on A(SY) is decidble.

PRrOOF: By Proposition 2.5.9 every element of the fully abstract model is a least
upper bound of (embedded) elements of the fully abstract pointed CCC , and
by Proposition 2.1.17, this is effectively presentable if and only if observational

equivalence on A(Q2) (or the simply-typed -calculus itself) is decidable. O

2.5.1 Universality

A good solution to the full abstraction problem will be a cpo-enriched and fully

abstract model of control satisfying the following conditions:

The Jung and Stoughton criterion (as posed for PCF in [44]) The (finitary)

fully abstract model of control is effectively presentable.
Universality All recursive elements of the model are definable.

The requirement that these conditions be satisfied together is significant, because
it suggests that as well as being effective, such a presentation will be syntax
independent. For instance, one could give a syntactic construction of a fully
abstract model of PCF along the lines of Milner’s construction of a fully abstract
model of PCF [61], and even make it effective by giving a decision procedure for
finitary observational equivalence. To give a universal presentation, however,
requires some identification of the computable infinitary elements of the model,
as in the AJM [6] and HO [43] game-based universal models of PCF. But there
is no obvious notion of computability for syntax-based models which leads to
universality.

Universality is also a highly relevant condition because it allows an equational
full abstraction result to be strengthened to ‘logical full abstraction’ (described
by Longley and Plotkin in [56]). This extends full abstraction from the single
test of program-context equality, or observational equivalence, to formulas of a

first-order logic for reasoning about programs.

Definition 2.5.15 For an extension of PCF, L, let J;, be the language of first-
order logic with equality which has the terms (with arities) given by the signature

of L, and the single predicate || for termination. A Jp-structure is thus defined

43



by the assignment of meanings to the terms, and truth values to the predicates of

Jr, in the standard way, with the following natural examples.

e An operational semantics of L based on evaluation to ground type defines a
J, structure over the observational equivalence classes of terms of Jr, (with
constants interpreted as their own equivalence class, and || as operational

convergence).

o A denotational semantics M for L defines a I structure over M in which
valuations can range over the whole domain, and constants receive the inter-
pretation given to them by M, with the predicate |} corresponding to some
set of non-L elements. (Under certain ‘standardness assumptions’, see [56],
— 1t is certainly sufficient to require that M is given by a strong pointed
monad and a rational CCC, as in Definition 2.4.4. )

This allows the following definition to be made.

Definition 2.5.16 A model of L is logically fully abstract with respect to an
operational semantics if the formulas of Ir, valid in the corresponding denotational

structure coincide with those which are valid in the operational structure.

The following theorem captures the intuition that logical full abstraction requires

the effective elements of a fully abstract model to be identifiable.

Theorem 2.5.17 (Longley and Plotkin [56]) Let Z be a standard model of
L. Then it is logically fully abstract for I, if and only if it is both universal and
fully abstract.

(The implication from right to left is in fact quite simple to prove: equational
full abstraction implies that atomic formulae are valid in the observational struc-
ture if and only if they are valid in the denotational structure, and this extends
naturally to quantifier-free formulae. A universally quantified formula is valid
in the observational structure if there is no valuation of terms which gives a
counter-example, it is valid in the denotational structure if there is no valuation
of elements yielding a counter-example. Hence if all elements are definable, the

valid first-order formulas of the structures coincide.)

2.6 Summary

A programme for the construction and analysis of an effectively presented fully
abstract syntax-independent model of control has been established. It is imple-

mented in Chapters 3, 4 and 5, as follows.
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Chapter 3 Gives denotational and axiomatic characterizations of the free pointed
CCC, and hence the initial models of control. This falls naturally into three

parts.

e A presentation of the intensional hierarchy of game semantics based on
modelling types through some invariant structure, and computational

effects through constraints on the copying and sharing of information.

e An axiomatic proof that the category of ‘unbracketed’ games and in-

nocent strategies is isomorphic to the free (pointed) CCC.

e An examination of control flow within the control model, characterizing
‘upwards’ and ‘downwards’ continuation passing and local control flow,

using linear moves and the ‘bracketing condition’.

Chapter 4 Describes a ‘syntax of control’,  (£2), and a PCF extension PCF,
showing that its equational theory and operational semantics are sound
and complete for models of control. This is proved using invertible cps
translations into the simply-typed -calculus, and a monadic metalanguage

for reasoning about computation with continuation passing.

Chapter 5 Gives an effective presentation of the fully abstract, universal model
of control (in the category of sequential algorithms).
Characterizes the observational preorder semantically, and compare the
fully abstract models using a syntax independent description of the functor

from the initial games model.
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Chapter 3

Game semantics of control

3.1 Introduction

The primary object of this chapter is to develop a game semantics from which
the continuation passing models described in the previous section can be con-
structed. The basic requirements are thus quite simple: pointed cartesian closed
categories of games, and in particular, models of A(Q2) with the definability prop-
erty. An axiomatic characterization of the free pointed CCC over one object is
also presented, adapting existing results to models of control.

But a second aim is to study the semantics of the intensional hierarchy. A
development of existing work is the formalization of a notion of rule, which is
used to build up a general symmetric monoidal closed category of games with
finer structure created by the imposition of rules. The focus is naturally on the
‘control-axis’ of the hierarchy. It is shown that constraints on copying information
(or demands for information) by repeating moves can be expressed as such global
rules. This can be used to give a semantics for classical, intuitionistic, and linear
fragments of the category of games, such that relaxing the rule corresponds locally
to a translation (such as double negation translation or ‘linear decoration’).

This sheds some light on the the ‘bracketing condition’ (used in the models
of PCF in [6], [43]) as corresponding to local control flow and an intuitionistic
typing discipline, showing that this rule has two (separable) roles, each with
a clear computational meaning. On this analysis, it is essentially a linearity
condition, requiring that ‘answers’ to demands for information be given at most
once, preventing repeated invocation of continuations (see [82]), and at least once,
preventing discarding of continuations, and hence escapes or jumps. (Similarly,
there are two levels at which classical principles such as Peirce’s law can be
introduced into deduction systems; as ‘stability rules’ for atomic formulas, or at

all levels, to reach full classical logic.)
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3.2 A basic framework for games

The game semantics used is based on the Hyland and Ong approach [43] (which
is similar to that of Nickau [65], and descended from the work of Lorenzen [57]).
‘Dialogue games’ are defined using justified sequences of moves. This choice was

based on the following considerations.

e A neat division of labour between the apparatus of justification, which
defines the possible ‘logical’ connectives for games, and rules, which enrich
this repertoire by controlling the order in which moves can be played. The
basic structural operations on arenas together with a few simple rules suffice

to generate all of the games which will be required.

e A second concept introduced by Hyland and Ong, based on justified se-
quences, is the notion of the view as the relevant history of the play. The
definability results rely on the restriction to innocent strategies, which have
access only to the information in the view. But views have a useful sec-
ondary role in the intensional hierarchy; by hiding Opponent’s ill behaviour,
they allow all strategies with the same ‘innocent function’ to be identified.
This means, for instance, that there is a faithful embedding of strategies on

well-bracketed games into the wilder world via their reponses to views.

A significant development of the Hyland-Ong framework was described in Mc-
Cusker’s thesis [59]. This included a ‘linear decomposition’ of the cartesian closed
structure, which is used in a modified form here. The clarity of exposition in this
work also make it valuable background reading.

However, McCusker defines each game as being specified by a particular arena
and a set of plays in the style of the AJ and AJM approach [5],[6]. These are sub-
sets of the justified sequences over an arena which satisfy both the global rules (of
visibility and bracketing) introduced by Hyland and Ong, — the ‘legal sequences’,
but are also subject to some local characterizations. This is incompatible with
the perspective advocated here, — that the only distinctions between games on
the same arena are to be found in the rules. (And, more importantly, the ‘pro-
jection conditions’ on which his constructions are based simply fail in the games
used to model computation with higher-type references [4].) Instead, games here
are simply sets of justified sequences, which are specified (but not uniquely) by
an arena, and a set of rules. Thus, for instance, removing the question/answer
tagging from an arena specifies exactly the same game as retaining the labelling,

but dropping the rule (bracketing condition) which refers to the tags.
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3.2.1 Arenas and justified sequences

Lorenzen [57] introduced ‘dialogue games’ to semantics, and the analogy with a
debate is a useful one. Debates can be categorized under two headings; their
subject, and the rules under which they are held. Arenas specify the subject; the
structure of the information relevant to the debate. This information is carried
by a set of tokens representing actions, historically called moves, (although this
almost immediately engenders a confusion between the token itself, and a specific
instance of its use in the game). Moves are statements relevant to the subject,
possibly distinguished by additional labels saying which side may utter them, in
which order, whether they can be repeated, and whether they are incompatible
with other statements.

The analogy also lends itself to the notion of justification. In the midst of
a debate, for instance, one has a basic choice between opening an entirely new
line of argument or attacking the assumptions underlying one of the opponent’s
more recent assertions. Attacks of the latter sort, which refer directly to a single
earlier utterance are justified by it, according to this terminology. To determine
when such a contingent attack can be made, there is an enabling relation between

1moves.

Definition 3.2.1 (Arenas) An arena A is a quadruple:

(Mg;FAC (Ma) X MasL; 4t Mg — P(L)) which specifies a tree-like structure
with labelled nodes, as follows:

The objects of M4, are called moves,

FAC (Ma). X My is a relation called enabling, such that the transitive closure
of I, hereditary enabling, is an irreflexive partial order. Moves enabled by the
additional node * added to M4 are said to be initial.

L is a set of labels, and the labelling function 4 : My — P(L) specifies the set

of labels attached to each move.

In general I;m;n::: will be used to denote the moves of an arena, and a;b;c;:::

to denote occurrences of these moves in sequences r;S; t.

Definition 3.2.2 For any sequences S; t, Occ(t) is the set of occurrences of moves
i t, and s C t means ‘S is a prefix of t,
sa denotes the sequence S extended by the move a, and S-t the sequence S extended

by the sequence t.

Attention will be restricted to finite sequences here, although transfinite plays

remain an interesting possibility.
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Definition 3.2.3 A justified sequence in an arena A, is a sequence of (occur-
rences of ) moves S, together with a function : Occ(s) — Occ(s). such that for
every occurrence a of a non-initial move, (&) is an occurrence of a move pre-
ceding @, which enables it. (And if a is initial then (@) = *.) This relationship
between occurrences of non-initial moves and a unique, preceding, enabling mowve,
1s called justification, and the function is said to define ‘justification pointers’
for each non-initial move. The set of justified sequences of an arena A is denoted
Ja.

The prefix-ordering extends straightforwardly to justified sequences. The tran-
sitive closure of the justification relation on occurrences is referred to as hereditary

Justification.

3.2.2 Constructions on arenas
Arenas can be connected in a few simple ways.

Definition 3.2.4 Products A product of arenas is formed by placing its com-
ponents ‘side by side’. For any set-indexed family of arenas {A; | i € 1},
form the product A = Il;c1A; as follows:

® M, 4, = [[;c; Ma,,

o (M;i) Fr,,a, (MJ) of i = and m b4, N, and * b, 4, (NG]) if
* a0,

o L, 4 = Ui, La

o e (M) = 4 (M)

The empty arena, containing no moves (the empty product of arenas) is
denoted 1.

Function Space This is an asymmetric version of the product arena; the set of
mowves is again a disjoint union with labelling inherited from the components,
but the (formerly) initial moves of the arena which occurs negatively are

enabled by the initial moves of the arena occurring positively.
e My =My + Mg,
e IMi)Fasop (N;J) ifi=j and mEn
orme Mg, ne My and x g m and x4 N,
x = (m;i) if me Mg and x5 m.

Form e A x B;A — B, write m =A if m is a move from the A component,

etcetera.
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Justified sequences over these constructions can be projected into their constituent

components.

Definition 3.2.5 For a justified sequence S over an arena A, formed from subare-
nas B; C;::: by the above constructions, the restriction S[(B;C;:::) is a justified
sequence defined as follows:

"I(B;C;ii) ="

saf(B;C;::)) =s ifa#B;C;:::

sa[(B;C;:::) = (s[(B;C;::x)aifaEB;C;::.

The justifier of a in saf(B;C;:::) is the most recently played move from B;C;:::

which hereditarily justifies a. (If there is no such move, then a is initial.)

Similarly, a sequence can be restricted to the occurrences of moves hereditarily

justified by some single occurrence.

Definition 3.2.6 Let s be a justified sequence in an arena A, and a an occurrence
of a move of A in'S. Then the ‘thread of @ in S’, written sla, consists of the
moves of S hereditarily justified by a, in the order in which they have occurred,

with justification pointers from s.

Note that if s is a justified sequence such that S € Jaxp or S € Js_.p, then
S|A € J4 and s|B € Jp. If a is initial, and s € J4 then s[a € J4. Even with this
minimal amount of structure, a basic category of processes and agents (games
and ‘pre-strategies’) can be defined, leaving scope for obtaining particular effects

by applying different constraints.

Definition 3.2.7 The category A has arenas as objects:
morphisms £ : A — B are non-empty, prefix-closed sets of justified sequences
(pre-strategies) over the function-space A — B.
Following Abramsky and Jagadeesan [5], composition of strategies can be described
as ‘parallel composition with hiding’:
Givent: A—B andg:B — C
;9 = (f||g)=B = {s[A;C | s € f||g}, where T||g is the uncovering of T played
against 9:
Fllg = {s € Jqa—-p)~c) | sI(A;B) e F AS[(B;C) € g}.
There is a difference here with previous definitions of composition in Hyland-Ong
style games — the use of the restriction operation on justified sequences to ‘mend’
Justification pointers following the ‘hiding’ of moves in B.

For any arena A, the identity morphism ids : A — A is the ‘copycat’ which

copies moves from the left hand component into the right hand and vice-versa.
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Canonical morphisms are in general copycat strategies. They can be formalised

(similarly to [6]) as follows.

Definition 3.2.8 Suppose F: A — B;G: B — A are order-preserving maps on
arenas:

i.e. partial functions from M to Mp such that:

F(xa) = xp and a = b if and only if F(b) defined implies F(a) defined and
F(a) - F(b).

Then let copyp : A — B be the least set of justified sequences closed under the

following definition:
® " € copyrg
e s (even — length) € copy,, and a EA implies saF (@) € copyp

e s (even — length) € copy.s, and b EB implies shG(b) € copy

where the justifier of F(a) (or G(b)) is the move succeeding the justifier of a (or
b).

Thus, for each arena A, if ID(A) is the identity map from A to itself,

ida = COPY;p(a),1n(4):

Definition 3.2.9 Suppose F : B — C 1is an order-preserving map of arenas.
This naturally extends to maps F2 from justified sequences over A —o B, to
justified sequences over A —o C, and F/* from Jc—p to Ip—p.

FA) ="

FA(sa) = FA(s)a, if a EA

FA(sh) = FA(s)FA(b), if b =B

where these are defined, with (F(a)) = F( (a)) for non-initial moves in B.

So FA sends morphisms on A — B to morphisms on A — C and
FA: A(C;D) — A(B; D).

Proposition 3.2.10 IfF : B — C is an order-isomorphism of arenas, then for

any pre-strategies ¥ : A— B, andg: C — D

f; copypp = F/A(F), and copypp:9 = F(9).

PRrROOF: Note that

S € copy 1 if and only if for all even prefixes t C s, F(t[B) = t|C.

Hence by definition of parallel composition of strategies, sa € f|copy -1, if and

only if saJA; B € f and F(tJA; B) = F; '(tJA; C) for all prefixes t of s such that

t/A; B is even-length.

Hence s € T; copy -1 if and only if s = F(s") for some s’ € f;ie. s € Fi(f). O
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For any pre-strategy ¥ : A — A, ID(A)(f) = ID(A),(f) = f, so ida is a
well-defined identity.

Proposition 3.2.11 (A is a well-defined category)

PROOF: It remains to show associativity of composition, for which it is sufficient
to show that for pre-strategies f : A—B,g:B —-C,h:C — D,

f;9;h = (f;9);h =T;(g; h) (for which the cases are similar)

where f;9;h = (f|[g]|h)[(A; D), and f|g|h =

{SIA—D |s€((A—-B)—oC)—-D)AS|A;BcfAsB;CcgAs[C;D € h}

If s € F;9; h, then there is some t € ((A — B) — C) —o D such that tf[A;D =,
and t[/A; B € T, tf/A; B; C € f||g, hence t]A;B; D € (f;g)|/h, and

tf/A;D =s € (f;9); h.

To prove the converse:

Suppose s € (F;g)||h then by definition of composition, there is some t € f||g
such that s[(A;C) = t[(A;C). It is sufficient to show by induction on length of
s that there exists r € F||g||h such that r[A;D = s[A; D and r[A;B;C = t, and
hence s[A; D € T:g;h.

So given sa € (f;g)||h, and t-u € f||g, such that sa[(A;C) =t-u[(A;C) and
S[(A;C) = t](A;C), applying the inductive hypothesis to s yields r € f||g||h
such that rf{A;B;C =t, and r[A;D = s|A;D. Then either a is a move in D
(sou="), and let r' = ra, or a is a move in A;B;C, — let r' = r - u. Then
r' € ||g||h, and r'[A;B;C =t-u, and r'[A; D = s|A; D as required. O

Proposition 3.2.12 The empty arena 1 is a terminal object in A, as A — 1 =1

for any arena A.

Hence A— B =1 — (A — B) for any A; B, and so each morphism in A(A;B)

has a unique ‘name’ in A(1;A — B).

Proposition 3.2.13 (Symmetric monoidal closure) A; ®;1; —o; is a symmet-
ric monoidal closed category, where A ® B s the product of arenas A and B, the

unit 1 is the empty arena, and A — B is the ‘function space’ arena defined above.

PROOF: The isomorphisms of arenas Assoc : (A xB) xC — Ax (B xC);l :
A x1— A and twist: A x B — B x A define copycat strategies which are the

canonical morphisms for the monoid, and satisfy the coherence conditions for a
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symmetric monoid.
Forf:A—Candg:B — D

fog={sc J(aeB)—(coD) | SIA;C e T ASIB;D; € g}

Bifunctoriality of ® (i.e. (F®Q);(h®k)= (f;h)® (g;k) for f:A—C;g9:B —
D;h:C — E;k: D — F) is shown as follows.

Suppose s € (f ® g); (h ® K), then there exists t € (f ® g)|/(h ® k) such that
t/A;C =T, t[D;E € g, t|C,E € h, t|D;F € k. Then t[A;C;E € f||h, and
t[B;D;F € g|lk, so s =t[A;B;E;F € f;h®g;k.

To show that F;h®g;k C f®g;h® k:

If s € f;h®4g; K, then there exists r € f||h such that SJA;E = rlAE, and t € g||k
such that s[B;F = t|B;F. It is sufficient to show by induction on length of s
that there exists U € T ® g||h ® k such that s = u[A;B; E;F, and r = ufA; C; E,
and t = U[B;D;F, and hence s € T ® g;h ® k as required.

Suppose sa € f;h ® g;k, t € f||h, and r € g||k such that saJ]A;E =t V[A;E,
and sa|B;F =r-w[B;F, and S[A;E = t[A;E, and S[B;F = r[B;F. Then
there is some U € T ® g||h ® Kk, satisfying the inductive hypothesis with respect
to s;r;t. Form u’ = u-v -w, satisfying the inductive hypothesis with respect to
sa;r-v;t-w.

Finally, there is an order isomorphism LAMBDApc: A®B — C= A — (B — C),
which defines an adjunction between - ® A and A —o _.

Writing, 'f: A — B for the inverse to the naming operation:

A(fF:A®B — C)="A(T)"

The copycat strategy

Apppp : (A —B)®A — B =LAMBDA, 5, 5(‘ids—s’) is the co-unit. O

3.3 Rules and Games

If arenas give a general notion of subject for debate, or type, games correspond
to a more specific, and more extensional notion; the interactions possible under
a given set of rules.

To define games, the labelling on the moves is used, along with rules which govern

when they can be played.

Definition 3.3.1 A rule consists of a pair (R; Lg) of a predicate R on justified
sequences, with a set Lg of ‘R-relevant’ moves. So the labelling function s can
be ‘projected’ to a function §:Mu — Lg, where

B(m) = a(m) N Lg.In cases where £ is always either empty or a singleton,
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2 may be given as a partial function from My to Lg.

The predicate R must satisfy the following requirements:
Prefix Closure s C t implies R(t) = R(S)
R-relevance R(s) A %(a) =2 = R(sa).

Note that because equality of justified sequences is defined only in terms of having
the same justification pointers, and labellings on moves, a rule can only ‘observe’
these properties, and not, for instance, whether a sequence was generated from
a particular arena. The rules discussed in this thesis can be easily seen to have
these properties, as they can be given as inductive definitions of the form:
‘R(sa) if and only if R(s) and #(a) # @ = ®g(s;a)’,
where @5 is a formula in a semi-formal ‘language of justified sequences’ containing
predicates such as “s is a prefix of t”, “a is the justifier of b in t” and so on.

For a finite set of rules R = {(ry;Ly);:::(r,;L,)}, R will also be used, by

abuse of notation, to denote their conjunction, (ry A:::Ar,; Ly U::1UL,)
Proposition 3.3.2 The conjunction of of well-defined rules is a well defined rule.

Since each rule is directly relevant to a labelling % : M4 — P(Lg), and applies
to moves only on which this labelling is defined, rules can be relaxed over an

arena simply by removing labels.

Definition 3.3.3 Given an arena A and a set of moves M C My, the rule R is
relaxed on M in A to give a new arena A’ by removing all of the relevant tags
from the moves, — i.e. defining A" = (Ma;Fa;L; a) where

a(m)= 4(m)=Lg if me M, and 4 (M) = 4(m) otherwise.
If a rule is relazed over the entire arena (M = My) to form A=R then it is said

to have been abandoned.

Definition 3.3.4 A game is a set of justified sequences of moves which is specified
(up to equality of justified sequences) by some arena and rule.
For a rule set R, and arena A, R(A) will denote the game with arena A, and

plays subject to the rules R, i.e.
R(A)={s€Ji | R(s)}

Thus games are in some sense more extensional objects than the arenas which
‘realize’ them, although this should not be confused with the (more significant)

point that strategies are intensional.
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Proposition 3.3.5 For any rule-set S containing a rule R, and arena A, the
game specified by abandoning R on A and applying S, is equivalent to applying S
without R to A (S={R})(A) = S(A=R).

PROOF: is direct by definition. 0

A strategy on a game G is a prefix-closed set of even-length plays in G.

Definition 3.3.6 For any rule R, form the ‘category’ Gr with
objects: games R(A) for some arena A
morphisms from A to B: pre-strategies on R(A —o B), with composition defined

USING UNCOVETING:
; ={s|A;B|se || AR(S|A;B)}:

In order for this to define a SMCC' [51], it is necessary to make the following

further requirements of rules:

Copycats: If F : A — B is an isomorphism of arenas, then R(copyp p-1) :
R(A — B) = {s € copyp -1 | R(S)} is an isomorphism. So, in particular,
for each A, R(copy;p(ay.ip(a)) is an identity on R(A).

Associativity: Ifs € ((A—B)— C) — D is such that R(S[A; B),
R(s[(B;C));R(s[(C; D)), and R(s[(A; D)) then R(s[(A;C)) if and only if
R(s[(B;D)).

To show that this means that composition is associative, suppose R is asso-
ciative, and : A —B, :B—>Cand :C —D. Thenifse( ; ); ,
by Proposition 3.2.11 there exists t € ((A — B) — C) —o D such that
tf/A;Be ,t](B;C)e ,t[(C;D)e andt]A;D =s, and R holds of all
these subsequences. So by assumption, R(S[(A;C)) implies R(sT(B; D)),
sos € ;( ;). The converse is entirely similar, so ( ; ); = ;(; ) as

required.

Proposition 3.3.7 Fach category Gr defined from such a rule R is symmetric

monoidal closed.

Proor: For games R(A); R(B), define the tensor product and exponential,
R(A)® R(B) = R(A® B), and R(A) — R(B) = R(A — B).

The isomorphisms of arenas between A x B and B x A, (A x B) x C and A X
(B xC) and (A x B) —o C and A — (B — C) define isomorphisms in G by
Definition 3.3.6, so the proof of symmetric monoidal closure goes through just as
in Proposition 3.2.13. O
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A result which depends on using rules and arenas to specify games is the following.

Proposition 3.3.8 Every game is specified by an arena which is a forest. (i.e.

one in which every non-initial move is enabled by a unique move).

PROOF: is for finite arenas, but can be extended to arenas of any size. Call a
move a ‘branching node’ if it is enabled by two or more different moves. Then
a finite arena is a tree (with respect to hereditary enabling) if it contains no
branching nodes. So the proof is by induction on the number of branching nodes,
that every arena is play-equivalent to a tree. Assuming A is not a tree, choose
m € My such that n; 4 m : i < Kk for some distinct Ny;Ng;::: Ny € My, but
there is no branching node hereditarily enabled by m.

Let A[m be the arena of moves hereditarily enabled by m (including m) with
enablings as in A. Define the arena A’ to be the same as A, except that it has
a separate copy of the subtree A[m attached below each n;. Then A’ has fewer
branching nodes than A, and J4 = J 4, as in any justified sequence over A, each
occurrence of m is justified by a unique occurrence of some n;, which defines
an obvious isomorphism of justified sequences (which preserves the labelling on

occurrences of moves). Hence R(A) = R(A') for any rule R. O

Note that the one-move arena, 0, with a single move (appropriately labelled), is
sufficient to define all finite arenas using the function space and product construc-

tions.

3.4 ‘Linear’ Games

This section describes a cartesian closed category and associated ‘linear decom-
position’ of a category of games, based on a single rule. The notion of linear
decomposition is borrowed from (intuitionistic) linear logic [29] and its categor-
ical models [11], but the purpose is not to define a full linear type structure.
Instead linearity is used to analyze how restricting repetition of moves can define
sound and complete models of control (i.e. pointed CCCs) and identify strategies
which correspond to functional programs with local control. This is organised
along the lines of [6] and [59]; in addition to the SMCC, a cartesian product
and co-monad ! such that (A x B) =IAR!B are described, so that the co-Kleisli
category of the ! is cartesian closed. So the ‘intuitionistic’ function type A = B
is modelled as |A — B.

The novel feature is that this is done using a notion of ‘linear’ move. The

role of the ! can then be explained in terms of relaxing linearity. In addition,
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using distinguished moves to define linear connectives will allow the ‘bracketing
condition’, describing local control flow, to be presented and analyzed using the

decomposition of classical and intuitionistic types into linear logic.

Definition 3.4.1 (Linearity rule) Any two distinct linear moves (those labelled
‘L’) occurring in the same justified sequence have different justifiers.

More formally:

L(sa) if L(a) =L implies that for allb € Occ(s), (b) =L implies (a) # ().
(Note that non-initial linear moves can occur more than once, so long as the dif-

ferent occurrences have different justifiers.)

However, there is a problem with this rule: — associativity of composition fails.
(This is an old problem, going back to Blass’ game semantics of linear logic ([13],

see also [5]).

Proposition 3.4.2 Composition of strategies on linear games is not associative.

ProOOF: Consider the following games and strategies :A —o B and :B — A,
where the initial move of B is linear, but the initial move of A is not (otherwise
they are the same)
and  just play copycat, which are valid strategies, as if B repeats its initial
move, the repeated linear move made in A is justified by the new move. Hence
; =idg,andso(; ); = forany :A —C.
But suppose repeats the initial move in A, justified by the same initial move
of C (again legitimate, as this is not a linear move). But this cannot be the
restriction to A — C of a sequence in || , however, as such a sequence would
also contain the initial move in B twice, justified by the same move, violating

linearity. Hence this play is not in ;( ; ) either. Thus ;( ; )# . O

This problem is caused by the possibility of forming arbitrary constructions with

linear moves. The solution adopted here is to restrict some of these possibilities.

Definition 3.4.3 An arena is well-opened if all of its initial moves are linear.

An arena is freely-opened if none of its initial moves are linear.

Compare this with McCusker’s definition of well-openedness for games [59] (Hyland-
Ong games are implicitly defined to be well-opened):

Definition 3.4.4 A game G is well-opened if sa € G and a is initial implies
s="\.
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So under the linearity rule, the well-opened games are precisely those specified
by a well-opened arena.

Well and freely opened games can also be combined.

Definition 3.4.5 The category of well-opened games VW, has well-opened games
as objects and pre-strategies on A —o B as morphisms.

The category of freely-opened games F, has freely-opened games as objects and
pre-strategies on A — B as morphisms.

The well and freely opened games form a category O in which

Objects are the well-opened and the freely opened games.

Morphisms from A to B are pre-strategies on A — B, provided that A is well-
opened implies B is well-opened (if A is freely opened and B is well-opened then
O(A;B) is defined to be empty).

In none of these cases can the pathology described above arise, and without this
possibility, associativity of composition is implied by the stronger property of

compositionality.

Definition 3.4.6 A rule is compositional if for alls € (A — B) — C,
R(s[A;B) and R(s|B;C) implies R(S[A;C), so that if : R(A — B) and
:R(B — C) then ; s a set of plays in R(B — C).

Proposition 3.4.7 Linearity of moves is compositional, and hence the categories
of well and freely-opened games and its subcategories of well-opened, and freely

opened games are well-defined.

PROOF: Suppose s € (A — B) — C, and L(s[A;B);L(s[B;C) , so L(s[A) and
L(s[C). Thus the only possible violation of linearity in L(SA; C) is if some initial
move in A is linear, but an initial move in C is not. But if C is not well-opened,
then A is freely opened, so this impossible.

The copycat strategy L(ida) is an identity in the category, as moves in S €
id||f : A — B are repeated with the same justifier only if they are repeated in

S|A; B € T with the same justifier, and are therefore not linear. 0]

The product of a well-opened and a freely opened arena is neither well, nor freely
opened, so this will not in general specify a well-defined operation in O. However,

it can be applied in both of its subcategories, with different results.

Proposition 3.4.8 The product of arenas (Definition 3.2.4) defines a cartesian

product on the category of well-opened linear games.
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PRrROOF: For well-opened games L(A) and L(B), define
L(A)&L(B) = L(A x B)

which is also well-opened.

Then L(A)&L(B) = {s € Juxp | S€ L(A)Vs € L(B)}, — since the initial move
is unique, it must represent a choice to play in one of the two components for the
rest of the game.

(Note that this is the definition of cartesian product of AJ games, and in [59]
etcetera.)

So for maps f; : L(A) — L(B); T2 : L(A) — L(C) there is a unique pairing

(F;9) ={s € L(A) — (L(B)&L(C)) |sEf Vs Eg}

such that (fy;fo); ; =T,

(The pairing operation for the tensor exists, but is not unique.) 0]

Not only is the subcategory of freely opened games a symmetric monoidal closed
category with respect to ®; —o, but the closure extends over the combined cate-

gory in the following sense.

Proposition 3.4.9 For any freely opened game B, the map
B — _: 0O — O is functorial, and the co-unit of the adjunction between
(B— J)[F and - ® B

App: (B—C)®B) = C

extends (with its co-universal property) to all objects C of O.
i.,e. OAA®B;C)= O(A;B —C) for any C.

PROOF: is by extension of Proposition 3.2.13. 0

3.4.1 The linear exponentials

The linear exponentials, ! and its dual 7, are introduced to linear logic to restore
the possibility of performing structural rules, with some measure of restraint. The
various translations of classical and intuitionistic types and proofs into linear logic
[29], [22], [31] are based upon the ‘decoration’ of linear formulas with sufficient
exponentials to permit the translation of all of the structural rules in the proof.
Such linear decomposition of the Hyland-Ong games has already been given, in
a different form, by McCusker. The main difference here is that the ! is modelled

as a local relaxation of the linearity conditions. Thus there is a direct connection
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between the linear decomposition, and decoration, and the global relaxation of
the linearity conditions. In the presence of the global rules applied in [59] (visi-
bility and well-bracketing) the interpretation of the relevant parts of the negative
fragment (!; ®; &; —o) proves to be play-equivalent to McCusker’s, so [59] is an
important source of detail. Both constructions are somewhat ad hoc, because the
Hyland-Ong games lack the structure to support the full range of linear types
satisfactorily. (The problem with the ! in [59] is that it is not a co-monad, as
there is in general no interpretation of the ‘dereliction map’ !|A — A. McCusker
goes on to show, however, that a true co-monad can be defined (an infinite tensor
product with an equivalence on strategies) which yields an equivalent CCC as
its co-Kliesli category.) Combining the well and freely opened games in a single
category here allows the ! to be described as a co-monad (at the cost of some
restriction of symmetric monoidal closure).

In order to define a co-monad, attention is restricted to a certain subset of

the pre-strategies, essentially those identified in [4] as being thread independent.

Definition 3.4.10 A (pre-)strategy : A is thread-independent if sa;t €  and
(s[c) = tjc (where € is the initial move hereditarily justifying a) then ta €

So thread-independent strategies are defined by their sets of threads. They are
employed (with a notion of polarity and determinacy) by Abramsky, McCusker

and Honda to give a semantics of general references [4].

Proposition 3.4.11 The thread-independent pre-strategies on linear games form

a well-defined category.

PROOF: The identity is thread-independent, since s € id, if and only if rfc € idy
(c initial) for every prefix r C S. Hence if sa;t € id4 and s|c = t]c, then
salC € idy, so tajc € idy, so ta € idy.

The composition of thread-independent strategies : A — B and :B — Cis
thread-independent.

First observe that the uncovering || is itself ‘thread independent’. Suppose
salbe | ,andt€ | . Then by thread independence of ; ,tajA;B € , and
talB;C € ,hencetac | .

The difficulty for going on to prove thread-independence for || [B;C is that
t/A; Cla = s[A; CJa does not necessarily imply that t[fa = s|a; the parts of the
thread which are hidden may be different. However, threads are in some sense

interchangeable, as shown below.

Lemma 3.4.12 Supposes;t € || , wheres is single threaded (well-opened), and

there is an initial move a in t such that tfa[A;C = s (but this is not necessarily
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the current thread). Then there exists ' € || such that t'[A;C = t[A;C, and
t'=(t'la) = t=(t]a) and t'la =s.

PROOF: is by induction on the length of t:

Suppose S;th € || , and thjaJA;C =s.

Suppose b is not hereditarily justified by a, then by inductive hypothesis there
exists ' € || such that t'[A;C = t[A;C, and t'=(t'[a) = t=(tfa). Thus in
particular t'[c = t[c, where C hereditarily justifies b. So by thread independence
of || ,tbe | ,and th satisfies the above conditions.

Suppose b is hereditarily justified by a, then either b EB — in which case the t/
satisfying the inductive hypothesis for t will also satisfy it for tb,

or b EA;C, so s =¢5b-u for some suffix u of moves wholly in B, and justified by
a. Then by inductive hypothesis there exists ' € || such that t'|A;C = tJA; C,
and t'=(t'Ja) = t=(tfa), and t'[a = s'. By repeated applications of thread

independence, t'b-u € || , (and t'h - u satisfies all of the other conditions as
well). O
So to show thread independence of ; |, suppose sa;t € ; , and salb = ta[b.

Then by the lemma there exists t'a € || such that t'[A;C =t, and t[|A;Clh=
salb, and hence t'c[A;C =tac ;

Definition 3.4.13 For any arena, A, obtain |A by relaxing the linearity condi-
tion on the initial moves of A. For any game G = L(A),

G =L(!A):

For thread-independent : A — B, define the pre-strateqy! to be the least prefiz-
closed set of sequences of L(!A —o!B) such that
ifs€! | andsalb e |, for someb hereditarily justifying a, then sa €! .

The following facts are immediate:

e the image of ! is the category of freely opened games and thread-independent

strategies,
e its restriction to that category is the identity,

e hence it is idempotent.

Proposition 3.4.14 ! is a co-monad on the category of well and freely opened

games and thread-independent strategies.
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PROOF: ! is an endofunctor on O:

For :A—B; :B—C, !(; )=!;!:— proofis by induction on sequence
length.

Suppose sa €!( ; ), so that s € ;! by hypothesis, and safb € ; , and hence
salb €! ;! so by thread-independence of ! ;! ,sa €! ;! as required.

Ifsae! ;!  thense!l( ; ), and there exists t € ||! such that t[/A;C = sa.
tbj/A;B € . and t[b|B;C € , by thread independence,

hence tf[A;Clb=salb € ; ,and sosa€!( ; ), by definition of !.

There are natural transformations, — dereliction, der :! — Id, and promotion,
prom:!! —!. But these are both trivial copycats as | =!I, and ders :!A — A'is
just given by the same function from threads to moves as the identity.

For A; B € O which are both well-opened or freely opened
I(L(A)&L(B) =!L(A x B) =IL(A)®!L(B)

so in particular, there is a contraction map cony :!A —o!A®!A which is the strategy
' 4, where : A — A x A is the diagonal map for x.
The following naturality property for contraction is then reducible to functoriality

of ! and X.

cony

IA——A®!A

!al l!a@!a

IB ——z 'BR!B
O

Since ! is a co-monad, it has a co-Kleisli category, Oy, which has the same objects

as O, and as morphisms from A to B, thread-independent strategies on !A —o B.

Proposition 3.4.15 O, is cartesian closed.

PRrROOF: The generalised product has been shown to be cartesian on well-opened
games; it remains to show cartesian closure.
O(AxB;C)=0(1(AxB);C)=0(Ax!B;C).

By the extended symmetric monoidal closure (Proposition 3.4.9)
O(Ax!B;C)~= O(!A;!B — C)

= O\(A; B = C) as required. O

Thus a global relaxation of the linearity rule yields a CCC.

Corollary 3.4.16 The category of arenas and thread-independent pre-strategies

(the image of the well-opened games under!) is cartesian closed.
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3.5 Two-player arenas

A fundamental and distinctive aspect of game semantics is that interaction is
modelled as a dialogue between different agents. The simplest and most important
case simply distinguishes ‘Player’, — the system, from the rest of the world, —
the environment (‘Opponent’). Games need not be seen as competitive, however,

but as co-operative efforts between program and input, to produce a useful result.

Definition 3.5.1 An alternating arena, (M;F;{O;P} C L; ) is an arena in
which the set of moves is partitioned between Opponent ‘O-moves’ and Player
P -moves’. In other words, the projection of the labelling function as °F: M —
{O;P} is total. (Sometimes the complementarity O = P; P = O will be used.)
It is further required that

o All initial moves are Opponent’s: x = m implies ©F(m) = O,

e Enabling alternates between Opponent and Player: m = n implies 9F(m) =
OP(n).

Definition 3.5.2 A justified sequence satisfies the alternation rule if its moves
are made alternately by Player and Opponent:
A(sab) if and only if A(sa) and ©F(b) = OF(a).

Now that there is a notion of polarity, pre-strategies can be refined to strategies.

Definition 3.5.3 A strategy on game A is a non-empty even-prefix-closed set of

alternating sequences in A.

The adjustment from pre-strategies as prefix-closed sets, and strategies as even-
prefix closed does not radically alter the structure which has been built up so
far. A pre-strategy over an alternating game can be transformed to a strategy by
erasing all of its odd-length sequences. Odd-length sequences are re-introduced
to strategies in a limited way, to represent escapes, in Chapter 5, Section 5.3.2.
In fact, it is necessary to modify the definition of the ‘function space’ con-
struction —o slightly in order to define an alternating arena, as the initial moves
of A in A — B were originally Opponent moves, but are justified by the initial
(Opponent) moves of B. (Suggesting that alternation is a rather more funda-
mental kind of rule to the others considered here.) The solution is to invert the
Player/Opponent labelling on moves in A, in accordance with the fact that A

appears negatively.
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Definition 3.5.4 Form the alternating function-space arena A — B as in Defi-
nition 3.2.4, except that

aLp(m) = §7(m), if m EMg,

aLp(m) = 47(m), if m EMy.

However, the ‘switching condition’, (of [5], for instance) which says that Opponent
must play in the same component as the previous move in a game A — B (and
similarly Player must do so in A®B) is neither implicitly nor explicitly included in
this definition (it does not hold in the games model of references [4], for instance).
Composition of strategies over alternating arenas is defined as for pre-strategies,
except that the Player/Opponent labellings on arenas of the form (A — B) — C
are ignored (necessarily, as there is no coherent way to label the moves in the
B component). The labelling is restored by inference from the ‘alternation of
justification’: i.e. initial moves of S[A; C are Opponent moves, and the polarity

of any other move is the complement of its justifier.

Proposition 3.5.5 Alternation of even-length sequences is a well defined rule,

and the category of alternating games and strategies is well-defined.

PROOF: Prefix closure and invariance under isomorphism is obvious. For any
alternating arena A, every justified sequence in id, is alternating, as each odd
(Opponent) move is followed by a copy from the other component, which will
have complementary polarity by the Player/Opponent inversion described above.
To show associativity, first note that a sequence S of even-length is alternating if
and only if for every even segment t (continuous subsequence) of S, the number
of Opponent and Player moves is equal (write O(t) = P (t)).

Suppose S € ((A — B) — C) — D is such that all of

(S[A — B); (sS|B — C); (S|[C —o D); (S|[A —o D) are alternating and even length.
Then it is necessary to show that SJA —o C is alternating and even-length if and
only if S[B — D is (for which the two cases are entirely similar).

Proof is by induction on sequence length, so suppose every even segment of S|
A —o C is alternating and even-length. Then by induction, every proper even
segment of S|B —o D is alternating. So it is sufficient to show that

O(s|A;C) = P (sJA; C) implies O(s|B — D) =P (s[B — D).

But O(s|B — D) = O(S|A — D) + O(s|B — C) — O(s|A — C)
=P(SJA—-D)+P(sjB—-~C)—P(s|[A—-C)=P(s[B — D) as required. [

Note that the alternating version of the one-move arena, 0, specifies the one move

game, as there are no Player responses. This game will also be written 0.
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Strategies are further required to be deterministic, although there is clearly
scope to study the semantics of concurrent languages by allowing non-determinism

(this ‘axis of the intensional hierarchy’ is currently being explored by Harmer [34]).

Definition 3.5.6 (Deterministic Strategies) A strategy is deterministic if
sa;she = a=h:

Thus a deterministic strategy on G is determined by a partial function from odd-
length sequences of moves in G (situations with player to move) to justified moves.
As expected, the identity strategy (and all other copycats), are deterministic
strategies, and determinacy is preserved by composition.

It has now been established that the category of of alternating games and
thread-independent deterministic strategies is a pointed CCC (with the one-move
game as answer object), and so this specifies call-by-name and call-by-value mod-

els of control, via the families construction and the monad of 0-continuations.

Proposition 3.5.7 (G;;0) specifies a continuous computational model of con-

trol.

PROOF: G, is cpo-enriched with the inclusion ordering on strategies as sets of
plays, which is complete, as for any chain { ; : A | i € 1} (or directed set),
Ui, @ is a thread-independent strategy. Moreover, composition in the cartesian

closed category is continuous with respect to this ordering, because:

e composition by ‘parallel composition with hiding’ in the symmetric monoidal

category is clearly continuous,

e the promotion operation for the co-monad ! preserves least upper bounds:
T :IA —o!B is defined by the same function from single threads to moves
as :!A — B and hence for any chain | = (Uie, -

€w 1
McCusker shows in [59] that recursive domain equations can be solved in cat-

egories of games such as G,;. In particular, G has !-indexed products as a

particular case of the generalized product (Definition 3.2.4).

Definition 3.5.8 Given any arena A, define the arena A“ = I;c A.

For any i, there are obvious (partial) structure-preserving maps

E;: Al - AP, : AY — A® such that E;;P; = 1Dy and | |.., P E; = 1D gw.
So the embedding and projection pairs for the countable product are given by

e, : A = copypg, and p; = copyg p-

€W
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3.6 Views and innocence

Following Hyland and Ong, constraints on games and on strategies which reflect
functional behaviour by restricting access to the history of the computation can
now be described. The Player and Opponent views of a justified play give a
notion of ‘relevant history” which proves important for understanding several as-
pects of the intensional hierarchy. They are related to the restriction operation
which projects the current ‘thread’ of play, and defines the thread-independent

strategies, but in quite a subtle way.
Definition 3.6.1 (Player and Opponent views.)

The Player view of a finite, justified alternating sequence S, is written s and
defined inductively on the length of s, as follows

U L

"sa'="s'a;, ifaisa P-move.

"sa'l=a,; if x - a.

Msa-th' ="s™ab; if b is an O-move justified by a.

There is a dual notion of Opponent view, LS_:
I_llJ — m,
LSau = .S.a; if a is an O-move.

Lsa - thy = Ls_ab; if b is a P-move justified by a.

In order for the (Player or Opponent) view of a justified sequence to be a

justified sequence itself, he must respect the constraint of wvisibility.

Definition 3.6.2 (Visibility) A justified sequence sa obeys the visibility rule V |
if for every occurrence a in S, the unique move in S justifying a is in the view (of
whoever is making the move a).

V(sa) <=V (s)Asaeven= (@) € Occ("s") Asa odd = (a) € Occ(Lsy).

As noted in the previous section, games without the visibility condition, and
thread-independent strategies, form a cpo-enriched CCC, and hence a basis for
models of PCF. Moreover, Abramsky, Honda and McCusker showed in [4] (in
essence) that as well as PCF, higher-type references can be interpreted in this
category. This built on the work of [2] which gave semantics of ground-type as-
signments by dropping the condition of innocence on strategies (see Section 3.6.1).
As visibility can be considered as a rule applying only to Player strategies (which

is sufficient for Player views to be justified sequences) the innocent strategies
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satisfying this rule form the purely functional core of this model, which can be
shown to be finitely definable using the results for PCF on its own. There are fac-
torization results showing that all thread-independent strategies can be written
as the composition of one obeying visibility (and innocence), and some canonical
representation of storage cells. These results were obtained in the presence of an
additional rule, — the ‘bracketing condition’, but they extend naturally to control
models as well. Anticipating the definability result for the innocent games model
of PCF, the following working hypothesis can be given:
the models of control generated from the CCC of thread-independent strategies,
and the one move game are fully abstract for PCF with higher-order references.
The work that remains to be done to prove this concerns soundness and adequacy.
The model without visibility is not yet well understood; the wild behaviour of
strategies can be counterintuitive. With the the addition of control operators,
things become even more complicated, one can use references and call=cc to
store continuations and invoke them in unusual places.

The visibility rule is assumed to apply to all plays of the games considered
henceforth (these are the ‘legal’ sequences, as in [43] etc.). This, however, is the

only rule strictly required for the initial games model of control.

Definition 3.6.3 An ‘unbracketed’ game is one generated from an alternating
arena by the rule visibility alone. (So called because the magjor difference from the

games of Hyland-Ong and McCusker is the absence of a bracketing condition.)
The following results about visibility appeared in [43].

Proposition 3.6.4 FEvery Player and Opponent view of a sequence satisfying

wisibility is a well-formed justified sequence.
PROOF: is straightforward by induction on sequence length. 0

Closure under views can thus be added retrospectively as a well-definedness crite-
rion for rules (it is satisfied by linearity and alternation). The following properties
of plays satisfying visibility appear previous work such as [5],[6], [59] (often in def-
initions of games), going some way to explaining the significance of this rule as

a measure of ‘good behaviour’.

Proposition 3.6.5 (Switching condition) if sab € V(A ® B) is an even-
length sequence then a EM 4 implies b EMy and a EMp implies b EMp.
(Similarly if sab € V(A — B) is an odd-length sequence such that b is in the
same thread as a (or B is well-opened), then a EMy implies b EMy and a EMp
implies h EM3p.)
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PROOF: is by induction on sequence length, showing that if Opponent’s last move
inseV(A®B) isin A, then "s™is wholly in A, so Player’s next move must be
in A, and if Opponent’s last move is in B then "sis wholly in B. OJ

Proposition 3.6.6 (Projection condition) For unbracketed games A; B
A®B={scJiws | SIA€ AASIB € B},

A—-oB={seJds.p|SIAc ANsSB € B},

IA={s € Jis | Va (initial) sfa € A}.

PROOF: is in [43] (in essence). It is also a corollary of Lemma 5.4.9, in which it

is shown that the projection condition holds for plays which are innocent. 0

Each additional rule R preserves the projection condition provided that for s €
V(A — B), R(s) implies R(s[A) and R(s[B).

Proposition 3.6.7 The unbracketed games form a category.

PRroOOF: The identity strategy always obeys the visibility condition with respect
to Player moves:

If sab € id4 then b is a copy of a, and is justified by the move preceding the
justifier of a, (of which the latter is a copy). This is the penultimate Opponent
move in the view. Associativity is a consequence of the fact that the visibility
rule is compositional (i.e. the composition of strategies satisfying the visibility
condition satisfies the visibility condition.) The is proved in depth in [59] following
[43]. It is a corollary of the fact that innocent strategies compose, which is
established in there and indirectly in Section 3.7. 0]

3.6.1 Innocent functions and strategies

The cartesian closed category of well-opened games and strategies was constructed
by placing a linearity constraint on (initial) Opponent moves. Composition of
well-opened strategies was defined using a projection from games without this
constraint (restriction to the current thread). The projection also defined (as its
image) a cartesian closed subcategory of the well-opened games, — the thread-
independent strategies.

In order to identify the functionally definable part of this CCC, corresponding
constraints and projections are applied to all of the Opponent moves and threads
in a game. This defines the innocent functions, — strategies which have responses
only to sequences in which Opponent plays linearly, using the Player view to
project less restricted sequences into these games. The image of this projection

consists of the innocent strategies [43].
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Definition 3.6.8 An innocent function on an arena A is an even-prefix-closed
and evenly branching set of Player views of plays in A. This definition can be
expressed in another way, by saying that an innocent function is a deterministic
strategy on the game obtained by labelling all of the Opponent moves in A as
linear. The views act as a projection from sequences in A to sequences in the

‘Opponent-linear’ game with the same arena.

Each innocent function : A defines a strategy on the unbracketed game A by
composition with the view-function from sequences to views. Or this can be

written as a set of traces.

Definition 3.6.9 For an innocent function , define the strategy , as the in-
ductive closure of the following definition (assuming sequences are alternating and
Justified):

"e

se yAfsab'e —=sabe

(So  satisfies visibility.)

The image of this embedding consists of the ‘innocent strategies’.

Definition 3.6.10 A strateqgy is innocent if its moves are determined only by the

wiew of the game so far: i.e.
sab;te Afsa'="ta'=tabe

Note that this includes a certain ‘liveness’ condition which is redundant in the
setting of unbracketed games; not only does a strategy have the same response
to every view, if it ever has a response to a given view, that response is always

valid, hence.

Proposition 3.6.11 An innocent function  specifies an innocent strateqy on a
game G if SN G is even-length for alls € .

Definition 3.6.12 For any strateqgy : A, let™ 7={"s7 | s€ }, sothat™
is an innocent function on A if is an innocent strategy on R(A).

Define the composition of innocent functions: A —B and :B — C:

. _r . A
P X Y -

For this definition to make sense, it is to show that the composition of inno-
cent strategies is innocent. This is a non-trivial fact which is verified (for well-

opened, well-bracketed games) in [43], and [59], and, less directly, in the proof
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of full and faithful completeness in the next section. For the moment, assume
that the composition of innocent, unbracketed strategies is innocent. So the un-
bracketed games and innocent strategies form a category, which will be written
G. The following proposition is a formalization of the remark made above, that
views/innocence are a generalization of thread projection/thread-independence.

This an important part of the proof of definability.

Proposition 3.6.13 (Bang lemma) For any innocent strategy : A

)

lo o-

PROOF: is by noting that only (part of) the current thread is visible to Player,
i.e. the Player view of S € Pj4_. 15 is the same as the Player view of sja € P4_,p,
where @ is the occurrence of an initial move in B hereditarily justifying the last

move in S. [l

It is a useful additional property of views that by concealing Opponent’s bad
behaviour, they can be used to project strategies over games governed by rules
into unbracketed ones, thus embedding models of purely functional languages,
for instance, into models with non-local control. (This remains a problem for
knowing (i.e. non-innocent) strategies: one can, for instance, use state to define
a strategy which detects manipulation of the control flow by the Opponent, but

without using local control flow itself.)

Definition 3.6.14 A rule is embeddable if it obeys the projection condition, and
for every justified sequence on A —o B such that R(S[A) and R(S[B), but s itself
wolates R, SN R s odd-length. In other words, if a play on A — B wviolates R,

but its restriction to each component does not, then the fault is Player’s.
(So linearity, for instance, is embeddable.)

Proposition 3.6.15 For a category of (visibility satisfying) games and innocent

strategies Ggr, based on a compositional, embeddable rule R,
R(A) — V (A):

et rr

defines a faithful functor into the category of unbracketed games and innocent

functions.
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Proor: Given :R(A) — R(B); :R(B)— R(C), it is necessary to show that

I'p‘l; 1= Toyr -

The inclusion from right to left is straightforward.

From left to right it is sufficient to show that as long as Opponent adheres to the
rule R on r,v; rpn, then so does Player. So suppose sab € r || r;is such that
b is a Player move in A or C, and sa[A; C obeys R. It is sufficient to show that
this entails that R(saJA; B) and R(sa[B;C). Then salA;B € and sa[B;C €
and so sab[A;C € ; as required.

By the projection condition, R(sa[A;C) implies that R(sa[A) and R(sa[C).
Hence also R(sa[B), as otherwise or violate R. By definition of an embeddable
rule, if saJA; B violates R, then the first move to do so is a Player move, which

is not possible, as  obeys R, and similarly, sa|B; C obeys R. ]

Remark 3.6.16 A consequence of the above observation is that the set of views
of an innocent strategy is sufficient to determine whether it originates from a
game satisfying the rule R. A natural question follows: is there a simple charac-
terization of innocent R-strategies in terms of their view-functions, allowing the
relevant subcategory to be identified. In the cases of wvisibility (Player views are
Justified sequences) and the well-bracketing rule which will be introduced (Player

views are well-bracketed), the answer is yes.

3.7 The pointed CCC of games and innocent
strategies is initial

Rather than showing separately that unbracketed games and finite innocent strate-
gies form a category, that it is cartesian closed, and finally that it is a full and
faithfully complete model of A(£2), these facts are established together, by identi-
fying it as the image of the functor from the free partial cartesian closed category
over a single object. This is an economy of space; the direct proof that innocent
strategies compose, which can be found in [43], and [59] is detailed but not es-
pecially illuminating. It does not seem inappropriate to establish soundness and
completeness jointly; the innocent strategies can reasonably be defined as the
image of the initial functor, and their composition can be described accordingly.
(The fact that there is a well-defined notion of composition on Béhm trees, in a
sense the syntactic counterpart of innocent functions, has been shown by Curien
and Herbelin [20].) In addition, the isomorphism of the unbracketed model to the
free CCC is quite a general result in that it characterizes innocent composition

in the whole category of finite games and strategies.
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Proposition 3.7.1 The category of finite unbracketed games is isomorphic to the
(pointed) cartesian closed category of games freely generated from the one-move

game 0. (With L-maps given by the empty strategy in each case).

PROOF: Proof is by induction on depth of the game tree; i.e. the longest justi-
fication sequence. Suppose G is a finite, non-empty unbracketed game. Then by
Lemma 3.3.8, G is generated by an arena which is a forest. So G is generated
by some arena A; X Ag X :::A,, where Aj; As; i1 A, are trees, and so each A;
is equal to B; = 0, for some forest-arena B; of strictly smaller depth, and so by

hypothesis, B; can be constructed form 0 with x and =, hence A can as well. [

Hence the unique functor from the free pointed CCC over a single object to the
pointed CCC of finite games and strategies is surjective on objects. The image

of the functor is identified by proving the following theorem.

Theorem 3.7.2 The image of the unique functor from the free partial CCC to the

category of games and strategies consists of precisely the finite, innocent functions.

Corollary 3.7.3 The innocent functions form a pointed CCC, of which the fini-
tary part is a fully and faithfully complete model of A(€2).

3.7.1 Characterizing the initial model

The fact that the free pointed CCC is a fully complete model of the simply-typed
-calculus with non-termination defined in the previous chapter allows the functor

from it into the games model to be defined by inductive decomposition as follows.

Definition 3.7.4 (Evaluation trees of A(Q2)) The ‘evaluation trees’ of A()
are familiar as  -long normal forms. Writingt € N(I'; T) for t is an evaluation
tree of type T over context I'’, they can be defined as the closure of the following

inductive definition (products and the terminal type are omitted):

QeN(T; )

teNT)y: T= ;T):i<n
(Yt) t) =) L eENTY:T = ;)
te N(I'; x: S;T)
xteNI[;S=T)

Proposition 3.7.5 Every finitary term of A(Q) is  -equivalent to a finite eval-

uation tree.
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PROOF: for the simply-typed -calculus without constants is in [8]; this extends
readily to A(€2) by considering €2 as an unbound, ground-type variable. OJ

Corollary 3.7.6 A model (C;a) of A(Y) is fully and faithfully complete if and
only if every map T : A — a has a unique decomposition in the following sense:
either £ = 17, or

T = (( & ((Mi]as [Ma]ag 22 [Ma]ag)); App)

for some evaluation trees M; € E(I'; A;) -1 < n.

Definition 3.7.7 The unique functor from the initial model to (C;a) can there-
fore be defined on objects as F([ ]) = a, and F([S = T]) = F([A]) = F([B]),
and on morphisms:
F(Llp) = La,
F(((91:02::::00)); App) = ( 45 (F(01)i F (G2); 12 :F (Gn))); App.
F(A(9)) = A(F(9))-
Thus to identify the fully complete model inside C it is sufficient to find a set of
morphisms Z(A; B) C C(A;B) at each A; B such that for each
A = Hicn(Zj<m, Biy)

I(Asa) = ([ e C(A x By j;a)),

iel

(writing ;< B ; for the weak co-product (Ili<,,,(Bi; = a)) = a and [] for
disjoint union of sets).

The isomorphism is given by
(F30) — ({913 02322 Gimy)); APD:

Moreover this must be a least solution to the above recursive equation so (follow-

ing Abramsky [1]) a norm function ]4 5 : Z(A; B) — N is required such that
100 50911023222 9n)): App) > 1(g:) T <

As this identifies 7 as the image of a structure preserving functor into C, soundness

is automatic.

Proposition 3.7.8 If C is a pointed CCC, with a normed set of morphisms T
satisfying the above criteria, then the subcategory of C with objects freely generated

from a, and morphisms in I is isomorphic to the free pointed CCC.

PROOF: is via Corollary 3.7.6 above, by induction on norms;
if fe I(K; a) # L, then ¥ = ( ;;(91;02;:::0,)); App, for some i, and ¢1;:::0,
such that ](f) > g; for each j, so by induction each g; = [M;,] for some evaluation

tree M;. [l
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3.7.2 Axioms for denotational completeness in models of
control

It is now possible to present an axiomatic characterization of denotational models
of A(2) which are fully and faithfully complete, being (least) solutions to a recur-
sive equation on hom-sets. This gives a relatively elegant and economical proof of
definability for the games model, and by identifying precisely the assumptions on
which it is based, could allow the results achieved in this thesis to be generalised
to new models of control (using games, or some other presentation). Well cho-
sen axioms may even help to identify more elegant constructions as they contain
implicitly an abstract characterization of the initial model of control.

This approach was initiated by Abramsky in ‘Axioms for full abstraction and
full completeness’ [1]. This axiomatised definability results for models of (call-by-
name) PCF, and full (and faithful) completeness for models of the pure simply
typed -calculus over a single base type (i.e. the free CCC over a single object)
(‘sequential’ and ‘pure sequential’ categories, in his terminology). The axioms
given here, and the resulting definition, are somewhere between the two, incor-
porating the partiality structure of one with the simple structure at ground type
(no values) of the other. In fact this allows the axiomatization to be simpli-
fied slightly. The major extension in their scope, however, is that via the (fully
complete) cps translations, they can be regarded as ‘axioms for definability in
models of control’. Notwithstanding the indirectness of the interpretation, the
axioms themselves are directly relevant to models of control; as will be shown,
they characterize the answer object as minimal, continuations as -atomic, and
the underlying category as sequential.

It is also necessary to state the axioms differently, as soundness of the models
was assumed in ‘Axioms’, whilst here it is simply assumed that the axiomatized
maps form a subset of each hom-set of a pointed CCC. Refining the axioms in
this way makes sense in the context of the intensional hierarchy, as it is consis-
tent with the aim of identifying fully complete models of functional languages as
subcategories of more general categories with fewer constraints.

The axioms assume the following structure on a pointed cartesian closed cat-

egory C:

e a linear decomposition into a symmetric monoidal closed category £ with
a co-monad ! such that C(A;B) = L(!A;B), and A= B =!A — B.

e proposed definable morphisms T in L. These are given as a specified,

normed subset Z(A;B) of each hom-set of £, containing the identity, ter-
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minal and bottom maps, and preserving products
(ie. ZA;B X C)={(f;9) | F € Z(A;B);0 € Z(A; C)).
All further requirements for Z are contained in the following axioms (it need

not be assumed to be a category, for instance).

Recall also the notion of strict map; morphisms f : A — B such that L 4; f = L3,
and the subcategory Cg with the objects of C, and strict maps as morphisms
between them. In the various categories of games, the (non-L1) strict strategies
from A to B are those which follow the initial move with a move in A.

The axioms have a uniform flavour — each takes the form of a statement that
a canonical mapping between hom-sets of L is a bijection on the restriction to
maps in Z which preserves or reduces their norms. Hence they are presented as
an isomorphism between sets of Z-morphisms, although the additional structural
details are crucial. (The first three characterize the answer object, and the latter
two are more general lemmas about sequentiality which have appeared in some
form in the decompositions of [6], [43], [59].) The intended interpretation of Z in
the category of games is the innocent strategies. Although the ‘linear decompo-
sition’ for G described in Section 3.4 is not standard, the properties required by

the following axioms are present, so the proof goes through for G.

3.7.2.1 Minimality of the answer-object
Z(1;a) ={l.}:

Anticipating the use of a as an ‘answer object’ for a continuations monad, this
condition can be seen as a necessary condition for preventing ‘junk’ from being
introduced into the semantics by a choice of answer object which is ‘too large’,
since an interpretation of a term over (A —o a) — a

must either be L or the lifting of an element of A. An answer object which includes
other possibilities, such as the choice of the flat domain of natural numbers as an

answer object in [80] violates this axiom.

Lemma 3.7.9 [t is equivalent to the following condition from [1]:
All maps into the answer object are strict:
for any A, Is(A;a) = Z(A; a).

PRrROOF: For a non-strict map into a to exist, there must be a non-_L map from 1
to a, whilst if all maps into a are strict, in particular, if ¥ : 1 — a, is strict, then
J_l,f - ldl,f - J_l. OJ

This axiom can in certain circumstances be subsumed into the following property.
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3.7.2.2 Contravariance of (linear) continuations
Zs(A — a;B —a) =2 Z(B;A).:

More precisely, there is an inclusion of maps of L(B;A), in L;(A — a;B —o a):

* — J—A—oa,B—oa
(f:B—A) — A(ida—a ® F; App);
and the axiom stipulates that:

e its restriction to the maps in Z is an isomorphism,

e it is strictly increasing with respect to the norm function
(i.e. J(F:B — A) <](A(ida—, @ f; App)))

(In G, any strict, non-bottom strategy from A — a to B —o a responds to the
initial move in B —o a by playing the initial move in A —o a, Opponent plays an
initial move in A, henceforth Player must play according to a (smaller, innocent)
strategy on B —o A.)

This axiom is essentially a form of Abramsky’s ‘linear functional extensionality’[1].
In a control setting it can be seen as stipulating that a (non-_L) morphism between
linear continuations is always in the image of a the functor - —o a. In the situation
in which 7 itself is given to be a SMCC, however, it also characterises a as a

minimal ‘standard datatype’, making the first axiom redundant.

Proposition 3.7.10 If the contravariance axiom holds for the SMCC L, then it

entails minimality of a, and hence that all maps into a are strict.

PROOF: a and 1 —o a are still isomorphic in L, as all isomorphisms are strict
maps, and so by the contravariance axiom

Ls(aja) = L(1 — a;1 — a) = L(1;1).. Therefore there are just two distinct
maps in L£4(a;a), id, and L, (these are distinct, as otherwise

1la: 1 — ais an isomorphism, and a is terminal, contradicting the fact that
there are two maps from a to itself).

Hence if f : 1 — a, t,;f = 1, ., (where t, is the terminal map from a) as T is
not an isomorphism either.

So L= la;laa=(Llata); T =idy; T =T as required. O
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3.7.2.3 -atomicity of continuations
Zs(B;A—a)+Zs(C;A—a) =2Zg(B x C;A —a):

Specifically, there is a map into Lg(B x C; (A — a)) from the coalesced sum
Ls(B; (A —a))+ Lg(C; (A —a)), which sends f : B — A — a to ;T and
f:C —>A—oato ,;f. For morphisms of Z, this is required to be a bijection
such that 1(f) =1( +T)

This property of (target) objects is called -atomicity in [1], following Joyal. In
G, all objects A — 0 are -atomic, because they have a unique initial move. So
the first Player move in a strict strategy on B x C — (A —o 0) is always in B or
C, and by definition of the cartesian product, the remainder of the play is a play
inB — (A—0)orC— (A—0)

3.7.2.4 Linearization of head occurrence
Z,(A; A — B) = Z,(!A; B):

i.e. the canonical map from L,(A;!A — a) into L,(!A; a):

T — cony; ((f ® dery); App) is a bijection on maps in Z, and

1(f) = 1(cony; ((f ® dera); App)).

Linearization of head occurrence in a strict strategy :!A — B in G is simply
a matter of relabelling the first opened thread in !A as a play in an additional
premise A, to yield : A — (IA — B). This preserves innocence, as in any
play according to a strict strategy on !|A —o B, the initial move in the first thread
opened in !A appears in every subsequent Player view. (Compare with e.g. Danos,

Herbelin and Regnier’s notion of ‘linear head reduction’ [21].)

con

IA—=ARIA

fl l id®der

B<—f A®A

A~

Figure 3.1: Linearization of head occurrence (f — T)

3.7.2.5 Uniformity of threads

T(A; (B — a)) = Z(IA; [(B — a)):

That is, the ‘promotion’ mapping from L(!A; (B — a)) to L(!A; (B —o a)) which

sends f :!A — (B — a) to f1:1A —o!(B —o a) = prom; !f is a bijection on maps
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in Z. Since by definition of promotion, f; derp—y = T, this means that for all

g€ Z(!A; /(B —a)), (g; derm)T = g. The fact that this holds for all innocent

strategies in G has already been noted as the ‘Bang lemma’ (Proposition 3.6.13).

Definition 3.7.11 A partial sequential category is a pointed CCC, C, together
with a specified non-terminal object, a, which decomposes into a pointed affine

category L.

The category of AJM games and strategies (where Z is the subset of history free

strategies) provides another example of a sequential pointed CCC, — almost!

3.7.3 Axiomatic decomposition

Theorem 3.7.12 (Decomposition in a sequential, pointed CCC) Let (C;a)
be a category with a linear decomposition L, and normed subsets of maps T sat-
1sfying the axioms above.
If Aq; Ag; it A, are objects of S such that A; = 1<, Bi; = a =!(11;<;,B; ;) — a
then

I(Mi<nAsia) = (Sicullj<m, Z(((A); Big))s:

PROOF: (along similar lines to the decompositions in [1])

By Minimality of answer-object, or Proposition 3.7.10
T(MLi<, A a) = Ts(i<,, A a)

by Linearization of head occurrence, this is isomorphic to

= Is(i<n((ILj<m,Bi;) — a);[(A) —o a)
by -atomicity of (!/(A) —o a), to

= (BiznZ({(LjzmBiy) — al(A) — a))
so by Contravariance of continuations, to

>~ Vi Z(W(A); /(ILj<pn, Bij))-

and hence by Uniformity of Threads, to

= B Z(1(A); <, Bij)-
and by definition of the product, to

= Ezgnﬂjﬁmzz('(z)’ Bi’j)*
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(Note also that the norm of each map is strictly greater than the greatest norm
in its decomposition.)

Moreover, the inverse of each component of the isomorphism has been character-
ized as a canonical map in the linear category, so by composing these maps the
decomposition can be given as follows:

For any f € Z(!A;a), either f = 13 or there is a unique i € n and family of
morphisms {g; € Z(A;B;;) | j < m;} such that

f = cong; (dery; 1) ® (g1;::1g5; 110 App

where ](f) <max{](g1);:::1(gn) }- O

Figure 3.2: Decomposition of an innocent strategy on A — 0

This simplifies to a decomposition in C as follows.

Corollary 3.7.13 In any pointed sequential category with objects A = TLi<,A;
where A; = (1<, B;; = a) = a

I(A;a) = Sicnlicm, Z(A; B, ;)
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where the bijection is characterized
(F;0) — (i (905:::Gm,)); App

for unique g; : j <m; such that ](g;) < ().
Hence the category which has objects generated form a by x and =, and mor-

phisms from I is isomorphic to the free CCC.

Corollary 3.7.14 A normed sequential partial CCC' is isomorphic to the free
partial CCC, and is a fully and faithfully complete model of A(€2).

Danos, Herbelin and Regnier [21] show that the correspondence with -terms
extends to the interaction between strategies. They describe a process of eval-
uation of -terms to weak head-normal form by ‘linear head reduction’, and an
abstract machine (due to Krivine) for implementing it. The pointers generated
by the machine in the course of evaluating the application of one term to another
are in bijective correspondence to the ‘uncovering’ of the interaction between the

strategies which denote the terms.

3.8 The games models of control

The constructions described in the previous chapter can be applied to the cat-
egories of games and innocent and knowing strategies, to give games models of

call-by-name and call-by-value control.

Proposition 3.8.1 The models of control specified by (G;0) (by the strong monad

of 0-continuations on fam(G)) are initial.

PROOF: is by the proof of full completeness above, together with the proof in the
previous chapter (Proposition 2.3.7) that any model of control given by (C;a) is
initial if C is the free pointed CCC over a. O

A significant point is that (unlike the abstract, categorical case) the completion of
the games presentation of the initial model of control as a cpo-enriched ‘continuous

model of control’ is now straightforward.

Proposition 3.8.2 (G,i;0) specifies a continuous computational model of con-

trol.

PROOF: is as for the CCC of games and thread independent strategies (Proposi-
tion 3.5.7), noting that the least upper bound of a chain of innocent strategies is

imnocent. O
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By Proposition 2.5.9, every definable morphism of a control model is a supremum
of an Y-chain of morphisms from the CCC, and by the Definability Theorem, these
are the innocent strategies with finite norms (view-functions). This generalises

simply as follows:

Proposition 3.8.3 G is Y-algebraic, with the compact strategies being precisely

those with finite view-function.

Thus the denotational part of the definability problem has been solved; all
that remains is to give a complete syntactic and operational characterization
of models of control. However, the non-reductionist project of characterizing
control within the intensional hierarchy remains. The notion of ‘weak co-product’
monads on Fam(G) which yield call-by-name and call-by-value semantics provides
a convenient structuring principle for this problem. Three such monads will be
defined, each of which gives a different level of access to control flow. These can
be characterized as higher-order control, first-order control, and strictly local.
The can be derived from the ‘linear decomposition’ of the category of games
which has already been described, based (albeit with various degeneracies) on
the translations of intuitionistic and classical types into linear logic described in
Figure 3.3 (to which there are several alternatives; [29], [22]). The obstacle to

Intuitionistic Intuitionistic Classical Classical
(call-by-name) (call-by-value) (call-by-name) (call-by-value)

AxB=A&B AxB=IA&B) AxB=A&B AxB =7A&?B)
A=B=IA—~B A=B=IA—oB A=B=IA—-B A= B=IA—?B
A+B=A®'B A+B=AeB A+B=7(AcB) A+B=A0B

Figure 3.3: Linear decompositions of call-by-name and call-by-value types (& is
the dual to &).

defining sums as dual to products in the category of alternating games, however,
is its ‘asymmetry’; Opponent always starts, so the true involution operator which
just swaps the roles of Player and Opponent does not give a well-defined game.
(There are ways to allow Player to start — see [7], but in this case the possibility
of modelling the additives (cartesian closure) is lost.) However, true involution is
in this case not necessary (or desirable, being incompatible with the pointedness
which is a crucial feature of the weak co-product monad). Instead, the one-move
game (which is a weakly initial object) is used as a ‘weakly dualizing object’ which

both lifts and dualizes at the same time,
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defining (A)* = A — 0.
(This operation, forming linear continuations, — is a self-adjoint ‘not-functor’
[82] on the SMCC of games (see Proposition 3.8.7).)
Thus the ‘intuitionistic’ sum-monad is modelled by ((!A — 0) x (!B — 0)) —o 0,
and the ‘classical’ sum-monad by !((!A — 0) X (!B — 0)) — 0, which is equal to
((A = 0)x(A = 0)) = 0— the sum given by the continuations monad. Recalling
the definition of the ! as the lifting of the linearity condition on initial moves,
the difference between the classical and intuitionistic sum games is therefore the
following:
in the intuitionistic sum, the move justified by the initial move is linear, in the
classical sum, it is not.

In the following section, these alternative notions of weak co-product and
the associated monads are studied. The linearity conditions placed on the sec-
ond move in the monad are shown to correspond to different types of control

behaviour, in particular:

e there is a finer distinction between sum types, based on refining the linearity

rule, to exclude control behaviour corresponding to ‘logical stability’.

e the ‘bracketing condition’ of [43], [6] etc. corresponds to a stricter version

of the linearity rule, which enforces local control flow.

3.8.1 The unbracketed sum

First, consider the monad of ‘one-move continuations” TX = (X = 0) = 0, and
the associated ‘weak co-product’, A+ B = ((A=0) x(B=10)) =0

The natural transformation 7 : T2 — T can itself be used as the denotation
of the control operator € (see Chapter 4). However, the games interpretation of
the call=cc operator can be given a more intuitive description. (Recall that this
is typed with (((S = T) = S) = S) which is the simplest type which can be
given to control operators but not (generally) to functions; it is also the simplest
example of a classical (minimal) tautology which is not provable in intuitionistic

logic.)
Definition 3.8.4 Let A = X;c/A;, then for arbitrary B,
peirce] : (A=B)=A)=A)

(Figure 3.4) is the strateqy which plays copycat between the outermost occurrences

of A, until forced into (A = B) by a move in B, after which it plays the opening
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move in the innermost occurrence of A and then copycat between the outermost

A, and both of the other A components.

For call-by-name type-objects other than weak co-products, the denotation cor-

responding of call=cc can be derived from these instances via cartesian closure,

just as the operator itself can be ‘bootstrapped’ from instances at sum-types in the
-calculus.

The call-by value version can be described directly for all families of games:

for a family A ={A; | i€l},

peirce] : Ilie/(Ai = SjesBj) = SietAi = YiertA

15 the strategy which plays copycat between the positive and negative occurrences
of XierA;, until Opponent plays an initial move in the 1th component of

ILier(A; = X;e5Bj).  Player then selects the ith component in the (positive)
YierA;, and plays copycat between the positive A; and whichever of the negative

A; Opponent chooses to play in.

A control-specific analogy for the Player/Opponent duality, consistent with the
general notion of System versus Environment, is to consider the role of Opponent
as representing the current continuation. This is suggested by the correspondence
between Player strategies on A — 0 and Opponent strategies (odd-branching,
odd-prefix closed sets of moves) on A. peirce takes a strategy interpreting a
term of type S with a free ‘continuation variable’ of type S = T, and binds it to

the current continuation by copying Opponent’s strategy on [S] as an input.

3.8.2 An alternative monad for control

To understand control flow in games, it is useful to return to the notion of a
dialogue, and consider the distinction between demands for information, and
information made in direct response to such a demand.

Call the initial move in the game TA a question, and any moves enabled by
it, answers. (Note that no move can be both a question and an answer.) The

intuition (see [59]) is that the weak co-product ¥;c;A; adds the following protocol:
e an initial Opponent question Oy: ‘which A; shall we play in 7’
e followed by a Player answer P;, allowing play to proceed in A,.

In order for this to define the usual ‘separated sum’ (and in the unary case, a
lifting) it is necessary that what follows is a play in A;. This is the case just if

answer moves must be played linearly, as Player cannot revisit this choice and
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Figure 3.4: The strategy peirce;

Figure 3.5: Contrasting plays in the different sum games.
Top: in the ‘linear’ or well-bracketed sum
Below: in the unbracketed sum, or continuations monad
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either choose a new component, or open a new thread in A;. In other words,
non-_1 elements in A + B correspond either to an element in A, or one in B.
Note that the result of composing a strategy on (A = TB) = TA which is
non-linear in its argument, with peirce’, will be a strategy on TA which repeats
the answer to the initial question each time the initial question in (A = TB) is
asked (so the current continuation is ‘called’). This multiple ‘upward continua-
tion passing’ behaviour violates the principle that a term of ‘lifted’ type should
correspond denotationally and operationally to a value, or to the undefined ob-
ject L. Game semantically, it corresponds to the condition that answers should
be unique and non-repeatable, — strategies cannot ‘change their minds’ about
answers. By constraining answers to behave linearly it can be excluded from the

model whilst retaining some level of non-local control.

Definition 3.8.5 For a family of arenas {A; | i € 1} define the linear (affine),
or ‘weakly bracketed’ sum EZLE /A to be the arena consisting of
a single initial (linear) opponent move, enabling each one of a family of linear

Player moves {l; | i € 1}, each of which enables the initial moves of A;.
This can be defined in a more general setting as a continuations monad of sorts.

Definition 3.8.6 Given a category C with a ‘linear decomposition’, of morphisms
on C(A; B), as morphisms on L(!A;!B) for some linear category L and an object

a of L, define the (strong) ‘linear a-continuations monad’ on C
TLX = (X —a) —oa
Proposition 3.8.7 This is a strong monad on L (and on C).

PROOF: is by observing that T can be resolved into the self-adjunction of a
contravariant ‘not-functor’ which forms linear a-continuations: -A = A — a.
The fact that L(A;B — 0) = L(B;A —o 0) is immediate; the definitions for
the Kleisli triple and monadic strength are ‘linearized’ versions of the standard

continuations monad described in Section 2.2.6. Il

(Alternatively, in categories with a linear decomposition of A = B as |A — B,
the monad can be defined as TX = X = a) —o a (see [47]).)

Proposition 3.8.8 In the category of (families of ) linear games,

THA, |iel}={ZL A}

i€l
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(In fact, a notion of tensor product and closure on Fam(C) has not been defined
here, but this is not really necessary, as only singleton families are involved.)
The fact that, given : (A — 0) —o 0, either = L, or is the ‘lifting’ of
some strategy on A has already been observed in the axiomatic characterization
of the answer object. Thus at a local level the linear continuations monad defines
a separated or intuitionistic sum type. However, control is a non-local issue:
the linearity (or rather affinity) condition does not prevent ‘jumps in the flow of
control” in games. At the level of atomic games, the control strategies peirce

described above are still well-defined:

Definition 3.8.9 For any set X, define the atomic game 5(: to be the game
consisting of a single (Opponent) question and a set of answers, indexed over X.
(So these correspond to ‘flat domains’ or weak co-products over the a family of
terminal objects, {1, | X € X}.)

Proposition 3.8.10 If X is a family of terminal objects, {1, | X € X}, so that
TLX is the atomic game 5(:, then the strategies peircet,y and peirce% are valid

strategies, which give unique and non-repeated answers to questions.

PROOF: peirce’y (see Figure 3.6) copies the initial X,-question in the second

component, and copies back any answer. If none is forthcoming, it copies the

X,-question again in response to Opponent’s X, question, until it receives an

X,-answer, which it copies as an answer to the initial question, closing the game.
O

Py

Figure 3.6: A typical play of peirce” at atomic types

In fact, this is the only type of control behaviour possible in the arenas of the
Hyland-Ong model of call-by-name PCF, which uses sums (implicitly) only to
define ground types. In fact, by definition, the answer moves of Hyland-Ong
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games do not enable any other moves, and as a consequence, must be linear

moves.

Proposition 3.8.11 In a sequence satisfying visibility, any move which does not

enable other moves
e occurs at most once,

e does not share its justifying move with any other such mowves.

PROOF: is by induction on the length of sequence, with the hypothesis that if d
is a Player move justified by ¢ in the sequence sC-td-r and d does not justify any

subsequent move, then the following joint hypotheses hold:

e if it is Opponent’s turn to move, none of the moves between ¢ and d (exclu-
sive) are in his view.
This is clearly the case when the move d has just been made.
Suppose d’ is some subsequent Player move. Then by the induction hy-
pothesis on Player views (below), and visibility, it cannot be justified by a
move between ¢ and d. If d is justified by a move prior to ¢, then all moves
between ¢ and d are hidden in the Opponent view.
If d" is justified by a move e after d, then this move occurs in the Oppo-
nent view at d’ by the visibility condition. Hence by induction hypothesis
applied at e, the moves between ¢ and d are not in the Opponent view of

this sequence.

e if it is Player’s turn to move, none of the moves between ¢ and d (inclusive)
are in his view. (Hence, by visibility, he cannot make a move justified by c,
QED).

If the last move is an Opponent move, then it cannot be justified by d itself
by assumption, and by induction hypothesis and visibility, it is justified
either by a move before ¢ or one after d. In the former case, the moves
between ¢ and d are hidden from the Player view, whereas in the latter

case, the induction hypothesis can be applied to give the same result.

O

This is closely connected with the fact that call-by-name PCF cannot be aug-
mented with ‘higher-order’ control features expressively distinct from ground-
type call=cc. The factorization described by the author in [48], shows that all

bracketing violations in the call-by-name model of PCF can be represented as the
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application of the ground-type peirce strategy. The situation is slightly more
complicated in the call-by-value model, as this contains answers which do justify
questions, and strategies which are do not factorize via peirce. However, it can
be shown (by factorization) that all weakly bracketed strategies can be simulated
up to observational equivalence as the composition of a well-bracketed strategy,
and the Peirce’s law strategy at atomic types. Thus from a proof-theoretical
standpoint, this model corresponds to ‘stability’; classical rules for atomic formu-
las, from which all classical rules for the negative fragment of propositional logic
can be derived.

Thus the category of games with linear answers can be seen as a semantics
of ‘first-order’ control, with ‘downward continuation’ passing behaviour allowing
jumps in the flow of control corresponding to functional variations of GOTO; aborts,
escapes, exceptions etcetera, contrasting with the ‘upwards continuation passing’
of higher-typed call=cc in its (usual) call-by-value setting. This could be said to
mark a boundary between control as a simple extension of functional languages,

and continuation-passing as a programming style in its own right.

3.9 Linearity and the bracketing condition

An explanation for the existence of ground type ‘control strategies’ such as peirce
in the weakly bracketed model, is that the linearity rule is not, strictly speaking,
linear (precisely once), but affine (at most once). In addition to validating weak-
ening (as the terminal object is a unit for ®), this also introduces the possibilities
of limited contractions associated with the ‘weak initiality’ of the one-move game.
As shown in Figure 3.6, the strategy peirce works at ground types (i.e. 0¥ —o 0)
by missing out answers rather than repeating them. peirce is also a total strat-
egy (via its view function) on ((A — B) — A) —o A, for atomic A, although this
is not a tautology of affine logic.

By giving a refined, stricter definition of linearity, this behaviour can be ex-
cluded. This can be done most simply by considering only the case in which
linear and non-linear moves alternate according to the question/answer discipline
dictated by the sum game, giving a neat connection with the bracketing condi-
tion. This correspondence between intuitionistic and linear behaviour suggests,
however, that an analysis of local control flow via decomposition into linear logic
is possible.

The connection between linear moves and questions and answers in bracketed

arenas can be formalized as follows.
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Definition 3.9.1 A non-initial (strictly) linear move is an answer. Any move
which is not an answer is a question, — that s, initial moves and non-linear
mouves.

An arena is bracketed if only questions may justify answers (the original require-

ment of [43]).

Note that the constructions A = B, A x B and, importantly, the linear sum,
can be carried out in bracketed arenas. The linearity rule can be strengthened,
to require that linear moves also occur at least once, by imposing the following

‘liveness’ condition.

Definition 3.9.2 A legal sequence s is strictly linear if it can be extended to a

(finite) legal sequence in which every question justifies exactly one answer.

Interestingly, in the presence of visibility, it is possible to characterize this con-
dition solely in terms of the moves already played, rather than by quantification
over possible extensions. The following condition states that question-answer
pairs must be ‘nested’ in an appropriate way, and was used in both game seman-
tics of PCF but is older (see e.g. Felscher’s paper [26]).

Definition 3.9.3 (Bracketing Condition) Suppose A is a bracketed arena; a
legal sequence over A is well-bracketed if every answer is always justified by the
last-asked, unanswered question, — formally, assuming a L; definable predicate
a<sb-“aprecedesh ins’, define

W B (sab) if WB(sa) and ( "B(b) = A implies

( WB(a) =Q= .ub)=2a)A( WB(a) =A= ) < ().

Only one label, for answers, is really required. The condition is equivalent to
requiring that there are equal numbers of questions and answers between each

question and its answer.

Well-bracketed sequences are clearly (weakly) linear, as questions can be answered
only once — in fact they are strictly linear, as questions can be answered in the
reverse of the order that they were asked. Sequences over Hyland-Ong games
which are not well-bracketed are not strictly linear, as unanswered questions
become ‘hidden’ between two answers as described in Proposition 3.8.2 — in
fact (surprisingly) this holds in general; once the balance between questions and
answers has been lost by violating the bracketing condition, there is no way to

regain it (see Figure 3.7).

Proposition 3.9.4 Ifs is a (odd/even-length) well-bracketed legal sequence, then
the last-asked open question in S is in the view (Player/Opponent) of S.
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Figure 3.7: A sequence violating the bracketing condition (with justification
pointers): Opponent questions are denoted ‘[, Player questions ).

Note how the first violation of well-bracketing destabilises the sequence so that
there is always a prematurely closed unanswered question.

PROOF: is by induction on sequence length. Suppose sb is an odd-length well-
bracketed sequence, then if b is a question, the hypothesis holds directly. If b is
an answer, then sh = s'q - th, where @ is a question justifying b. As s is well-
bracketed, every question between  and b has been answered, and so the most
recently asked unanswered question is in ', and by induction hypothesis appears

in the view of "s'7 and so in "s7 = "s'"gh. O

Definition 3.9.5 Say that a question is ‘prematurely closed’ (whether it has been
answered or not) if a previously asked question has already been answered, and

‘open’ if it is unanswered and not prematurely closed.

Proposition 3.9.6 Suppose A is an arena in which every question has an an-
swer, then a legal sequence over A is strictly linear if and only if it is well brack-
eted.

PROOF: Suppose s € J, is well-bracketed, then every question in S is answered
at most once. Moreover, S can be extended to a sequence in which all of the
questions have exactly one answer by answering open questions in the reverse
order to which they were asked. (Note that if s is a well-bracketed legal sequence,
then the most recently asked open question is in the relevant view of s.)

The converse is a corollary of the following;:

Lemma 3.9.7 Any extension qt (to some S such that s - qt is a legal sequence)
in which q is a prematurely closed question contains an unanswered, prematurely

closed question.

PROOF: is by induction on the length of extension.

Suppose (ta is an extension to S in which q is prematurely closed. Then if a is not
an answer to a prematurely closed question in qta, qt contains an unanswered,
prematurely closed question by induction hypothesis, which is still unanswered

in sq - ta.
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It is also safe to assume that a is an answer to (, as if it is an answer to some
later prematurely closed question, then the induction hypothesis can be applied
to the shorter extension starting from this question.

So suppose a answers (. Now consider the move preceding a; if this is a question,
then it is prematurely closed by a, and unanswered, and we are done. So suppose
that it answers some question (’; by the visibility condition, the justifier of a,

which is (, must occur prior to q’. There are two possibilities:

e the answer prematurely closing ¢ occurs after ', so that it also prematurely
closes q’. Then the induction hypothesis can be applied to the extension

starting at q'.

e the answer prematurely closing  occurs before ¢’. Then applying the in-
duction hypothesis to the extension from @ to @, there is a prematurely
closed question in this segment, unanswered (at q'). If this is answered in
t (between @' and a), then the answer prematurely closes ', and applying
the induction hypothesis to the segment from  to a gives an unanswered

prematurely closed question as required.

O

Consequently, any (finite) sequence containing a prematurely closed question con-
tains an unanswered question. So no sequence which is not well-bracketed can be

extended to a finite sequence in which all questions are answered.

Proposition 3.9.8 Well-bracketing preserves the identity and associativity con-

ditions and hence defines a category of games.

PROOF: is straightforward. In the presence of visibility, and the switching con-
dition, compositionality can be proved as follows.

Note that as a consequence of the switching condition, a move from A in

(A — B) —o C can never be directly followed by one from C and vice versa, but
must be followed by an odd number of B moves.

So suppose sa is a justified sequence in (A — B) — C, and sa[(A;B)and
sa[(B;C) are well-bracketed. If @ is an answer in A, then it answers the most
recently asked open question in S[A; B. Hence any questions which were asked
in C since this question was asked have been answered, as to ‘get back’ to A,
an odd number of moves must have been made in B, the last of which must
have answered an earlier question. By well-bracketedness of sa|B;C, all of the

questions asked in this spate of moves in C have been answered.
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Similarly, if a answers a question in C, there are no more recent open questions
in A. 0

As it is a rule, the bracketing condition preserves the symmetric monoidal closed

and co-monad structure (and the product is still cartesian).

Proposition 3.9.9 The category of well-bracketed games and innocent strategies

18 cartesian closed.

Thus the original categories of Hyland-Ong and McCusker games has been recov-
ered (although not requiring well-openedness simplifies the definition of composi-
tion). A crucial property of the bracketing condition for both versions of the game
semantics of PCF is that it prevents innocent strategies from making intensional

observations.

Proposition 3.9.10 The intrinsic preorder on the categories of well-bracketed

games and innocent (and history-free) strategies is order extensional.

PROOF: is given in detail in [43] and [59], but observe that a (strict) well-
bracketed strategy on A — N, must have an answer to the first question in
A before it gives an answer in N,, and if it is also innocent, then this answer is

the only one in the view. 0]

As well-bracketing is a well-defined rule, the category of well-bracketed games
and innocent functions can be embedded in the category of unbracketed games
via their innocent functions (Proposition 3.6.15). Moreover, there is a simple

characterization of the image of this embedding in terms of view-functions.

Proposition 3.9.11 An innocent strategy is well-bracketed if and only if it al-

ways answers the most recently asked open question in the view.

PRroOF: It is immediate that any innocent strategy on a well-bracketed game
always answers the most recently asked question in the view, so it remains to
show that any strategy which does so will never violate the bracketing condition
before Opponent. But by Proposition 3.9.4, if s is a well-bracketed sequence, then

the most recently asked open question in S is visible. 0]

Answering the most recently asked question in the view can then be adopted as
the definition of well-bracketedness for strategies which are not innocent.
The well-bracketed sum is shown in [59] to define a pointed weak co-product, so

it is a strong monad on Fam(Gwsg), (with the same copycat strategies yielding
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a Kleisli triple and strength as for the continuations monad). It thus yields
models of call-by-name and call-by-value PCF as described in Section 2.4.4. The
call-by-name model is equivalent to the original model described by Hyland and
Ong in [43], as the atomic types denote the flat domain of natural numbers, and
exponentiation. The well-bracketed sum was used by Abramsky and McCusker
to give a fully abstract semantics of PCF, in [3]. In each case, finite definability
results (based on an inductive decomposition similar to the axiomatic result in
this chapter) yield a fully abstract model by collapse under the (extensional)

intrinsic preorder).

Theorem 3.9.12 (Hyland and Ong [43], Abramsky and McCusker [3])
The semantics of call-by-name and call-by-value PCF in the category of well-
bracketed games and innocent strategies has the finite definability property (and

its extensional collapse is fully abstract).

Dropping the bracketing condition transforms the well-bracketed sum from a
linear ‘double negation translation’ on games, to an intuitionistic double negation:
the interpretation of function types (the exponential in the Kleisli category of the
lifting monad), A = (B = 0) — 0 becomes A = (B = 0) = o.

Remark 3.9.13 The connection between intuitionistic functional types, and the
monad (- = 0) — 0 which has been established by showing the connection between
well-bracketing and strict linearity leads to the following conjecture:

there is an invertible ‘linear cps’ translation from (call-by-name and call-by-value)
PCF into the linear -calculus (with partiality and V-indexed products) based on
the single ground type . This is analogous the translation for the ‘classical (un-
bracketed) sum monad’ and PCF described in the next chapter (Section 4.5.1).

Remark 3.9.14 (The stack discipline as an analogy for well-bracketing)
A further intuition connecting the bracketing condition with control, is that it rep-
resents a stack-discipline for the (computation represented by the) interaction of
Player and Opponent. A formal connection with stack-based computation via
abstract machines have been established in [21]. There it is shown how the in-
teractions between strategies in unbracketed Hyland-Ong games can be computed
using a stack-based abstract machine.

The correspondence between bracketing and the stack discipline suggests how
this work can be extended to games with the additional control flow information
represented by the question/answer distinction. Suppose that the stack is used to

hold only the ‘open questions’, — those demands for information which remains
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to be supplied in order for the computation to be completed. Giving some of this
information by making an answer move corresponds to ‘popping the answered
question’ from the stack, together with any other questions which no longer need

to be answered.

Well Bracketed Games correspond to rigidly maintained stack discipline; only

the question at the top of the stack can be popped, (answered).

Weakly bracketed Games In games in which answers cannot be repeated, but
can be missed out, prematurely answering a question ‘closes’ all of the more
recently asked questions as far as Player is concerned. This corresponds to
‘popping the stack downwards’ (to the point of the last unclosed, unanswered
question). The following lemma shows that the weak bracketing condition
can be seen as a way to prevent an innocent strategy from violating linearity

by answering the same question twice.

Lemma 3.9.15 If Player is playing according to an innocent linear strat-
eqy on a bracketed arena, then he cannot answer any questions prematurely

closed by himself.

PROOF: (sketch) Suppose Player answers a prematurely closed (Opponent)
question. Then this question appears in Opponent’s view and can be re-
peated, with the same justifier. Player will then have the same view as when
the question was first asked, and will make the same response. Opponent
can then copy his initial response to this move, and so on, until Player is
forced to repeat the answer move which closed the Opponent question, which

s a violation of linearity. 0

Unbracketed games As well as ‘popping the control stack downwards’, which
simply discards some of the current demands for information, call/cc can be
used to reset the stack to other previous states. This means that demands for
information which has already been supplied can become ‘live’ once again,
and new information (not necessarily the same) given in response. This cor-
responds to the situation in unbracketed games, where any previous (visible)
questions can be ‘answered’. The notion of ‘open’ question is now extended,
to say that a question is open if the answer to any previous question occurs
before the answer to some succeeding question. (So a question is open if it
has not been closed, or if it has been closed, but the closing move, considered

as a question, has itself been closed.)
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Answering a closed question thus corresponds to ‘Popping the stack upwards’

as 1t always opens up some closed questions.
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Chapter 4

The syntax and semantics of
PCF

4.1 A minimal basis for computation

What is the simplest way to define a functional language for doing higher typed,
sequential computation? PCF, or something similar, in which datatypes are
‘built in’ at ground types, with constants for construction (0;pred;succ) and
decomposition (a conditional), is a possible and widely accepted answer to this
question. Control operators fit in to this perspective as a useful non-functional
extension to this minimal language. There is another possibility, however, which
is to define data objects as simple functions, in the style of the original Church

numerals, and latterly System F, the Calculus of Constructions, etc.

Example 4.1.1 (Finitary PCF) Recall A(Q2), the (call-by-name) -calculus with
single base type with a constant for non-termination. Define a type of ‘Church
Booleans’: bool := = ( = ). Non-termination, call-by-name -abstraction
and application based on this ‘ground type’ can be extended with the constants of

boolean PCF defined as macros:
o tt =4 X YyX
o ff =4 X yy
o IF rthenSelset=4 X y:r (sxy)(txy).

However there are terms of A(2) which are not ( equivalent to) the translation
of a term of boolean PCF. Such terms can use the intensional way in which data
has been defined to extract intensional information about their arguments (pace
PCF). For ezample, the following strictness test returns tt on a function which

evaluates its argument (as the only way for a A(Q)-term to use argument is by
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applying it to something, which will be discarded). If T is not strict, then the
test returns ff as it applies its result (which is a projection) twice to its second
argument.

strict?: (bool = bool) = bool = T :bool = bool: X: :y: F ( z: zZX)yy

The strictness test can, of course, be written using control operators: — this
chapter will show that they bridge the gap between PCF and computation by
continuation-passing by supplying the missing expressive power. The cps trans-
lation can thus be viewed as a compilation which structures procedures of the
low-level control language (€2) so that they can be written as functional pro-
grams using control operators at lower types. This gives the best of both worlds;
a simple semantics for a powerful language.

The second section of the chapter describes the syntax of the  -calculus
and PCF, the third gives a unified call-by-name and call-by-value operational
semantics, which is proved complete with-respect-to a minimal notion of adequate
model in the fourth part. The fifth section describes a denotational semantics for
the call-by-name language via a cps translation. Full abstraction for the games
model is proved by showing that the translation restricts to a bijection between
‘finite normal forms’ in the next part. Sections 7, 8 and 9 define denotational
models of the call-by-value language, show that , is a complete syntax of

control, and give definability and full abstraction results.

4.2 Representing functional control

Control operators such as strict?, or the catch operators of SPCF are a sim-
ple way to add escapes to call-by-name PCF. However, more complex control
manipulation involving continuations, requires a more expressive syntax. The

-calculus has been chosen here as it defines control manipulations in a way
which is easy to represent in a model of control, and can be given an operational
semantics and an equational theory in a straightforward way. It originated as a
calculus for classical natural deduction in the work of Parigot [69], who noted the
existence of terms corresponding to control operators. has migrated via the
extended Curry-Howard correspondence: it has subsequently been proposed as
a ‘foundation for functional computation with control’ by Ong and Stewart [67],
who developed a call-by value version, and used it to extend PCF with control
features. Important confirmation of its suitability as a syntax for control has been
provided recently by Selinger [79], who has proved that it is the internal language

of a ‘control category’ (as outlined in Section 2.3.2).
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XAFXA A%

IX:AFEBA . IFs:A=B;A THEAA
TF XtA=B;A ~7 TFs tB;A =-clim
[Fs:AA . TFs:0;A; B
I :Als;A; A 0-intro TF sB.A 0 -elim

Figure 4.1: Terms-in-context of the  calculus

is a convenient, and in some senses canonical choice of syntax but it does

not provide any greater expressive power than call=cc, or its idealized brother,
Felleisen’s € [25]. To make this claim more precise: one of the advantages of
PCF is that it can be considered with or without admitting the empty type.
It will be shown that the closed terms which can be written with the empty
type are expressible using € (and vice-versa), whilst those which can be written
without the empty type are expressible using call=cc. is syntactically more
complicated than either, as it adds a new ‘continuation binding’ operation to the
-calculus, (this step was already present in Reynolds’ definition of the Escape
operator [76] (1972)). This has the advantage of making the control aspect of the

calculus more explicit, and separate from the functional part.

4.2.1 The calculus: call-by-name and call-by-value

Terms of the calculus are obtained by adding the operations of naming and

-abstraction to the -calculus. A term-in-context t is supplied with sets I' con-
taining the free variables of t, and A containing its free names (represented as
small-case greek letters) so weakening, permutation and contraction hold for both
contexts. The variable convention of [8] is adopted for names as well as variables.
Terms-in-context are formed as set out in the table (Figure 4.1). To name a term
of type T requires a name  of type T, the named term has type 0 (the empty
type). There are no names of type 0. Any free name : T in a term t: 0 can be
bound by a -abstraction, written  :t: T.

Partiality is added to the  -calculus by extending it with the single constant
Q: 0, from which Q7 : T = :Q0 can be derived at any type. Extension with
product types and pairing is not described, but is completely straightforward.

The intuition upon which the continuation-passing semantics of  is based is
that a term of type T can be interpreted as a map from continuations of type T,

to the answer object. This is just the standard interpretation of a functional lan-
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guage in the Kleisli category of the monad of continuations described in Chapter
2. Names of type T are simply variables of type T = 0 representing continu-
ations of type T. Naming corresponds to applying the current denotation to a
continuation variable, and getting something of answer type. -abstraction is the
-abstraction of such a variable from a term of answer type, giving a denotation
of type T.
In order to define an operational interpretation based on this intuition, it is
useful to have a syntactic representation of the current continuation. This is
provided by the notion of ‘evaluation context’. (Note that there are a variety of

subtly different definitions of this in the literature.)

Definition 4.2.1 Values (written u;Vv;:::), range over variables and -abstractions,
1.€.
vio=X| Xt

Contexts with a hole of type T will be written as ET[-], (as distinct from E[-] : T,
where the result of filling the hole is a term of type T ).
Call-by-name evaluation contexts are defined inductively over the following gram-

mar (respecting the typing rules for ):
EN[Ja=[]:T [ JET[]IET[]t
and call-by-value evaluation contexts over:
E[Juo=[]:T | [ JET[]ET[]t|vE"[]
where t ranges over general terms, and V over values.

The equational theory of each version of the  -calculus is given (up to
-equivalence of names and variables) by the standard  -equalities of the -

calculus, together with the following rules.

() ] Jt=,t ( not freein t),
() E[ :t]:0=,t[E[]= ] (note the type restriction on E[]).
In the call-by-name version, , ,and the notion of evaluation context are call-by-

name, in the call-by-value version, they are call-by-value. (Completeness of the
call-by-value theory for control models requires minor additional axioms discussed
in Section 4.9.)

The operation which requires some explanation is the substitution of a context for

aname used in . (This is essentially a simplified form of the mized substitution
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of [69].)

t[E[-]=] ]] means: replace occurrences of named subterms [ |r in s with E[r].
i.e. suppose t = C|[ |ri]:::[[ ]rn], where does not occur free in C[-]:::]-] or
ry;:i:r,; then t[E[-]= | = C[E[n]]:::[E[r.]]-

Formally, it can be defined by induction on term-structure:

Definition 4.2.2 (Named-substitution)

X[E[]= ]=x [ JUE[= |=E[tE[]=]]
(SOE[]= J=s[E[]= JtE[= ] ( x[E[]= |= x(E[]=])
( E=]= c@tE=] (IOEH=T=1ICEM= 1)

This is a slight modification to the axiomatizations proposed by Parigot [69] and
by Ong [66], firstly in its presentation via evaluation contexts instead of single
applications (but this is a minor change, which is implicit in Ong and Stewart’s
paper [67]). There is also a change to the rules: the presentations cited above
have an additional rule,

() Iyl t=ty=]

and a separate  -rule covering non-zero typed contexts, which is (presented using

evaluation contexts)

ETl =t JE[]= |

Proposition 4.2.3 The theory proposed here is equivalent to those in [69]

and [66].
PROOF: is derivable as an instance of  as [ ][] is an evaluation context:
[ =t =
is derivable using  © and
ET tj= [ JE[] T= [ JE[]= | O

The presentation given here is closer to the continuation passing interpretation
which will be developed, making soundness and adequacy proofs for the semantics
a little simpler. (Although the original rules were derived from the normalization
of classical proofs, so it could be argued that this is moving further from the

Curry-Howard correspondence, and towards a purely control-based analysis.)

4.2.2 Sum types in

One advantage of  is that it provides a natural syntax for terms at sum types,
compared to the -calculus alone. (As one would hope, moving to a multiple
conclusion logic simplifies the behaviour of disjunction.) Among several possibil-

ities for annotating sums, rather than allowing names to take disjunctive types,
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naming of a term of type A + B requires a pair (tuple) of names of type A and
type B. (Thinking of names as variables of type A = 0 an B = 0, naming of
t: A+ B with :A; :Bis by applying the co-pair [ ; ].)

Definition 4.2.4 Form the T calculus by extending the types over which for-
mulas (and variables) may range with finite sum types A+ B.

Names may take only types with a main connective which is negative (i.e. A = B,
AXB), which is a natural extension of the rule that names may not take the empty

type.
Ezxtend the typing judgements of as follows:

F'Ft:A+B;A
CH[; Jt:0; :A; :B;A

't:0; :A; :B;A
' [; Jt:A+B;A

This extends naturally to all finite sums The equational theory of | is given by

adapting the (Ong and Stewart) theory for by
e retaining at all types,

e restricting

E[ [ ;i) :0=,t[E[]=] 5 ;:0]
to cases where ; ;... only occur conjointly in t,
o Adding , without the above restriction
e YA, By [ A Bt =, ty=; = |

Standard constructors for sum types can be derived; for instance, define:

ing(t:A)=( [ ][ ]JO): A+B; im(t: A)=( [ ; ]:[ Jt) (assuming ; not
free in t),

and given t: A= C,s: B = C, r: A+ B, define

(caserof t;8):C = y:CfyJt( :[y:Cls( [ J:;[; ]rn)

(so case im (t) of u;v =, u t, and case in,(t) of u;v =, v t).

One could therefore use T to add a sum type constructor to PCF. However
an additional reason for introducing it is that by including sum types in the call-
by-value language, a cps translation can be given which is surjective onto types
and terms of A(f2), showing that () is a complete syntax of control (see
Section 4.9).
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4.2.3 PCF: variations on the control theme

Definition 4.2.5 Form the language PCF by extending with the constants
of PCF, forming terms-in-context over function types generated from the atomic
basis 0;nat. The equational theory of PCF is given by the extension of the
theory with the rules for the constants (and fizpoint operator) of PCF.

In a further, minor departure from the standard presentation of PCF, the
conditional is given at type 0. 1i.e.

I'HN:nat; M:0O;L:0
I'=TFO N then M else L: 0

and similarly for each case statement.

This proves to be a canonical choice in the semantics, but the original condi-
tional can be recovered as  :[ |[IFO N then [ |M else | |L, where is not free
i L; M;N.

An equational theory for PCF can be given by extending the theory of PCF with
the rules ,and | extending the notion of evaluation context appropriately as

follows.

Definition 4.2.6 (Evaluation contexts of PCF) Call-by name evaluation con-

texts are defined inductively as::
E[]:==[]]
[ JE[]|E[]M |
IFO E[-] then M else N | succ E[] | pred E[]
and call-by-value evaluation contexts as:

E[] =[]

[ JE[] | E[IM |V E[]|

IFO E[-] then M else N | succ E[] | pred E[].
The type 0 (or L) appears to have an important role in ‘idealized’ control calculi
such as € and . However, ‘real’ control operators like call=cc do not use such
an empty type. It is the very fact that 0 has no values which makes it useful in
the semantics of control; if the current continuation takes arguments of type 0 to
results of type O then it can safely be discarded. In terms of the Curry-Howard
correspondence, the idealized control operators correspond to full classical logic,
and (typed) call=cc to minimal logic. Both systems are of interest, and one of
the advantages of the calculus (as opposed to Felleisen’s € and call=cc) is
that it is flexible in allowing both within the same framework. Thus a single
denotational and operational semantics proves to be sufficient.

One can admit the type 0 to the type-system of PCF as a base type alongside

nat. Or one can form the language, designated PCF~ by Ong and Stewart, in

which the use of the type 0 is restricted to namings.
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Definition 4.2.7 Form the language PCF~ (call-by-name or call-by-value) by
restricting the typing judgements of PCF as follows:

the terms-in-context of PCF~; I' = t: T; A, are formed as for PCF with the
restriction that I'; A contain only PCF-types, and T is 0, or a PCF type.

(So every subterm of t has a PCF-type or the empty type.)

(The only well-formed terms of type 0 in PCF ™ are namings and conditionals,
and any naming must be immediately followed by a -abstraction, and any -
abstraction must follow a naming.)

There will be some further comment on the semantic distinctions between PCF
and PCF™, but as the operational semantics and associated proofs can be pre-
sented so as to apply to both, they will be assumed to do so unless otherwise
noted.

The following system with ‘first-order’ control can also be defined.

Definition 4.2.8 Form the language PCF! (call-by-name or call-by-value, with
or without 0-types) as for PCF, but restrict the use of names to the type nat.

(This system is closed under the operational semantics which will be introduced.)

Three different variations on the calculus, giving eight different languages
have now been defined, however, the distinction between first and second order is
empty in the call-by-name versions. This can be seen as a syntactic counterpart
to the observation that the only violations of the bracketing condition possible
in the games models of call-by-name PCF are weak, representing only downward
continuation passing [82]. Or, from the logical standpoint, that all of propositional
classical (or minimal) implicational logic can be deduced from intuitionistic logic
with ‘atomic stability’, — classical rules at atomic (or disjunctive) types. Rules
‘bootstrapping’ double-negation to higher types (as described below) were given
by Prawitz [75].

Proposition 4.2.9 With or without 0-types, PCF} is equivalent to full PCF,

(in that the latter can be soundly translated into the former).

PrROOF: Naming at arrow-types in call-by-name can be eliminated as follows.

For a PCF-type T = A = B, assuming B # 0, to each -name of type T,
associate a -name ' of type B and a variable X, : A. Now translate higher-type
naming and -abstraction in a term M as follows:

Replace every named subterm of M, [ 7]N with [ /J(N X,), and every -abstraction
with x®  :M. (This can be defined formally as an inductive translation on

terms. )
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To show that all of the theory of  holds with respect to this translation, the

following simple lemma can be proved by structural induction.

Lemma 4.2.10 For any PCF term M,
MI[ ][]l Xa= J[N=X][E[]= '] = M[E[[-] N]= [:

Hence the translation is sound:

holds, because if EAZ5B[] : 0 is a PCF,, evaluation context, then either
E[] = E’[[ ]|, in which case EAZB[ :M] translates as E[[ /]( x: "M’ xg)] =
E[ '] ":M']=ME[]= ] as required.
Or E[-] = E’[- NJ, for some term N : A, so ignoring other names, E[ :M]

translates as E' xa: “MI([ ][ )= ] N] = MI([ [ %)= JIN=XJ[E'T= ]
and by the lemma, this is equal to M[E'[[:] N|= | as required.
The rule  translates as X,:( [ [M) X, =, M by , and
Hence -names of type T = A; = (Ay = 11 = (A, = At):::), can be replaced
by a ground-type name, and a set of n variables, X{': Tq;:::X%: T,,. O

n

With respect to call-by-value, (or call-by-name with disjunctive types) the situa-
tion is different: the above method of ‘bootstrapping’ first order  to higher order
gives terms which are type-correct, but which are not observationally equivalent
to true higher-order -abstraction. (As pointed out to me by Hayo Thielecke.)
Moreover, one can show by the fact that the fully abstract semantics of PCF} and

PCF, are inequivalent, that any such attempt at defining higher-order call=cc

using first-order instances is doomed to failure.

4.3 Operational Semantics

The main difficulty with giving an operational semantics of PCF is that it is
necessary to evaluate terms ‘inside’ a -abstraction. Ong and Stewart described
a one-step operational semantics of PCF, in [67] which is quite complicated (it
requires two separate evaluation relations). The simplified semantics described
here is based on evaluation-contexts. Thus it dovetails with the presentation of
the equational theory of . It is intuitive, as these contexts give an obvious
notion of the ‘next redex’ to be reduced in evaluating a program. And it is
general; adapted to both call-by-name and call-by-value semantics by the trade-
off between the more restricted notion of -reduction in call-by-value, and the

richer notion of evaluation context that it allows.

Definition 4.3.1 (PCF reductions) Let the small-step PCF reduction relation
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—, be given by the following rules:
() ( xXM)N — M[N=x]
IFO O then M else N — M
IFO succ n then N else N — N
YM — M ( x:(YM) Xx)
pred (succ n) —n
pred 0 — Y XX

The call-by-value reductions are given by stipulating that N must be a value in

the -reduction clause.

The following proposition partially captures the way in which evaluation contexts

‘pick out’ the next reduction step.

Proposition 4.3.2 Any term M of PCF or PCF~ (call-by-name or call-by-
value) with no free variables (but possibly free names) is uniquely in one of the
following forms:

M=n| xN|E[ :NJ|Er]]|E]|[ V]

where N is any term, r is a PCF-redex, V is a value, and E[-] an evaluation

context.

PROOF: is by structural induction on terms.

M= xXN,M= N, M=n M=][ |V,or M =YN, then the hypothesis
holds directly.

Otherwise, if M = IFO N then L else L', and N is either a numeral (so M is a
PCF-redex, or N = E[N’], where N’ is a naming, -abstraction, or PCF-redex,
so M = E’[N’], is also in this form. The cases M = succ N, and M = pred N
are similar.

If M = [ |N, where N is not a value, then N is E[N’] where N’ is a named
value, redex, or -abstraction. If M = L N, then it is necessary to distinguish
call-by-name and call-by-value cases.

For call-by-name, either L = X:L, and so M isa -redex. Or L = E[r] for some
redex r, and so M is also of this form.

For call-by-value, suppose L = Xx:L’, then if N is a value, M is a , redex.
Otherwise, N = E[N’], where N’ is a named value, PCF-redex or -abstraction,
in which case M is also of this form. If L is not a value, then by induction
hypothesis, it is equal to E[L'], where L’ is a named value, -abstraction or
PCF-redex, and so M is of the same form. O
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Corollary 4.3.3 PCF programs (closed terms of type nat) are either numerals,
or uniquely in one of the following ‘reducible forms’:

M=E'[ :NJ|E[r]| :In| :E[ :N]| :E][r]

where E[-] ranges over all evaluation contexts, and E'[-] only over non-trivial

ones, and r over PCF redexes.

PRroOOF: By Proposition 4.3.2 above, M is either a numeral, or in the form E|r]

for a PCF redex r, or in the form E[ :N] for some N, where E[] is either trivial
(E[-] = [-]) or non-trivial.

If E[-] is trivial, so M = (N : 0), then by Proposition 4.3.2 either N = [ |n
or N is (uniquely) of the form E[r] for a PCF redex r, or N = E[ :N’]. O

Corollary 4.3.3 means that the operational semantics can be given in the follow-
ing simple format, based on a combination of Plotkin’s ‘Structured Operational
Semantics’ [72], and Felleisen’s use of unique decomposition of programs into a

redex and an evaluation context, with one clause for each of the ‘reducible forms’.

nyn 1 Indn

r—s EJ[s]{n r—s ‘E[s]{n
Elr]{n E[r]l{n
M[[ JE'[]= [In M[E[]= [{n
E'l :M]in E[ :M]{n

(E'[-] is non-trivial.)
Figure 4.2: One-step operational semantics of PCF

(Note that the terms of PCF' are closed under reduction, and that the first two

rules in the left column give a sound and complete PCF semantics).

Proposition 4.3.4 (Determinism) If M |}, (i.e. M | n for some n) then the

derivation in the operational semantics is unique. Hence M |} n implies M} n’

forn#£n'.
PROOF: is direct by Corollary 4.3.3. 0

For the purposes of this thesis (considering fully abstract models), it is quite suf-

ficient to consider only the evaluation of ground-type terms to numerals. Giving
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an operational semantics of programs also has the advantage that all terms either
converge to a value, or diverge (this is a corollary of computational adequacy).
Significantly, this is not the case for higher-order terms of PCF,, — for terms
of the form  :[ ] x:N, where occurs in N (see [67]).
However, the operational semantics given here can be used to evaluate higher-
order terms, (change the first rule in the right hand column to [ |V | V if
is not free in V') and it is complete (in the sense that evaluation of any term
which denotes a value terminates at avalue). Note also that the notion of obser-
vational equivalence used (program-type contextual equivalence), is equivalent to
all-type contextual equivalence in an operational semantics based on evaluation

of higher-type terms to values.

Proposition 4.3.5 For terms M;N : T,
M CPB5N <« VCT[]CM]|V = C[N]|V.

PrROOF: The implication from right to left is trivial, for the converse, suppose
there is some higher-typed context C[-] such that C[M] | V, and C[N] §/ V, then
( x:S:0) C[M] {0, and ( x:S:0) CIN] 0, s0 M Z2P5 N as required. O

The operational semantics is complete, and hence sufficient for the principal aim
of proving full abstraction, however, it does not make any connection between
the interactions of the game semantics, and the computation of programs. This
possibility offers a new line of enquiry into the dynamics of computation with
control, in light of the fact that the games models of PCF are based on the CCC
of one-move games. Danos, Herbelin and Regnier [21] have already given a close
correspondence between interaction of strategies in both AJM and Hyland-Ong
versions of these categories of games, and abstract machines for performing ‘linear
head reduction’ in the -calculus. At a different level, Streicher and Reus [81] and
Bierman [12] have suggested that an appropriate way of evaluating languages with
control is to give an abstract machine which stores continuations (as evaluation
contexts). Connecting these developments could be a way to optimize reduction

strategies for languages which can be implemented using continuations, such as
PCF.
4.3.1 Expressing control in PCF

Although PCF is an ‘idealized’ language, it is suitable to represent a variety
of control constructs based on continuation passing; this has been known since

Parigot devised the  -calculus [69], and is a theme of the paper of Ong and
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Stewart [67], in which PCF is introduced. The call-with-current-continuation
operator of Scheme, which is perhaps the most natural control extension of a
functional language from a programming point of view, provides a useful example
showing how -abstraction and naming correspond to ‘catch and throw’ of the
current continuation. Parigot observed that the term of corresponding to a
natural deduction proof of Peirce’s law has the same operational behaviour as
call=cc [69], and a more formal connection with the callcc of SML of New
Jersey [35] is described in [67]. In the other direction, there is the question of
whether terms can be written using call=cc. The result proved in [48], that
unbracketed games give fully complete model of PCF + call=cc establishes that
all closed PCF, terms are definable with call=cc. The definability of terms
using € (Felleisen’s ‘idealized call/cc’), and vice-versa, is shown in Section 4.8.
Expressing the catch and error terms of Cartwright and Felleisen’s SPCF
establishes a link with the fully abstract semantics of this language in the cat-
egory of sequential algorithms, which will be studied semantically in the next
chapter. However, PCF cannot express control operators such as the exception
handler of ML, which use dynamic, rather than static variable bindings (such as

-abstraction and -abstraction).

Definition 4.3.6 (Call-with-current-continuation) The operational seman-
tics of PCF can be extended with call=cc by evaluating terms within a context
of ‘continuation variables’ bound to evaluation contexts (a similar semantics for

PCF is described by Bierman in [12]). The role of call=cc is to bind the current
continuation to a variable; applying a continuation variable replaces the current
continuation with the one which has been bound to the variable. As in Lemma
4.83.2, every -closed term is uniquely in the form E[r], where r is the next redex
to be evaluated, or E[call=ccM|, or EIKM], where K is a continuation variable.
So terms can be completely evaluated with the following rules.

r—s; EI[s;K{V
YRIITAY, E[r; KV

EM;KUlk—E[]}V  E[MJKLV; k—E[]ek
E[call=cc k:M];KJV E'lk M];K{:V

Definition 4.3.7 For any term M : (T = S) = T, (call=cc M) will be written
in PCFas( :T:] M (y:T: :S]]y)).

Proposition 4.3.8 Let M be any program of PCF + call=cc (interpreted in
PCF as defined above), then

M@ | M I,
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ProOOF: To prove this claim, generalize it to include non-empty sets of continu-
ation variables as follows.

Let M be a term such that there is an assignment K, of appropriately typed
evaluation contexts without free variables, Ej[-] to each of the continuation vari-
ables k € Cont(M).

Define the substitution IC, such that if C(k: T = S)) = E[] then

K.k)= x:T: 5 JE[x]. Then

M; K . <— 1 Mk, Uy

Proof is by induction on the length of evaluation, of which the key induction steps

are like this.

e Suppose M = E]|call=cc Kk:s], then (proving the implication from left to
right)
E[s;KU (k — E[]) ., with a shorter derivation, by definition of the

evaluation relation for call=cc.

Hence by hypothesis, :[ |JE[s] x: [ ]x=K]]x, {,, so
1 JELD vily] kis ( xi y]x)] U, as requlred
In the opposite direction, :[ |E[s[k= [ JE[X]] §, by definition of |,

and by hypothesis E[s]C Uk — E[] UC, and so E[call=cc Kk:s]; K .

e Suppose M = E[k V] for some k € Cont(M) such that IC(k) = E'[-],

then E'[V]; K || and so by hypothesis, :[ JE'[V]k, U,,
andso [ JE[ :[ JE'V]]k, §pand :[ JE[k V]k, |, as required.
In the opposite direction:

1 JE[ xi [ JE'[X|V]k, §, implies  :[ |JE'[V]k, 4.

and by hypothesis, E’'[V |; K {., henceE[K V|; K |,

4.3.2 PCF and SPCF

SPCF(E) is call-by-name PCF extended with a set of errors E (possibly empty),
and a group of ‘catch’ constructs which take a term

M: (S; = (Sy = :::(S,, = nat):::)) and return n if the first argument consulted
by M is the nth, and (t Q) +n+ 1 if M is non-strict. This procedure can be
defined in PCF, as

catch” = f:T: :nat: J(F( :[]0) :[]D)::: [ In)+(n+1)):



A control feature of SPCF of a somewhat different kind is the inclusion of con-
stants for reporting run-time errors by terminating evaluation and returning an
‘error value’. It is not possible to simulate errors directly in PCF, as a whole new
notion of evaluation is required, but it is possible to represent errors in PCFZ,

which is a generalization of the errors of SPCF, as ‘uncaught’ continuations.

Definition 4.3.9 Form the language PCF¥ (call-by-name or call-by-value PCF
with errors) by extending the syntax of PCF with an V-indexed set of error terms
{e; | 1€}

Errors are assumed to be polymorphic, taking any type (as they are intuitively of
type VX:X = 0). The unique reducible forms Lemma 4.3.2 can be extended to

show that a program of PCFF is uniquely in one of the the following forms
M=vI|ET :NJ|E[]| :[]n[ E[ :NJ| c:E[f]|Ele]| :[]E[ei

where E[-] ranges over all evaluation contexts, and E'[-] only over non-trivial
ones.
The range of the termination relation |} is extended to include error-terms and

the operational semantics can then be extended with the rules

E [ei] U €;

| JE[ei] | e
One can show with a routine induction that reduction of PCF¥ programs is
determanistic, and either non-terminating, terminated by convergence to a value,

or terminated by abortion to an error term.

Errors can be represented in PCEF itself by allowing ‘closed’ terms to contain
a single free name " of type nat, which can only be used as an error generator,
writing e; = :["]2:1, where is typed appropriately for the context in which
the error appears. Hence for any evaluation context E”|[-]: nat,

Elei] =4 E[ :["]i]=, :nat:]"]2i =4 e;.

Proposition 4.3.10 This can be formalised as a translation PCFE terms in
context I' =t: A;A to PCF terms I' =t A;™ such that M =,y N if and only
M* = N*

Evaluation of Programs (ground-type closed terms) with errors can be simulated

by translating, and binding the free -variable as follows.
M — "["(succ (22M"))
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Proposition 4.3.11 M | n if and only if ™["](succ (22M*)) | 2n+1, and
M |} e if and only if ":["|(succ (2:M*)) | 2i.

Errors can be represented semantically in much the same way as the 1-elements
were added to the free CCC. A semantics of PCF based on names as continuation
variables can be generalised to a semantics of PCF¥ by ‘freely adjoining’ a type-
object representing a continution of type nat to A-contexts.

(In other words, attaching a set of ‘top” elements to each domain: see Section
5.3.2.) A simple generalization of a context lemma for PCF proved in Chapter
5 can be used to show a fact stressed by Cartwright, Curien and Felleisen, that
operational equivalence in the presence of errors is order extensional (see Corollary
5.1.7). Error values alone are clearly less expressive than full call=cc: they allow
the current continuation to be aborted (‘thrown’), but there is no recovery, it

cannot be ‘caught’.

4.4 Completeness of the operational semantics

Like PCF (see [14]), the proof of adequacy of the PCF semantics can be ab-
stracted from any particular denotational framework, and based on soundness,
together with two inequational conditions. In fact, these requirements are (un-
surprisingly, but pleasingly) the same as those which have been used to axiom-
atize adequacy for PCF. A further pleasant feature of the dual purpose call-by-
name/call-by-value operational semantics is that a single proof suffices to establish
the completeness of the semantics for all of the variants of PCF which have been
defined.

The adequacy conditions must exclude the trivially sound model of PCF in
which all terms are identified. In other words, it is necessary for termination and
non-termination to be distinguishable at ground type, which can be achieved with

the following definition:

Definition 4.4.1 (Standard Datatypes) A semantics for PCF has standard
datatypes if each numeral is interpreted as a distinct denotation M, and L.y 7 M.

(In fact, in a sound model, this is equivalent to requiring only that L. # T for
alln.)

The following lemma partially formalises the intuition that any term appearing

inside an evaluation context must be evaluated.

Lemma 4.4.2 (Strictness of evaluation contexts) Let M be a semantics of

PCF (call-by-name or call-by-value), such that the  rule is soundly interpreted
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in M . Then for every nat-typed evaluation context ET[-] : nat:
[E[Q"]]ae = [

PROOF: Recall that QT for T # Qisdefinedtobe 7:Q° By | [ET[ :Q°m =
[[ : nat:QO]]M = [[Qnat]]M. O

A second condition (adapted from [14]) is based on the fact that the Y combinator

is interpreted as a least fixpoint. Hence it can be ‘unwound’.

Definition 4.4.3 (Continuous Observability) A semantics of PCF is con-
tinuously observable if for every program of the form C[YM] : nat

[CIYM]]#L = 3kel: [CIM¥]#L

where M® = Q, and M*1 = M( x:(M*x)).
(So M*¥1 =M M* in call-by-name PCF.)

Lemma 4.4.4 For allk € 1, and (closed) PCF contexts CT[-] : nat,
C[M*] || n implies C[YM] { n.

PROOF: is by induction first on k, and then on the length of derivation of
C[F¥ | n.

The important case is where C[-] is an evaluation context E[]. Then E[M**1] || n
implies EIM  x:M* x] || n, so C’'[M*] || n, where C'[] = C[M x:[] X], hence
by inductive hypothesis, EIM  x:YM X] | n thus E[YM] | n. O

Theorem 4.4.5 Let M be a sound denotational semantics for PCF which is
continuously observable, and has standard datatypes. Then the operational se-
mantics of PCF is computationally adequate with respect to M i.e.

For all terms M of type nat, [M] =N if and only if M | n.

PROOF: The soundness part (M | n implies [M] = n) follows from a simple
induction on the derivation of M, using the assumption that M is a sound model
of the equational theory.

It remains to show completeness ([M] = N implies M |} n). The following lemma

shows that it is sufficient to consider terms without the Y combinator.

Lemma 4.4.6 Suppose M is a continuously observable semantics which is com-

plete for Y -free terms, then M is complete for all terms.
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PROOF: that [N] = mimpliesN |} nis by induction on the number of occurrences
of Y in N.

Assuming this is greater than zero, choose a context such that N = C[YM],
where M is Y-free. By continuous observablility, there exists kK € 1 such that
C[M*] =1, and then by inductive hypothesis, C[M*] || n, and by Lemma 4.4.4
above, C[YM] || n as required. O

So it remains to prove completeness for recursion-free terms (as for PCF [71], by a
now standard reducibility style argument based on a ‘computability predicate’).
This is complicated, however, by the fact that the operational semantics (un-
avoidably) allows reduction inside a -abstraction. So it is useful to distinguish a
single name  of type nat, and define the notion of computability first for terms
containing (at most) free, which will be called -closed.

Say that a term M of type Ty = (T :::(T,, = nat):::), with no free variables or
names (except ) is computable if whenever Ny;::: Ny are computable -closed

terms,
[C [ [(MNy;:::Ng)]=n
implies
I J(MNg;:iiNg) §n
Define a computable evaluation context (call-by-name or call-by-value) to be an

evaluation context E[-] of type nat with no free variables or names except , such

that every -closed subterm of E[-] is computable.

Lemma 4.4.7 An -closed term M is computable if and only if [ E[M]]=n

implies  :E[M] { n for all computable evaluation contexts.

PrROOF: The right to left implication is trivial, left to right can be proved by a

simple induction on the structure of E[-]. O

Definition 4.4.8 For any term M, a computable variable-substitution for M is
an assignment of computable -closed terms to variables at each type T,

a computable name-substitution for M is an assignment of a computable evalua-
tion context [ |ET[-] to the free names of M (other than ) at each type T .

For each computable substitution  of names and variables, M, is given by car-

rying out the replacements specified by

Now say that term M with free variables and names is computable if M, is

computable for every computable substitution such that M, is -closed.
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Proposition 4.4.9 FEvery term of PCF s computable.

By the lemma above, this is equivalent to the proposition that for every term
M : T, every computable substitution such that M, is -closed, and every
computable evaluation context ET[-]: 0, [ :E[M,]] = mimplies :E[M,] { n.

PROOF: is by structural induction on M.
Let  be any computable substitution for M, such that [ :[ (E[M,]] =n
By Lemma 4.3.2  :E[M,] is in one of the ‘reducible forms’ (and one of the latter

three). Hence it is (uniquely) covered by one of the following cases.

e [ JJEM,] = :E'[Q for some computable context E’[]. But in this
case [ [ ]'E[M,]] = L, by strictness of evaluation contexts, contradicting

the hypothesis above.
o If [ JEM,]= :[]n, :[ J:E[M,]{ n as required.

o If :E[M,]= :E'[r], for a computable context E'[-], and PCF-redex r,
which is either pred (succ n), IFO n then N else N’; or a  redex. The
former case is trivial.

If r is a conditional, it reduces to N or N’, both of which are computable
by the induction hypothesis as they are subterms of M, .
Incase risa redex, it reduces to a computable substitution r' = N [N'=x]

which is therefore computable.
So [ JE'[r]§n,and also :[ |E'[R] | n as required.

o If :E[M,]= E’[ :N], for some non-trivial evaluation context E'[-],
then N is shorter than M,, and computable by inductive hypothesis.
[ :El :N]JJ=n= :N[E'[]= ], by soundness. Since N is computable,
and [E'[-]= ] is a computable substitution,
so N[E'[]= ]{n, and hence :E’[ :NJ{ n as well.

O

To prove the completeness theorem, a simple lemma can first be established by

induction on the length of evaluation.

Lemma 4.4.10 For any closed term M, if [ |M { n then M | n.

Proof of the completeness theorem

Suppose M is a closed term such that [M] =n. Then [ :[ |M] =" and so by
computability, :[ ]M { n, and by the above lemma M |} n as required.

Corollary 4.4.11 Any sound model of PCF + call=cc with standard datatypes

and continuous observability s computationally adequate.
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4.5 Denotational semantics of PCF via cps trans-
lation

It can now be shown that PCF, can be adequately interpreted in a compu-
tational control model, along the lines outlined in Chapter 2. That is, given
a pointed and rational cartesian closed category with '-indexed products, and
a non-terminal answer object R, form the co-product completion Fam(C), and
strong monad of continuations T = ((- = a) = a), and interpret product and
function types as product and exponential in Fam(C), and co-product types A+ B
as T([A] + [B]). Naming and -abstraction are interpreted as application and
abstraction of continuation variables. Note, however, that only T({}) & a, in-
terpreting the empty type, and T({1, | n € 1} = a¥ = a, interpreting nat are
required for the full abstraction result. This yields a rational CCC head; tail; ::
(and hence every embedding-projection pair e;; p;) is definable.

The call-by-name cps translation of PCF,, into the simply-typed -calculus
with T-indexed products and least fixed points is probably the simplest route
to this interpretation. It is described here both for its intrinsic interest (it is
fully abstract), and because it provides a clearer way to understand naming and

-abstraction as catch and throw of continuations. The role of names in call-by-
name is more subtle than in call-by-value; in the latter, they can be replaced
by lambda-variables of ‘negated type’ (see Section 4.8.1), together with a double
negation elimination. The call-by-name cps translation is simpler, however, as

-abstraction and naming need be defined at ground type only.

To interpret infinite datatypes such as the natural numbers by cps translation
requires infinite datatypes in the target language: it is sufficient to add a type
constructor ()* (T being the infinite streams, or lists or products of type T),
and its constructor ::, and deconstructors head and tail, to the simply-typed

-calculus, to form the infinitary calculus A(£2)“.

Definition 4.5.1 Types and terms of A(Q2)¥ are given by the following grammar:
To= | TY|S=>T
t=x:T|(x:St:T):S=T|({t:S=T)(s:S):T | t:Tus:T¥:
TY | head(t: T¥): T |tadl(t: T«): T | Y(t: T =T): T.

The equational theory of A(Q)¥ is given by the standard call-by-name equality,

and the following rules for lists and fixpoints:
o head(t::S) =5 t
L] ta’&l(tS) =A(Q)w S
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Definition 4.5.2 The following familiar operations on infinite lists can be de-
fined:
For each type T there is a diverging element of type T, QT =Y( x: T:x).

and projections are defined by iterating the tail-operation: it = head(tail ™ (t)).
For any t: | an infinite list of copies of t, (t) can be defined using the recursion
combinator: (t) =Y( X: “itux):

Proposition 4.5.3 The following equalities can be derived from the theory of
A(Q)«:

((tstey i ty)) =x
head( (t)) =t,

It is clear that any rational pointed cartesian closed category with I-indexed

products (C; [ ]) is a sound model of A(Q2)“, and in particular that:

Proposition 4.5.4 The model of A(2)“ in the category of unbracketed games,
(G;0) is sound.

4.5.1 Continuation passing translation of PCF,

This can be seen as an application to PCF of previous work on the pure calculus.
The novel feature here is the use of infinite lists to model continuations of type nat.
de Groote [23] described a wholly syntactic continuation-passing-interpretation of
the  ,-calculus which is similar to the one given here. Hofmann and Streicher
[40] gave a continuation semantics for  ,, and showed that it is universal in
that any  , model is isomorphic to such an interpretation (see the discussion in
Remark 4.5.10 below).

Definition 4.5.5 (CPS translation of call-by-name PCF) The translation

on types is given by
e O =
e nat" - = ¥ =

e (S=T)H=8S"=TH
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Note that to translate PCF,, requires only V-indezed products in A(Q2)*¥ at ground-
type, (written A(Q)Y).

Terms-in context are translated by assuming a correspondence between PCF vari-
ables X: T and A(Q)* variables X2 : TH, and between names : nat, and A()*-
variables B: v,

So (T Ft;A)Y =T AP -2, where t7 is defined by induction:

[ J
<
Z
o

I
<
O
Z
O

0“9 = X: “head(X)

e (succ M)7 = x: “:MP (tail(x))

(pred M)7 = x: “:MP (Q::x)

(IFO M then L else N)® = MP (LP:: (ND))
e (YM)” =YMF

o ([ IM)P=M" ()

° ( ZM)D: O:MmE

The interpretation of terms of PCF,, in the games model can now be given via

translation into A(Q2)¥, and interpretation in G; i.e.

[M]g = [MT]g

The well-bracketed model of PCF embeds into the semantics of PCF,, as de-
scribed in Chapter 3.

Proposition 4.5.6 The denotations of the PCF types (as games) and PCF terms
(as innocent functions) under the above interpretation are play-equivalent to those
in the Hyland-Ong model of PCF without the bracketing condition.

The proof of soundness of the translation uses the following lemma.

Lemma 4.5.7 For every 0-typed, nat-holed PCF,, evaluation context
E™**[-] : 0, there is a term N : “ of A(Q)* such that for any PCF term M : nat,
EM]” =) M7 N.
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PRrROOF: is by induction on PCF,,-evaluation contexts. There are two base cases,
the conditional and naming:

(IFO M then L else N)® = M L":: (NF)

([ IM)F=Mm" 5

For the inductive step in which E***[-] : 0 = E'[succ [-]] for some smaller E'[-],
the induction hypothesis gives N’ : “ such that E’'[M’] = M"Y N’ for any M.
Let N = tail(N’), then E'[succ M7 =, (). (succ M)" N’

=(z: “:M" tail(z)) N =5« M7 N as required.

The case E[-] = E'[pred -] is similar. O

Lemma 4.5.8 IfE™*[-]: 0 is a PCF,, evaluation context, and N the associated
term of A(Q)“ such that for all M : nat, E[M|7 =, MPN, then for all PCF
terms L, LIE[-]= ]9 = LP[N= H].

PROOF: is by induction over the structure of L, for example,
([ IME[]= )7 =E[M[E[]= ]]7
= (M[E[]= )N = (M%7 5)[N= "] = ([ ]M)7[N= "], O

Proposition 4.5.9 The translation is sound with respect to the equational theo-
ries of PCF,, and A(Q)“.

PrROOF: The equalities are preserved by the translation, and it is easy to

check that the Peano axioms and equalities for the conditional are satisfied.
(MP=, BME 2 —ve

The rule translates to a -substitution: by Lemma 4.5.7 above,

(E[ :M]:0)" =AQ)~ O:ME N =AQ)~ MHY[N= H].

By Lemma 4.5.8, MZ[N= "] = M[E[-]= | as required. O

Remark 4.5.10 (Relation to Hofmann-Streicher Models of ) By the com-
pleteness theorem of Hofmann and Streicher mentioned above, every sound model

of s isomorphic to a category of continuations constructed from a category C

as follows: select an answers object R from C.

For each type T, define the continuations of type T as

[0]. = 1¢, and [S = T]. = Rk x [T]..

(Leaving open the interpretation of continuations of ground types other than 0.)
The denotations of type T are given in RITle (So that a denotation corresponds

to a map from a continuation to an answer, and a continuation at arrow type to

pair of a denotation of argument type and a continuation of result type.)
Hence for a PCF-type T = Ay = (A = 11 (A, = nat)::I),
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[T]e=[Adp x i x [An]p x [nat]L,

[T]p = R x[AnpxInatle = (TA]p x i 22 x [A,]p) = [nat]p.

So denotations at PCF-types are given the standard interpretation, and a contin-
uation at higher type is given by a product of denotations with a continuation at
ground type. This is how higher-type names are interpreted using the ‘bootstrap-
ping’ described in Proposition 4.2.9.

Another perspective on the semantics of call-by-name 1s given by Ong in ‘A
Semantic view of Classical Proofs’ [66]. This paper describes categorical and game
semantic notions of  -model, both of which are quite different to anything which
appears here. The categorical model characterizes the operation of ‘mized substi-

¢

tution’ directly, rather than by continuation-passing. Ong’s -categories’, are
split fibrations; CCC’s (i.e. -models) fibred over cartesian products representing
-contexts. (So continuations models are a trivial example of such a fibration, in
which the fibre for each -context is the CCC with the corresponding context of
continuation variables adjoined to it.) Because of the various completeness results
for cps semantics (such as [40]) it is known that every  -category can be written
as a category of continuations in this way.
The relationship of the games semantics of ., in [66] to the unbracketed one
15 less clear. Ong’s model retains the well-bracketing condition, but adds a notion
of state via ‘scratchpads’. These allow Player to give ‘dummy’ answers to ques-
tions which he would just skip over in the corresponding unbracketed strategy. It
seems fair to say that the unbracketed games model, based on relaxing conditions
rather than adding structure, is a simpler category; it has also been possible to
connect local and non-local control semantically in a natural way. However the
extra structure of scratchpads and control questions could prove useful in studying
control-flow in games, using information which could be extracted from a for-
mal connection between the games via the relationship between the corresponding

categorical models.

Proposition 4.5.11 If (C;a) specifies a computational model of control (i.e. C
is a rational CCC with Y-indexed products, and a is non-terminal) then the se-
mantics of PCF, in (C;a) given by translation into A(Q2)¥ is computationally

adequate with respect to the operational semantics.

PROOF: The semantics in G meet the adequacy criteria stated in Theorem 4.4.5,

as the translation into A(2)“ is sound, and G has standard datatypes and is

continuously observable.

Datatypes are standard Suppose a is non-terminal: then 1,4 = ta; L # ida.
Hence for everyie I, [n)=" ) :a’=a# ‘Lywa.
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Continuous observability If C is rational, then the semantics of PCF,, given
by (C;a) is continuously observable.
Given a closed term of ground type, C[Y(M : T = T)],
C[YM]=[ xC[xM] (y:T=T:Yy)]=FV;[ xC[x M]].
(where F: [(T=T)=T)]—=[(T=T)=T))]=] H: f:f(Hf)])
By rationality, C[YM] = | |.., F% [ x:C[x M]] = ||, [C[M].
Hence if C[YM] # L, there exists k € 1 such that C[M*] # L, as required.

O

4.6 Definability and full abstraction in PCF},

Definability of finitary morphisms now follows from the axiomatic characteriza-
tion of the category of unbracketed games and finite strategies as a fully complete
model of A(£2). It is also, trivially, a fully complete model of the  ,(€2)-calculus
over the empty type 0, because by Lemma 4.2.9, naming and -abstraction at all
types can be simulated using -variables. The extension to the infinitary types
are given by the numerals and case statements.

Definability for PCF,, can be established in greater detail by describing an
inverse to the [J translation with respect to finitary evaluation trees. Recall
(Proposition 2.5.9) that all definable morphisms of a computational control model
(C; a) are least upper bounds of the form | |,__(p:'; f;;e”), where each f; : A; — B;
is a definable morphism of the free CCC over a. In conjunction with the unique
representation of morphisms in the CCC as  -long forms of A(f2), this gives a

unique representation of a finitary basis of a model of A(Q2)“.

Definition 4.6.1 The finitary normal forms of A(2)¥; are given by the following

inductive definition.

QeN(:)
te N(I'; x: S;T)
xteN(I;S=T)
X:vel
n(x) € N(L; )
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Proposition 4.6.2 If (C;a) is a model of A(Q)“, every finitary definable mor-

phism is the interpretation of a (unique) finitary normal form.

PROOF: is by a straightforward structural induction, proving that every denota-
tion of a finite evaluation tree is equal to €:'; f;; p/t, where f; is the denotation of
a unique -long normal form of A(Q2) (given by Definition 3.7.4 extended with
finite products at ground type). 0]

The Definability Theorem (Theorem 3.7.2) then yields the following corollary.

Corollary 4.6.3 If (C;a) defines a computational control model, and satisfies the
azioms for definability, then every finitary morphism of (C; a) is the interpretation
of a finitary normal form of A(Q2)%.

The evaluation trees of PCF,, follow essentially the same pattern.

Definition 4.6.4 (Evaluation trees of PCF,) The set of evaluation trees
E(I;A;T) of type T over the contexts I' = X1 : T1;:00 Xy Ty A = 1 :nat; o

nat;::: , : nat is generated (up to -equivalence) by the following inductive
definition:
Qe E(l;A;0)
eA
[ Ine€ E(T; A;0)

M e E[;4A; ;0)
‘M € E(I'; A;nat)
MecE[;x:T;U)
x:T:MeE[I;T =U)

((F M) My) ::9) M,, € E(T'; A; 0)

M, c EM;A;T):i<n;, f:T=nat)el;, N,€cEI;A;0):i<Kk
case ,(((f M) My) :::) M,,;N; € E(T; A;0)
For the evaluation trees of PCF, , delete the fifth clause.

Proposition 4.6.5 Suppose t € E(T'Z; AU TH) is a finitary normal form of
A(Q)“, over a context of translated variables and names. Then there is a unique
finitary evaluation tree of PCF, M € E(T; A;T) such that M” =xr~ b

PROOF: is by induction on finite normal forms of A(€2)“, which is routine as there

is a direct correspondence with evaluation trees, as follows.
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o (Y= Mp) M) :20) M =ppe ((((y Mi) My):i2) M, )=

o (Y7 M) Mg) 1) MP(NF NG i o NE)
= (case ((((y M1) M) ::1) M,,)[iN;)

O

Corollary 4.6.6 Ewvery finite morphism in the games model of PCF,, (and any
model constructed from (C;a) satisfying the azioms for definability) is the deno-

tation of a unique evaluation tree.

Theorem 4.6.7 (Full abstraction for PCF,) Any model of control specified
by a category and answer-object (C;a) satisfying the axioms for definability will

collapse under its intrinsic preorder to give a fully abstract model.

PRrOOF: by Corollary 4.6.6 above, any such model will have the definability prop-
erty, which by Proposition 2.4.11 means that its collapse will be fully abstract
for closed terms. It remains only to show that full abstraction for closed terms

extends to full abstraction for all terms. O

Lemma 4.6.8 Suppose full abstraction holds for all closed terms; i.e for closed
s;t: A, s C% t if and only if [s] E9P% [t]. Then full abstraction holds for all

terms.

PROOF: It is observed in [6], for example, that it is sufficient to prove soundness

and completeness for terms without free variables, as given any terms M;N : T

[I'=M] Siry=qrp [TF M] if and only if [ XXM] Sprj=prp [ XiN], and

M CR25 N if and only if x:M EP7° X:N.

Here, it is shown how this observation extends to free names.

Suppose that ' F M : A; :B;Aand ' N: A; : B;A are terms in context

with a free name : B.
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Let X : A = 0 be a variable not free in S;t, and define

M = x:A=0: (XxM)and N'= x:A=0: :(XN)

Then M E£R%. 4 N if and only if M" CRR%,_ o 5 N'.

The implication from right to left is obvious; to prove the converse, suppose that
M’ CRR5, ) N/, and C[] is a program context such that C[M] .

Then let D[] = C[[:] z::[ ]z], so that

[IDIM]] = [CIM[ y:[ Jy= ]]] = [C[M]], and D[M’] | by computational ade-
quacy, hence D|N’] | and C[N] = D[N’], so C[N] |} as required. O

Hence another example of a fully abstract model of PCF,, is given by dropping
the bracketing condition on the Abramsky-Jagadeesan-Malacaria games model of
PCF, since this coincides with the semantics given by translation into A(2)“, and
interpreting as the one-move game. Because these games satisfy the axioms for

definability, this model will also give rise, by collapse, to a fully abstract model.

4.7 Call-by-value: higher-order control

Call-by-value PCF can be soundly interpreted in a control model, giving a fully
complete games model, and a fully abstract translation into the simply typed

-calculus, just as for call-by-name. However, although the continuation-passing
interpretation based on the monad is in principle simple, translation of A =, B
as A =, ((B =, ) =, ) has the effect of radically increasing the depth of
the types concerned, making the direct translation into the -calculus less than
transparent. What is required is a set of higher-level reasoning principles to
structure the translation.

As remarked by Moggi [62], control flow is the key to a general system of rea-
soning about function-based programming; in the presence of phenomena such as
partiality, state, non-determinism, exceptions, etcetera, the order in which com-
putation occurs is critical in determining its result. Monads provide a way to
structure this information. A variant of one of Moggi’s metalanguages for rea-
soning about the semantics of call-by-value functional langauges in general Kleisli
categories, — the ‘computational -calculus’ has been described in Chapter 2. By
making the typing of the continuations monad explicit, a ‘control’ version of .
can be described (which is effectively Felleisen’s € [25]).  , can be translated
soundly and invertibly into this calculus, so its interpretation in models of control
is sound and complete. Using the computational -calculus to structure the cps
translations of € and thus has two advantages:

it comes with a complete set of high-level reasoning principles, which yield a sim-
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let X=tin X = t
lety=(letX=t;inty) inS =. letX=1t; in (lety =1, inS)
let X=vVint = t[v=x]
(t) = let x=tin (X)

([t) =e t
[ ()] =e X

Xts = let X=sint
( xv (X)) = v

Figure 4.3: Equational theory in .

ple equational proof that the intended model of PCF, is sound,

it also allows the project described in Chapter 3, of giving fully abstract se-
mantics to a variety of computational features via the intensional hierarchy, to
be connected to this elegant and well-established paradigm for modelling such
side-effects using monads.

There is in fact quite a venerable tradition of using the monadic nature of con-
tinuations to study them; Moggi gave continuations as one of the first examples
of a computational monad, and Hatcliff and Danvy [36] used Moggi’s computa-
tional metalanguage (not the computational -calculus) as a unifying framework
for factoring the cps translation, but not control operators. It has also been
known [27],[39] that the action of the -transformation on continuation models
is that of a control operator such as Felleisen’s €. In this section this observation
is combined with the power of let -based reasoning about the flow of control to
describe the semantics and theory of |, and show that it too can prove stronger

equalities for purely functional terms than  -equality alone.

4.7.1 Control in the computational lambda-calculus

Recall the language . defined in section 2.2.2.

Definition 4.7.1 A wvalue of . is a variable, or -abstraction, or lifting, i.e.
vo=x| xt| [t

where t ranges over all terms of ..

The equational theory of =, is given by the reflexive, transitive, compatible closure
of the rules in table 4.3.

Proposition 4.7.2 The above theory is sound with respect to the interpretation

of ¢ in a computational model (the theory is also complete)(Figure 2.3).
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PROOF: is direct from the definition of . model, see [62]. O

Even without identifying continuation-passing as the notion of of computation,
« permits reasoning about the flow of control which is unavailable in the call-by
value -calculus. In particular, the intuition behind the definition of evaluation
contexts, that t is always evaluated in computing E[t], can be formalised, by
requiring that the meanings of E[t] and X:E[X] t (evaluate t, substitute it into
E[x], and compute that) should be the same in a computational model, and
so E[t] =. ( X:E[X]) t should be derivable from the above theory. Since the
evaluation context has been used as a syntactic representation of the current
continuation, this is a directly useful fact.
First define the let-free . evaluation contexts by induction over the following

grammar.
Definition 4.7.3 (Let-free evaluation contexts)
ElJ:=[TIE[Jt[vEL]] E[]

As in PCF, terms can be uniquely decomposed into an evaluation context and

a value.

Proposition 4.7.4 Lett be any term of .. Then there is a unique value V, and
evaluation context E[-], such that t = E|V|

PROOF: is by routine induction along the lines of Proposition 4.3.2. U

Proposition 4.7.5 (Evaluation Contexts Lemma) For all evaluation contexts
ET[-] with X not free in E[-], and terms t: T,

( xE[x]) t = E[t]:
PRrROOF: First, observe that the proposition is equivalent to the following :
Lemma 4.7.6 For all t:
i (XX) t=,1
it ( X:(x8)) t=.ts;

i ( XV (U X)) t=.v (ut);

(where u; Vv denote values, S;t arbitrary terms, and X is not free in S;u; V).
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Proor: Each of the above equations is an instance of the evaluation contexts
lemma.

On the other hand, one can prove by induction on the definition of evaluation
context that they jointly entail the axiom schema. Given an evaluation context
E[], either:

E[]=],so E[tf =t, and by (i), xXXt=,t.

or E[-] = E'[K[]] where K[] is just one level deep.

Then E[t] =, x:E’[X] K[t] by inductive hypothesis.

Kt} =. y:K]|y] t by the appropriate clause above,

and E[t] =, z:( XxE[X] ( y:K[y] 2)) t=. z:E[z] t by clause iii above. O

Now it remains to show that i — iv hold in :
i(xX)t=clety=tin( XX)y=,lety=tint=.t
ii (xXxs)t=.lety=tin( XXXS)y=,lety=tinys=.ts

iii ( xv (UuX))t=,lety=tin( XV (UX))Yy
=, lety=tinv (Uy)
=, lety=tin(letz=uyinvVv z)
=, letz=(lety=tinuy)invz=,letz=uUtinvz=,.V (ut)

iv is by direct application of let ,.

4.8 Relating to .via C

. is a potential basis for a metalanguage for reasoning about a variety of effects
in games via sum monads and the Fam(C) construction. However, in the case
of control, the calculus can be simplified by observing that for any continuation

monad T with answer object a, over a category with an initial object O,
[TO]. = a

and hence for any type X, TX can be equated with (X = T0) = TO0. So all
references to T in the type system can be suppressed, by hiding the use of T
in function types (as in the standard call-by-value interpretation, [A = B] =
[A] = T[B]), and replacing the type-constructor T with ((- = 0) = 0). So the

typing rules for and [-] become:

'Et:A
F'F[t]:(A=0)=0
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'Ft:(A=0)=0
F'E (t): A
A further simplification is that the lifting operation, [_] can be replaced by X:X _
as for any term in context, [I' - [t]Jr = [ Ft]r; =[T'F XX t]r.
Finally, note that the typing of given above is that suggested by Griffin for the

C-operator introduced (in an untyped setting) by Felleisen and Hieb [25]. This
allows the equational theory of . to be appropriated as an equational theory of
for €, with ,; ,, and the additional axioms below: the Evaluation contexts
lemma, together with the rules defining € and X:X _ as a monadic reflection, —

an isomorphism between values of type TA, and terms of type A (see [27]).
gy ( XE[X]) t=e E[t]

C, C XXt=¢t

Cs XX (CV)) =¢V:

This is still not quite a complete axiomatization of continuation models of €, —
it is also necessary to capture the initiality of 0 — see [39], and Section 4.9. It is,

however, sufficient to establish soundness of , models by translation.

Remark 4.8.1 (Relationship to other axiomatizations of C-models) The
equational theory of C© supplied by Felleisen and Hieb is sound but not fully com-
plete with respect to continuations models. (So it is properly contained in the
above theory.) The description by Hofmann [39] of models of C essentially sim-
ilar to control models (without co-products) has already been mentioned. This
paper goes on to give an axiomatization of C-theory which is sound and com-
plete, and similar to the one which has been derived here. (The real difference
with Hofmann’s account is that here the rules are derived from the general notion
of monad.) Sitaram and Felleisen [80] also gave a similar axiomatization of C,

and a syntactic completeness result in the form of invertible cps translations.

4.8.1 The call-by-value de Groote Translation

» can now be translated into €, and the equational theory used to prove that
any continuations monad on a CCC is a sound  ,-model. In fact, the translation
has already been described by de Groote in [23], where it was considered for the
call-by-name case only. As noted by Ong and Stewart [67], soundness of the
translation into call-by-value € seems more problematic. This not due to the
inadequacy of the rules for C itself, but the weakness of , on its own, for reasoning

about the flow of control. This can be remedied by adopting the let -rules of
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¢ (or Hofmann’s complete axiomatization of €), which are encapsulated in the
single rule g
Using the presentation of  -theory via evaluation contexts, it is a simple
matter to show that the translation is sound with respect to the € and
theories. Hence the apparatus of naming and -abstraction can be seen as simply
a (useful) syntactic sugaring of call-by-value €. The correspondence of the call-
by-value calculi can thus be said to be closer than in the call-by-name case, as
the rules of ,, (in particular ) cannot be consistently translated to a sound

rule of call-by-name € in this style (see Proposition 4.8.7).

Definition 4.8.2 (The ‘de Groote translation’) from terms of to C is
defined by structural induction as follows:

Define a distinguished collection of variables Xq; Xg; @1 & in bijective correspondence
with -names, such that if : A then X,: A= 0.

For each  term t: A, define the C term |t]:A:

[ ]
—
X
~+
[N
I
X
—
~+
[N

[
—

T =C X,:[t].

Definition 4.8.3 The semantics of terms-in-context I' = t; A of , in a con-
trol model (C;a) is given by translation into C and interpretation in the Kleisli

category of continuations on Fam(C):

[Pt AL =101 A F [E]e:

4.8.2 Correctness of the translation

Using the axioms obtained for € as a particular form of the . calculus, and in
particular the Evaluation Contexts Lemma, it is simple to show the translation
is sound with respect to the equational theory of call-by-value . First extend
the translation to (many-holed) contexts by adding the clause [[-]] = [] to its

inductive definition.

Lemma 4.8.4 For any context of , C[], and for any compatible term t, |C[t]| =

[CLE]]]-

And if C[-] is an evaluation context then so is [C-]].
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PROOF: is by simple structural induction. 0]

Proposition 4.8.5 (Correctness of the Translation) Forany ,-termss;t,

S =au, t implies S| =¢ |t].

PROOF: it is necessary to show that the translations of and  of , hold in

C( ; translate directly to their € counterparts).

n o Ml ls=s( ¢FN(s))
| [ ]]=CA X, Xt=¢thyC,

CE[ T:):0=tE[) |
IE[ ] =|E[l “t]]] =e |[E[C? X.:[t]]] (by the lemma above)
|[E[CA X.:|t]]] =e ( YALE]Y]]) € X.:[t]), by the Evaluation Contexts
Lemma
e ( xalt]) ( yAE])) by €5
e [ YEIEN )X by
Now make the -named terms of t explicit:
suppose t=C[[ |siJ[[ Iso] :::[[ ).
Then [t] = [C[Xq [S1]]:::[Xa [Snl], and by +; g,
141 2 ElY]J)=x] =c [Clxs [Elsi]]]::: o [Efsa)]]]
= [t[|E[-]]= ]], as required.
(That the variable substitution of y:|E[y|| for X, is equivalent to the
named substitution of E[-] for  can be proved formally by structural in-

duction using the definition of substitutions as in Lemma 4.5.8.)

O

Remark 4.8.6 By way of comparison with the original call-by-name translation,
note that the deGroote translation is not sound with respect to any non-trivial
axiomatization of call-by-name C. The translation of the rule is inconsistent
with [[ ] 1t =xC y:|t].

Proposition 4.8.7 Suppose T is a theory of C such that the deGroote transla-
tion is sound with respect to T. Then for any terms S;t: S of €, s=pt.

Proo¥: If || is sound w.r.t. T, then T contains all instances of ,; n, together
with ||,

i.e. € XX t=pt for all t not containing x free,

and | |, d.e. X570 C yit =1 t|x=y] for all t.

Consider the term € X:S=0:( y:S=0y € z:S=0:(xt)) w:S:(Xxs)
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=3C x:( Wi(xs))€C z:S=0:(xt)=3C X(XS)=rS
But alsoC X:S=0:(y:S=0yC z:S=0:(xt)) w:S:i(xs)
=p C x:( z:(xt)) wi(xs)=5C xi(Xt)=rt.
U

4.9 Completeness and full abstraction in PCF,

To form a complete theory of | add the following rules to the call-by-value

equational theory ; ; ;

(u) (x[])t=,[]t
This makes the correspondence between naming and applying a continu-
ation variable direct; that it is sound in a model of control is clearly a

consequence of .

(0-init) For any values v;u:0=T,v =, u.
This makes the status of 0 as initial in a model of control explicit by

stating that all values taking arguments of type 0 are equivalent.

Finally, it can be observed directly that the rules for the co-product extension

are sound, establishing the following

Proposition 4.9.1 Let (C;a) be a model of control, then the semantics of  }

in (C;a) is sound.

(As de Groote notes) an inverse to the translation into € can be given by trans-
lating Ctas it X[ ]x, (and C%tast Xx:0:X).

Proposition 4.9.2 The inverse of the de Groote translation is sound with respect
to the rules of C.

PRrRoOOF: The monadic reflection rules translate to sound rules of as follows:
o ((yyt)(x[]x)=, x[X)t=, :[]t=,t

o yy( v(x[[X)=u yV(XyX)=, yvy=,V.

That the let -rules translate to valid equations of is equivalent to showing
that pgj holds in .
First note that for allt: T t=, :( z:[ |z) tby ,, and so
xEX|t=, xE[X ( :(z] Jz)1)
— ((z[ I xEX) D) D=, (( z[ [EZ)Y
=, E[( :( z:[ |z) t)] =, E[t] as required. O
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Note in particular that the theory of , is not a conservative extension of .
So although the rules and are manifestly about manipulation of first-
class continuations, they can be used to reason about control flow even in purely
functional programs.

Completeness of the  -theory can thus be achieved as a corollary of Hof-
mann’s completeness theorem for the axiomatization for €. However, the ad-
dition of co-products allows a simple proof of completeness to be given more
directly, based on the following observation:
any model of () over the empty type is a model of the simply-typed call-by-
name -calculus A(€Q).

This can be proved by giving an ‘inverse’ to the cps translation into A(€2) which is
implicit in the continuations model, and hence proving that  ,(2) is a complete
syntax of control (recall Definition 2.3.11). Notwithstanding the brutal nature of
the syntax, this is merely the syntactic counterpart of the observation in Chapter
2, Proposition 2.3.7, that every object generated from a in (C;a) corresponds to

a call-by-value type in the associated control models.

Definition 4.9.3 Define the following translation from the simply-typed A(£2)-
calculus to the +;_= 0 fragment of [ (£2)

v

Types translate as follows
e =0
e (A= M*=A*=0
e (A=B)*=(A*=0)+B* B# ).

Terms in context I' = t are translated to — + terms in context _ = tA&;T* as

follows:
e (): 4 =00

e (X:T)t= y:T4[ .- T*=0] ylyly

o (t:S=T)s:S)*=:T4(( : :S*=0; :T|t*)s:S*)
o (X:SIt:T)b= [ ,:S*=0; T4 Jt*
Proposition 4.9.4 The above translation is sound with respect to  -equality.

PROOF: -equality: (( x:S:t:T)s:S)4
=, T2 ::S*=0:]; |( [ .:S*=0; T4 Jt4) (s*))
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(where the A(€2)-variable X is translated in t as y:[ .| y:[y]y)

=, (] Jtr)st) =, o Jtrsr=( v: ] y:lyly)] =4 t[s=x]* as required.
(As yi( yilyly)st = st

-equality: (it is sufficient to show that this holds for (the translation of) variables,
le. ( Xy x)* =y4)
Cxyx)t = [a BLTyC Doyl T37R0 o) wel 5wy Ol o] 2] ]2)
= [ J:(C 4 wi[; Jw) ] 2]( z:[ ]2)) (by repeated application of )
Using the derived rule s t =, ( x:x t) s, this is equal to

[ o RO ly) O :0 ] wels Jw)
=, [ o Ji[ 4J( Wi[ 2 ]w) which is equal by -conversion to y* as required.

O

Sum types, and the continuation forming operation - = 0 are thus, in a sense

‘expressively complete’ for the simply-typed call-by-value calculus.

Corollary 4.9.5 The initial model of the - = 0;+ fragment of (), is iso-
morphic to the free pointed CCC.

Completeness for the whole of  ,(£2) can now be established by translating

implicational types into the —; + part of the language.

Proposition 4.9.6 The initial model of () is isomorphic to the initial call-

by-value control model.

ProoF: Having shown completeness for the (- = 0; +) fragment, it remains only
to show that every function type of  ,(£2) is equivalent to one formed from +
and - = 0, (essentially by defining a sort of co-currying operation between sum
and arrow types).

So let (0 = B)» =0, and

(A= 0)2=A%=0(A#0)
(A=B)>=(A>+(B>=10)) =0 (A;B#0).

* in a control model,

Note that under the interpretation of

[T]=[T*= 0]

Lemma 4.9.7 There is a (T definable) bijection (up to  -equality) between
values of type T and values of type (T4 = 0).

PROOF: is by structural induction, defining an isomorphism 7 from values of

type T to values of type T® = 0 and an explicit inverse ~!.
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e For T =0 = A, define 7 as the constant X: 0:X and
1= x:0: A, as all terms at these types are equal by 0-init in any

case.

e For T = A= 0, define 7(v)= Xx:A%v ( (X)) and
) = x:A:( a(X)t). sothat ~'( (V))=v,and 2'( 7(Vv))

e for T=A=B (B#0), r(v)=

y:To [ A% (BR=0): phol z[ 2) (v Z(y:[ 1Y)

and define the inverse ;1(V) =
X: A B opool 2] 2) ((y: aX) (v (y:[ A% y: B2 = 0]y))))

So 7' r(M) =y xt (T z[]2) (v T (X)) =uV,
and similarly 7( 7'(v))
=0 wWw [ ] Tz 2)) (

(
= ww [ [iv(u; Ju)=,v:

Hence the maps [X : T = 7(X)] : [T] — T[T® = 0], and [x : T4 = 0 F
7(X)] : T[T# = 0] — [T]] define an isomorphism on type-objects in the Kleisli

category of the continuations monad.

Corollary 4.9.8 If (C;a) satisfy the axioms for definability, then the control

models of () constructed from (C;a) are fully complete.

4.9.1 Control models of PCF,

The interpretation of PCF, in a computational control model (C;a) can now
be given by combining the semantics of , with the semantics of call-by-value
PCF outlined in Chapter 2. As in the call-by-name case, the semantics is ade-
quate, — the assumption of non-terminality of a yields standard datatypes, and
rationality entails continuous observability. If (C;a) also satisfies the axioms for
definability, then the semantics also has the finite definability property. Hence
dropping the bracketing condition on the Honda and Yoshida [41], and Abramsky
and McCusker [3] models of pure PCF yields such a model.

Recall the definition of a computational control model (Section 2.4); a rational
pointed CCC with Y-indexed products and non-terminal answer-object. This
gives a semantics of call-by-value PCF in the Kleisli category of the monad of a

continuations(see Section 2.4.4).
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Proposition 4.9.9 The semantics of PCF, in a computational control model

(C;a) (rational C, non-terminal a) is adequate.

PROOF: Soundness follows from the soundness of the translation of into C.
(That the Evaluation Contexts Lemma extends to the PCF, evaluation contexts
is straightforward.)

Completeness follows from the application of the Adequacy Theorem (Theorem
4.4.5) for the operational semantics, together with the fact that the adequacy
conditions of continuous observability and standardness of datatypes apply, for

which the proof is entirely similar to the call-by-name case (Proposition 4.5.11).
[

Definability is a consequence of the full completeness of the  (2), semantics,
together with definability of embeddings and projections into PCF-types. As in
the the call-by-name case, more detail can be given by defining the finitary evalu-
ation trees of PCF, and showing that they correspond bijectively via denotation

to unique -long normal forms of A(2)“.

Definition 4.9.10 (Finite Evaluation trees of PCF,) Thus there are two dis-
joint sets of trees of type T over the higher-type context I'; A; the values, V (I'; 3;T),

and the non-values NV (I'; $; T), formed by mutual induction as follows.

Qe NV(I[;A;0)

neV(3;Ajnat)
M € NV (;A:B)
XM eV (3;A;A=B)
{M; € NV (3, A;T) [ 1 <K}
( Xicase y X |i<k M;) €V (X;A;nat=T)
M e NV (X A; :A;0)

‘M e NV (Z;AA)
MeV((EXx:S=T;A,T=0);N eV (ZA;S)
M (XN)eNV((Ex:S=T;A;0)
MeV(Ex:S=T;4A; T;T)

[ IMeNV (E;x:S=T;4A; :T;0)

These normal forms are complicated by the ‘eager evaluation’ of ground-type
values. To simplify matters, 0 is assumed not to occur to the right of an arrow,
or as the type of a variable, (as by initiality of 0, all values at such types are
equivalent). Variables of type nat are tested once, as soon as they are introduced,

and so contexts are restricted to higher-type variables.
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In addition, trees are split between values and non-values. It is only possible
to reach a higher-type value by lambda-abstraction from a non-value, and it is
only possible to reach a higher-type non-value by -abstraction.

This gives a notion of ‘normal form’ for continuation passing (which is very
different, for instance, from the version arising from the well-bracketed games
model given in [41]): apply a variable to an argument, and a continuation to the
result, abstract a continuation variable, abstract an argument, and so on.

There is a cps translation from A(Q2)* into PCF, along the lines of the call-
by-name [ translation but it is substantially more complicated, due to the fact
that variables of type nat do not translate to A(2) variables but operations on
infinite lists. As there are no free variables in the finite evaluation trees of PCF,,
however, an invertible cps translation into the finitary normal forms of A(Q)¥ can
be described simply, and used to show finite definability. First a (slightly non-

standard) cps translation on types is defined.
Definition 4.9.11 Define the {-translation on PCF function types as follows.
e (nat = 0)¥ =0

e (nat = nat)® = (v = )

(nat=T)*=(T®= )= )¥, ifT #nat;0

(S=0)°=S®= | ifS #nat;0

(S=nat)®*=S%= (“= ), ifS#nat;0 (S=T)*=S"= (T® =
)=, if S;T # 0;nat.

Thus for any higher PCF type T, the interpretation of T in a model of control

is isomorphic to the interpretation of T< in a model of A(Q)~.

Proposition 4.9.12 IfC;a is a CCC with Y-indexed products specifying a (call-
by-value) model of control, then for any PCF, type T, [T Oﬂ(c,a) = [Tlic.a)-

The finitary normal forms of A(€2)¥ (Definition 4.6.1) are extended to translations

of PCF, types by adding the clause:

y:(S= )*el; te N(I;9)
i(y) te (I ):
A correspondence is assumed at each type T between PCF, variables X : T
and A(Q)“-variables, X® : T¢, and between names : T and A(f2)“-variables,
CLTO=0.
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Definition 4.9.13 The {>-translation takes trees of type O to finitary normal
forms of type , PCF, values of type T to normal forms of type T®, and PCF
non-values of type T to normal forms of type (T® = ) = . i..

NV (T;A;0) — N(I'C; A9 )

VIGAT) — NI A%TY)
NV ([;4;T) — NI%A% (T = )= )

e =0

( X:T:M)® = x:M?, for T # nat

o ( M= MO

o ([ M= n( 9

([JV:T))®= OV for T #nat

(U (xn)® = ,(x?) U®
e (U XV :T)))®=(xVv®) U®, for T # nat.
Proposition 4.9.14 The { translation is sound and surjective.
If (C;a) is a computational model of control, then for any M € NV (I'; A;T),
[T M;Alca 2 [T AY M ca
and for anyV € V (I'; A;T),
[TFV;Alea = [T A% VO cay 11
PROOF: is direct by induction over the definition of the translation. O

Proposition 4.9.15 If (C;a) is an computational model of control satisfying the
axioms for definability, then every morphism over a PCF, type-object is the least

upper bound of a chain of definable elements.

PROOF: Is by surjectivity of the {-translation, together with the Definability
Theorem (Theorem 3.7.2), and Proposition 2.5.9 (all morphisms are least upper
bounds of the form | |, (p%; fi;e?)). O
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Applying Proposition 2.4.11 yields a full abstraction result (which extends to

open terms as in the call-by-name case described in Lemma 4.6.8).

Corollary 4.9.16 (Abstract full abstraction) If (C;a) is a continuous con-
trol model satisfying the axioms for definability, the semantics for PCF, con-

structed from the collapse of C under its intrinsic preorder is fully abstract.

Corollary 4.9.17 (Concrete full abstraction) The call-by-value control model
constructed by dropping the bracketing condition on the Abramsky and McCusker
model of PCF and collapsing under the intrinsic preorder is a fully abstract se-
mantics for PCF,. The collapse of the games model of PCF, under its intrinsic

preorder is fully abstract.
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Chapter 5

Analysis of the fully abstract
model

This chapter is a study of the fully abstract models of control in greater depth,
establishing further semantic properties such as universality, and also some of the
syntactic information which can be extracted from them; in particular a context
lemma for PCF. The most important step towards a significant analysis of
syntax and semantics, however, is that the fully abstract model can be presented
effectively, — in fact directly, in the category of sequential algorithms.

Conceptually, the existence of a model which satisfies the ( PCF version of
the) ‘Jung and Stoughton criterion’ is important because it contrasts with the
purely functional case; by Loader’s result [54], a PCF semantics cannot pass
this test. One could consider extending the application of the criterion, to ask
which (if any) meaningful sequential functional languages have effectively pre-
sentable models, and using it to delimit the applicability of full abstraction and
of denotational semantics in general. The negative result for PCF reveals a deep
incompatibility between sequentiality and full abstraction on the one hand, and
a certain conception of denotational semantics in terms of (appropriately con-
strained) set-theoretic functionals on the other.

The nature of the of the analogous problem for PCF is somewhat different
because observational equivalence is not extensional, so there cannot be a presen-
tation of the fully abstract model without (implicit) reference to its behaviour.
Nonetheless, it is significant that there is such a construction which is both inde-
pendent of the syntax, and mathematically more tractable. (Another advantage
of a direct presentation of the model is that it can be seen to be cpo-enriched;
this is still not known in the case of PCF). Moreover, the problem of determin-
ing observational equivalence in the presence of non-local control is a significant

one in its own right, as most languages can use non-local control flow to distin-
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guish between extensionally equivalent procedures. Another feature of the direct
presentation described here is that it makes use of the category of sequential al-
gorithms, and thus forms a connection between the ‘intensional hierarchy’ and
another attempt to define a category of intensional ‘realizers’ for sequential func-
tions. The existence of fully abstract models of of SPCF (in essence equivalent
to PCF,,) based on sequential algorithms, and due to Cartwright, Curien and
Felleisen [16] has already been noted. What is lacking in this semantics is a con-
nection of its analysis of sequential control flow to other, more general accounts,
in terms of the syntax (how does catch relate to call-by-value call=cc?) and the
semantics (is there a connection with continuation passing?).

Although an effectively presented fully abstract model is technically a solution
to the problem of deciding equivalence of finitary terms, as one can compute the
denotation of terms and compare them, this is not especially illuminating. The
problem with limiting attention to full abstraction is that in order to achieve it,
the fine structure, which is not internally observable but which distinguishes terms
which are intuitively intensionally distinct, has been thrown out. (Specifically,
there is no repetition of moves in the sequential algorithms model, so a function
which consults its argument once can be indistinguishable from one which does
so several times). The finer structure is restored by establishing a connection
with the innocent strategies model (which identifies denotations at the level of

-equivalence). The unique structure-preserving functor from the games model,
which exists by initiality, is given a syntax-free characterization and shown in
a precise sense to be a removal of copied queries. Moreover, it is surjective —
there is a way of saturating sequential algorithms with copies so that they become
innocent strategies. Since the sequential algorithms model is equivalent to its own
collapse, the ‘copy removing’ functor maps two strategies to the same algorithms
if and only if they are observationally equivalent. In other words, considered
as a functor on equivalence classes, it is the unique isomorphism between the
fully abstract models. Thus the copy-removing functor characterizes intrinsic
equivalence of innocent strategies, and the the copy-saturating translation gives
a unique normal form for each equivalence class. This is the semantic invariant

which truly characterises observational equivalence in control models.

5.1 Observational equivalence and control

Recall from Chapter 2 (Corollary 2.5) that effective presentability of the fully

abstract models of control is equivalent to decidability of the intrinsic preorder
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and equivalence on the free pointed CCC (the strongest non-trivial equivalence

containing  -equality). The precise syntactic analogue of this problem is de-

cidability of contextual equivalence on the language A(f2), for contexts of type
= . (And in fact in the pure simply-typed -calculus, for contexts of type
=(=))

By the full completeness result of Chapter 3, this is equivalent to a question
of game semantics; to decide the intrinsic preorder on (finite) strategies of the
unbracketed games model. With the lifting of the bracketing condition comes
the power to make observational distinctions between extensionally equivalent
strategies by ‘exploring’ them with a strategy on A — (0 = 0) which behaves in
A as an Opponent, until some intensional feature is detected, then jumping out
of A into 0 = 0 to record this. The problem is to determine which intensional

differences between strategies are detectable in this way.

Example 5.1.1 As a simple ezample, consider the PCF terms
L; M;N : nat = (nat = nat), where
L = x: y:IF X then (IF y then 0 else 0) else 0
M = x: y:IF y then (IF X then 0 else 0) else 0
N = x: y:IF y then (IF X then (IF y then 0 else 0) else 0) else 0
L, M, and N are all observationally equivalent with respect to PCF contexts, — a
consequence of Milner’s Context Lemma for PCF [61], which states that function-
type terms are observationally distinguishable if and only if they have they have
distinguishable results when applied to the same argument.
L and M are, however, distinguishable in PCF, using the ‘catch’ term defined
in Section 4.3.2:

I I0) (L) Lo, whitst [ J(M [ 10) [ )L
But M and N are PCF observationally equivalent; unnecessary repeated calls to

a variable are not detectable using only control flow. But how to prove this?

5.1.1 A Context Lemma for PCF

Proving ‘ad hoc’ that no context exists which can distinguish equivalent terms
is difficult even in the trivial example above. However, definability in the games
model, and its axiomatic characterization, can be used to extract a useful practical

reasoning principle; context lemmas for A(2) and PCF.

Lemma 5.1.2 (Linear observers suffice) Suppose ; : A are innocent un-
bracketed strategies such that  La , i.e. thereis some (innocent) :!A —o (0 —o 0)
such that ; | and ; . Then there is some :A —o (0 — 0) such that ; |
and ; )/
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PROOF: is by induction on the size of the uncovering of | .
Applying the ‘linearization of head occurrence’ of Section 3.7.2 to  (which must
be strict), yields a strict strategy ' : A —o (1A — (0 — 0)) such that:

(¢ );App) = ;  (simply by relabelling the first-opened thread as play in
the new component).

Bither (s );App) Jor ;({'s );App) |.

!/

In the former case let = ' x ;App,then ; |and ; [ asrequired. In the

latter case, apply the induction hypothesis to ida x ( ; ’); App: A — (0 — 0),

as ||(ida x ( ; ");App) = || =(sfa) (where S|a is the initial thread in A), —
so this is a strictly smaller uncovering than || , whilst ;(ida x ( ; '); App) |
and ;(ida x (5 );App) [ O
Proposition 5.1.3 Suppose A = B = 0, then for innocent strategies ; : A,

<a if and only if for all innocent strategies :0 =B,

;L= L
ProoFr: Given ; :A, by Lemma 5.1.2,
<a ifand onlyifforall :B — (0—0), ; | implies ; |.

Recall the ‘Contravariance of continuations’ axiom for the category of innocent
strategies from 3.7.2. This states that the map from strategies on D — C to
strict strategies on (C — 0) — (D —0 0):

(f:D—-C) — A(idc—, ® f; App)

is an isomorphism. So <, if and only if for all % : 0 — B (in the linear
category)
% = ;A(idg.,® ;App)| implies¥; = ;A(idg.,® ;App)|. O

A simple context lemma along the lines of the Context Lemma for PCF is a

corollary of full completeness, together with the above result.

Corollary 5.1.4 (Context Lemma for A(2)) For any closed terms of A(S2),
$;t:S1=(Se=::1:(Sp= ):i)
s COBSt if and only if
Vr(X); : Ti;r(X)g : To;iiir(X), @ Ty,
XS r(X)1 r(X)2:::r(X),) 4 = xi(tr(x); r(X)2:::r(X),) 4
(where t | if and only if t =5, X:X).

Corollary 5.1.5 There are finitely many observational equivalence classes at
each type of A(Q).
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PROOF: is by a straightforward induction on type, using the Context Lemma,
together with a hypothesis that given maximum depth and size measures for types
as follows,
d()=0,d(S= )=max{d(S;) |i<n}+1,
ands( ) =0s(S = )=max{s(S;) | i <n}u{n}
then there are at most 247):s(T)~~d(T) observational equivalence classes in
= T (that is, a tower of S(T) exponents, of height d(T)).
This is obvious for T = |, so suppose = T = (S; ) = . Then s Z957 tif
and only if there exist q(X) : ;p1(X) : Sy;:::pn(X) : Sy, (with X :  free) such that
X:(Sq(X)) p1(X):::pn(X)  and  x:(tq(X))p1(X):::pn(X) §f. By hypothesis, there
are at most 247)~1:s(S;)~~d(S;) equivalence classes of = S; for each i (and 2

for = ), hence at most 247):s(T)~~d(T) many inequivalent combinations of

q(X); p1(X); 15 pr(X). O

The Context Lemma for PCF itself is reminiscent of the Context Lemma for
PCF. It says that evaluation contexts plus a single top-level continuation suffice

to distinguish inequivalent terms.

Proposition 5.1.6 (Context Lemma for PCF) For any closed terms M; N :
T of PCF (call-by-name or call-by-value), M CTZBS N if and only if for all

ground-type evaluation contexts ET[-] : 0,
EM]| = EIN]J:

PROOF: Suppose M;N : T are terms of call-by-value PCF, such that M Z258%

N, then [M] Zjr [N] By Proposition 5.1.1 there is a (finitary) element : 0¥ —

([T] = o) such that A( x [M]; App) | and A( x [N]; App) V.

By definability, there is a value with a free name :natFV : T = 0 such that
[V] is the lifting of

[ VvV M]=A( x[M];App), and [ :V N]=A( x[N];App) and hence by

adequacy VM | and :V N [ as required.

Similarly if M;N : T = S = nat are terms of call-by-name PCF such that
M Z@B5 N, then there are finite strategies ;:0 — [Si];:::; »:0— [S,], and
0= 0 such that

By definability, there are terms Li( );:::;L,( ) denoting 1;:::; 5.

Either '=1id, or '= 1,,, — in the former case set E[-] = [ ][]Li:::L,,
— in the latter E[-] = :IF [-] then QO else Q°, to give the required evaluation
context. O
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The Context Lemma allows a simple proof of the following observation of Cartwright
and Felleisen [15], that adding errors makes all control behaviour observable and

hence:

Corollary 5.1.7 Observational equivalence in PCFF is extensional.
i.e. M E2B5 N if and only if for all evaluation contexts ET|-] : nat,
EM]Jei = E[N] | e;:

PROOF: Recall that terms M* of PCF¥ are soundly translated into terms M*
of PCF by including an additional free variable |, labelling errors e; as [ ]2i.
Hence M Z9B5 N if :E[M*] |} and :E[M*] |{ for some evaluation context
E[-], containing only  free, by the Context Lemma. As E[-] can be assumed to
consist of the finite evaluation trees given in the Definability Theorem, is used

to name only integers, and can be replaced with error terms to give an evaluation
context E’[-] such that E’'[M] || e; and E’[N] |} e; as required. O

Although the search for witnesses to observational inequivalence can be restricted
using the Context Lemma, this is still not sufficient to show decidability of the
intrinsic preorder in the games model, as the set of plays in most innocent strate-
gies over arenas of depth greater than one is unbounded, as Opponent can simply
repeat a move ad infinitum. However, this is not constructive opposition; al-
though it may be necessary to repeat moves to obtain intensional information,
there is an intuition that in a finite arena, one can observe only finitely many
different Player responses (as there are only finitely many different paths through
the ‘game tree’). Therefore it should be possible to bound the size of the Op-
ponent strategies needed to distinguish inequivalent finitary strategies. This is a
non-trivial but feasible task, as a comparison with the problem of decidability in

the ‘minimal model’, below, shows.

5.1.2 Observational equivalence in the -calculus

Although finitary PCF is not effectively presentable, there are even weaker exten-
sional languages which are; notably PCF over a ground type with a single value,
and the ‘minimal’ functional language:

the -calculus with a finite number of constants at a single ground type .

(A(£2) fits into this definition but ground-type contextual equivalence for A(€2) is
trivial.) The simplest meaningful version of the problem is thus: determine obser-
vational equivalence for the -calculus A(Q; T) with two constants, one denoting
divergence, €2, and the other convergence, T. The observational equivalence on

this language was shown by Padovani to be decidable [68].
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It is shown below that the contextual equivalence decision problems for A(£2)
(at first-order) (and hence finitary PCF) and A(€; T) (at ground type) are equiv-
alent (and establishing this is much simpler than the solution to either problem).
Thus the undecidability in the case of finitary PCF appears as an increasingly
isolated result: not only are there decision procedures for the problem in both
strictly weaker (unary PCF, linear PCF) and stronger versions ( PCF, idealized
Algol), but in the case of A(Q; T) and PCF there is also a simple connection

between these results.

Definition 5.1.8 As with A(Q2) one can define a notion of reduction for A(£2; T)
(this time to ground type), defining an evaluation relation on closed terms of type

using the strong normalization theorem,
ie. M|, ifM: =5, T, and M ¥{ if M =5, Q.

As one would expect, the observational preorder is extensional, in other words,

the following context lemma holds.

Proposition 5.1.9 For all closed terms s;t: Ty = (011 (T, = )::1),
SC{omt <= Var:Tyiia, Ty
sa .:a, =ta;:ia, .

PROOF: is standard, simplified version of the proof of the Context Lemma for
PCF [61]. Or it can be deduced from the Context Lemma for A(£2). O

Just as for A(Q2), the Context Lemma can be used to show that there are only
finitely many observational equivalence classes at each type. Hence observational
equivalence can be decided by giving an algorithm which generates a finite list of
terms at each type, containing at least one representative from each equivalence
class. Such an algorithm for A(£2; T) was described by Padovani (a simpler version

is described by Loader [53], following Schmidt-Schaiiss’s analysis for unary PCF).

Theorem 5.1.10 (Padovani) The ‘minimal model’ of A(€2; T) is effectively pre-

sentable.

Despite the obvious differences between the two preorders, and hence the fully
abstract models, the closeness of the syntax and notion of reduction allows each to
be used to reason about the other. In fact, the problems of effective presentability

for the two models are easily shown to be equivalent.

Proposition 5.1.11 The observational preorder on A(QY) is decidable if and only
if it is decidable in A(€%;T).
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PROOF: Proposition 5.1.12 For all terms s;t : T of A(2), (which are also
terms of A(;T))

STl e SEUR
PROOF: Suppose S zg(%s} t, then for some context CT[-] : = | CJs] || and

C[t] ¥, hence (C[s] T) | T and (C[t] T) Y T, so s zg(%s t as required.
Suppose S ZA(%S s, then for some ground-typed A(€2; T) context CT[],

C[s|] § and CJ[t] Jf. Then as there are no reduction rules for the constants,
C[s][x=T] normalizes to X, and C[t][X=T] normalizes to ).
Hence x:C[s|[x=T]{ and Xx:C[t][x=T] ¥, i.e. s zg(%sT t as required. O

Corollary 5.1.13 Fully abstract models of A() (and thus PCF) are effectively

presentable.

However, the converse can also be shown.

Proposition 5.1.14 If the minimal model of A(2) is effectively presentable, then
s0 is the minimal model of A(2; T).

PROOF: The observational preorder on A(2; T) is decidable as follows.

Given terms of A(Q;T), s;t : T, by the Context Lemma, M Z{Z%) N if and
only if there exist ry;:::r, such that sry:::r, { Tand try:::t, JT.

Thus S Zg@g t if and only if there exist A(2)-terms p;(X);:::pn(X) such that
(S[X=T] p1:::pn) normalizes to X, and (t[X=T] p;:::p,) normalizes to 2 (take
ri = pi[T=x]),

Le. XS[X=T] pi(X):::pn(X)) § and X:(t[x=T] p1(X) :::pn(X)) ¥ -

If p;(X) =) P;(X), then x:s(X) p;:::p,(X) §if and only if x:s(x) pj:::p;,(X) U.
So it is only necessary to test S[X=T|; t[x=T] against all combinations of represen-
tatives of the different A(2) observational equivalence classes of py;:::p,, of which
there are finitely many, so assuming a listing algorithm for A(£2), observational
equivalence for A(£2; T) is decidable. O

The effective presentability problem for PCEF has been answered in the affirma-
tive. However, reasoning syntactically and indirectly via a (quite complex) proof
for another language is not a very informative analysis. The solution to the effec-

tive presentability problem, as for full abstraction, should be syntax independent.

Remark 5.1.15 Padovani’s result was achieved in the course of investigation
into the ‘higher order matching problem’ (given v : S = T, and T : T, is there

some S : S such that v s =g, t?) of which it gives a solution in the case where
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t is an atom. Thus the characterization of A(QQ)-equivalence given here will be a
semantic solution to this problem, and will also solve a similar problem: decid-
ability of higher-order matching with respect to the largest non-trivial congruence
containing equivalence.

Given a listing algorithm, higher-order matching with respect to ~ is decidable as

observational equivalence classes of >~ are finite.

Thus far little attention has been paid to the question of which are the exten-
sional functions computed in models of control, with the justification that control
is intrinsically an intensional affair. The order-extensionality of the fully abstract
model of SPCF with errors might be considered as contradicting this last as-
sertion. However, the significance of the extensionality of control with errors is
that it exposes an incompatibility between the formal definition of extensionality
(which it satisfies), and a more informal notion of extensional model as given by
some order-theoretic or topological description of set-theoretic functions (such as
continuity, stability etcetera). The SPCF result highlights the ambiguities cre-
ated by conflating these notions, as it shows that using errors it is possible to
determine precisely how a function computes purely from the results of applying
it to different arguments. Because intensional behaviour is made explicit by the
error values, there can be no way of giving such an abstract description of the
model.

A different strategy is to consider the extensional functions which are ‘com-
puted’ (in some sense) by a category of intensional objects. The fully abstract
model of PCF for instance, can be obtained as the extensional collapse of the
highly intensional games and strategies model.

Berry and Curien’s definition of the sequential algorithms [9] is also in this
vein. It developed from an attempt by Kahn and Plotkin [45] to define a notion
of sequential function made by structuring domains as concrete data structures
(CDS). This allows higher-order computation to be modelled as a process of
information-gathering by filling cells with values. A function between CDSs is
sequential if it can be computed in a concrete data structure in a deterministic
way; that is, there are ‘sequentiality indices’ at each point in the computation
specifying the next cell which must be filled in the argument, to give more in-
formation at the output. The category of sequential functions is not, however,
cartesian closed; to gain this semantic ‘good behaviour’ it is necessary to spec-
ify them along with sequentiality indices bearing witness to their sequentiality,
forming the category of sequential algorithms.

An alternative notion of sequential functional ‘realized’ by the sequential al-
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Innocent observational
unbracketed strategies collapse

Sequential Algorithms

tensional .
extensional | collapse
collapse

Strongly stable functions

Figure 5.1: Relationship of three models of call-by-name PCF

gorithms has been considered by Ehrhard [24], who proved that the extensional
collapse of the sequential algorithms model of PCF is isomorphic to Bucciarelli
and Ehrhard’s strongly stable model, or, in other words, that every strongly sta-
ble functional over a PCF-type is computed by a sequential algorithm. The proof
that the intensional collapse of the unbracketed games model is isomorphic to
the sequential algorithm can thus be ‘composed’ with this one, to yield the result
that the extensional collapse of the unbracketed games model is also isomorphic
to the strongly stable model (see Figure 5.1, and Corollary 5.4.23). Work by Lon-
gley [55], amongst others, has connected this sequentiality to the formal notion

of realizability.

5.2 A sequential algorithms model of control

The description of the rich category of sequential algorithms, is necessarily some-
what terse, and slanted towards game semantics. A wealth of further material,
including relationships with other semantics of for sequential languages is to be
found in Curien’s book [18], and article [19].

Following Cartwright and Felleisen’s discovery that SPCF has a fully abstract
semantics in terms of ‘decision trees’, it was observed by Curien that the model
could be given an alternative presentation using sequential algorithms, which was
adopted by Cartwright, Curien and Felleisen in [16]. This theme was developed in
Curien’s article [19], which also made some connections with the game semantics.
The content of this connection is that at the affine level, the structures of Abramsky-
Jagadeesan (and subsequently Hyland-Ong) games, and Sequential Data struc-
tures are essentially the same. The differences lie in the way constraints are used
to enforce functional behaviour, whilst permitting non-linearity. In sequential
data structures, access to data is shared (strategies can see the whole game his-
tory), but any given test can be applied to a variable only once, so it doesn’t
get the chance to behave inconsistently. By contrast, information which is not

relevant to an innocent strategy, (such as how many times a variable has been
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used) is hidden from it, but it can (and must) copy information as required. This
contrast between global and local constraints can be observed directly in the dif-
fering ways of modelling a co-monadic !, to yield an intuitionistic type-structure

in the co-Kleisli category.

e Plays (or paths) in the sequential algorithms ! are more constrained, in
that repeated queries are not allowed, and Player must respond to the most

recent Opponent move.

e The strategies on dialogue games are constrained by wisibility and inno-
cence; although repetitious queries are allowed, Player must make the same

response to them every time.

The games models of state [2], [4] are given by succesively dropping innocence and
visibility, reflecting a setting where both copying and sharing of data is allowed,
to model local binding of imperative variables. One consequence of interpreting
functional behaviour in sequential algorithm style by allowing sharing but limiting
copying is that this hierarchy of models is not available (sequential algorithms
model of state could be constructed by allowing repetitions of moves but even
strategies such as the identity will behave differently from the purely functional
model).

The structure of arenas and games defined in Chapter 3 can be used to define a
category of sequential data structures and sequential algorithms (as a particular
category of games and strategies). In fact, they are rather ‘over-defined’, the
roles of enabling and justification being somewhat superfluous. So the following
definitions differ in terminology from Curien’s definition of ‘concrete sequential
algorithms’ [19], but they can readily be seen to be equivalent. (‘addresses’ cor-
respond to Opponent moves, ‘data’ to Player moves, ‘queries’ to positions with
Player to move (odd-length plays), and ‘responses’ to positions with Opponent

to move (even length plays)).

Definition 5.2.1 A Sequential Data Structure (SDS) arena
A= (My; a4, PU{O;P}U{Q;A}; 4) is an alternating, bracketed arena with an
additional labelling of moves as paths — i.e. non-empty sequences of moves over
an SDS arena (without their justification pointers). These will be called path-
moves. Rather than extend the labelling function, each path-move will be written
as the corresponding sequence.

A sequential data structure is the game generated from a SDS-arena by alter-

nation, the bracketing condition, and the following rule.
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e No repetitions of moves in plays: If sa C th, then a # b

The product and function space constructions on SDS arenas are exactly as in
Definition 3.2.2.

The path-moves for the SDS arenas used in the models of control will be con-
structed from the plays of a SDS, and hence will satisfy these rules as well (but
they need not be required to do so). The above rules satisfy the identity and
compositionality conditions and hence define a category. (This is easy to see,
— as no moves can be repeated by any sequential algorithms, there can be no
repetitions of moves in the ‘interaction sequence’ of two sequential algorithms,
and hence none in the plays of their composition.) The standard constructions of
Section 3.2.2 forming function-space and product arenas then give a symmmetric

monoidal closed structure (together with the empty and one-move arenas).

Definition 5.2.2 A sequential algorithm is a deterministic, history sensitive strat-
egy over a sequential data structure A (i.e. a prefiz-closed set of evenly-branching

even-length paths of A, in which the final move can depend on the entire history

of the play).

The category of affine sequential algorithms has sequential data structures as ob-

jects, and sequential algorithms on A —o B (defined in the standard way) as

morphisms from A to B.

Comparison with the original definition of the Berry-Curien Sequential algorithms
over concrete data structures is described formally and in detail in [19]. This
shows that the sequential data structures are equivalent to filiform concrete data
structures. The latter are defined by a quadruple (C;V;E;F) of cells, values,
events (C C x V) and enablings (C (E x C)UC). An event consists of the
filling of a cell with a value; this enables further cells to be filled, and so on. A
(consistent and safe) state of the CDS is a set of events such that each filled cell is
enabled and contains at most one value. Filiform CDS are assumed to be stable,

— each cell which is filled within a state has a unique enabling in that state.
Each SDS defines a stable filiform CDS in which:

e cells are odd-length paths,
e values are Player moves, and
e cvents are even-length paths (filling a cell with a value is thus extending an

position with player to move with a Player move),
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e An event enables a cell if the latter (odd-length path) is the direct extension

of the former (even-length path) with an Opponent move.

Thus states of the filiform CDS correspond via consistency and safety to even-
prefix closed sets of plays; i.e. strategies.

Conversely, given a stable fcds, an equivalent sequential data structure can be
constructed by taking Opponent moves to be cells, Player moves to be events,
and the paths to be all alternating sequences of moves such that each Player
move is the filling of the previous cell with a value, and each Opponent move
(cell) is enabled by the previous Player move (event). Sequential algorithms
over these equivalent structures can be defined in an abstract or concrete way;
‘Concrete’ (affine) algorithms from A to B are just strategies on A — B as in
the standard linear category. Abstract algorithms (the original presentation) are
sequential functions between the states of A and B together with sequentiality
indices, which can be defined in various ways described in [19]; they form a CCC.

A subcategory, the abstract affine sequential algorithms over sequential data
structures is axiomatized and shown to be equivalent to the concrete affine algo-
rithms. The inclusion of the affine algorithms into the cartesian closed category
has a left adjoint, and resolving this defines a co-monad on the affine (concrete)
category, such that the co-Kleisli category is equivalent to the CCC of abstract
algorithms. This can be described at the level of games semantics as follows.

As moves of a sequential data structure are, in general, sequences of moves,
the paths of A can be used as the moves of !A. By definition of a sequential
data-structure, paths in !A are thus non-repetitive sequences of path-moves such
that Opponent moves (questions) are odd-length and extend some previous move
and Player moves (answers) are even-length and extend the preceding path-move.
In other words, a path in !A consists of a sequence of different interrogations of

a single Player strategy on A.

Definition 5.2.3 For a sequential data structure A, define 'sA to be the SDS

with the arena:

e M4 = Pa — the sequences over A satisfying the bracketing and no-

repetitions rules.

e 9P(m)=0, and 94(m)=Q if m is an odd-length path in A.
OP(m) =P and “*(m)= A if m is an even-length path in A.

e x .4 M, where M is a path in A consisting of a single move,

P i 4 pa where pa is a direct extension of p.
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Note that this agrees with the convention that answers should be justified by
questions. Defining moves of !gA as paths of A is not strictly necessary — one
could use the same moves as A, and use justification pointers to reconstruct path-
moves, but it allows the linearity (i.e. non-repetitivity) condition to be used in a

straightforward way, by packaging the ‘justification history’ of a move up with it.

Proposition 5.2.4 P 4 consists of alternating, non-repetitive sequences of moves
subject to the following condition:

If ©P(pa) = O, then s(pa) € Pi 4 if and only if S € Pioa and pa is a path-move
of length one, or there is some previous Player move p in S such that pa extends
p.

If 9F(pa) = P, then s(pa) € Pia if and only if s € Pi a4 and pa extends the

preceding Opponent move.
PROOF: is direct by application of the bracketing condition 0]

Note that the role of the bracketing condition is rather different here than in the
previous chapters. It does not enforce ‘local control flow’, but permits presen-
tation of the sequential algorithms ! as a game generated on an arena. Further,
whilst the ‘switching condition” does not hold in general, it does hold for all
games of the form (A ® B), and (A ® B) —o 0, which is sufficient for it to hold
throughout the CCC with objects freely constructed from 0 (as defined below).
The sequential data structure and dialogue games versions of the ! both con-
struct ‘linearized’” versions of the game tree, allowing Opponent to explore dif-
ferent branches of Player’s strategy (see Figure 5.2. The key difference is that
branches of the tree (from root to tip) are represented as interleaved ‘threads’ —
(i.e. subsequences) of a dialogue, and as single moves of the SDS, without the

same possibilities for interleaving.

Proposition 5.2.5 !s is a co-monad, and its co-Kleisli category is cartesian

closed.

PROOF: is direct from the description of s in [19] as the resolution of an adjoint
inclusion of an affine category into a CCC. However, it will prove useful to have

a concrete description of !g as a functor and co-monad.

Definition 5.2.6 Define the following projection [_] from sequences diga—o14p to
paths over A — B P4_,p which is similar to the view function, except that it also

reduces path-moves to moves of A or B by extracting the last move.
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e [s(p)-t(pa)] = [s(p)]a, if pa is an Opponent move justifying (i.e. directly
extending) p,

e [s(pa)] = [s]a if pa is a Player move.

Let  : A — B be a sequential algorithm expressed as a function fromodd-length
paths to moves, and define the function s :!sA —olsB from sequences of path-
moves to path-moves as follows:

If ( ([s]) is a move in in B, then s (S) = ([S][A) ([S]). Otherwise, it is
necessary to consider whether the move p = ([S|[A) ([S]) occurs in's or not. If
it does, then it is succeeded by some Opponent move pa which extends it. Then
letls (s)=!s (s(p)(pa)), otherwise, let!s (S)=p.

Note that s is necessarily defined on sequences which contain repetitions, so that
the sequential algorithm is in fact the restriction of \s to sequential algorithm
paths. Verification that s is a functor is now straightforward. The co-monadic
structure of the !s can be summarised as follows. For each SDS A, there are

sequential algorithms
e der®, :!sA —o A is essentially a copycat defined as follows:

- "e derSA

— sa(salA) € dery, if s € der®, and a EA (so (saJA) is a path move in
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Figure 5.2: Plays in dialogue games and sequential algorithms ‘banged’ games:
thick lines represent different threads of play
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— s(pab)b € der®,, if s € der®, and pab E!sA
o A promotion algorithm prom® , :|gA —olglgA

— s(p(ua))ua € prom®, if S € prom®, and p(ua) € M1 A andua € Mgy

does not occur previously in S

— s(p(ua))(p(uab)) € prom®, if s € prom®, and p(ua) € Mig.4 and
ua € My 4 does occur previously in S, where it is directly followed by
uab.

— s(p(ua))(ua)(uab)(p(uab)) if s(p(ua))(ua) € prom®,

e for any SDS A; B, there is an isomorphism !s(A x B) —lsAR!sB, yield-
ing a contraction mapping con®, :!gA~ —olsA1®!sAs definable as follows:
s(pa);pa” € con®, if S € con®4 and pa; EMy, does not occur in SJA”
spa;pah; € con®, if S € con®4 and pa; EMy, does occur in S|[A™, where it
is immediately followed by pab.
spabpab; € con®4 if S € con®4 and pab extends (uniquely) some move
pa; =My, already played in s.

These morphisms satisfy the conditions described in Chapter 3. 0]

Note that the natural transformations giving the co-monadic structure of !g, — in
particular promotion and contraction — are not true copycats; they rely critically
on the history of the interaction to determine whether a move has already been
played, and so avoid repetititions.

Having defined a CCC of sequential algorithms, S, models of call-by-name and
call-by-value PCF are accessible by standard constructions. The one-move game
0 is a sequential data structure, and there are bottom maps (empty strategies),
and Y-indexed products for each object. As in the rest of the category of games,

set-inclusion of strategies is a cpo-enrichment.

Proposition 5.2.7 (S;0) defines a computational (continuous) model of control:

i.e. S is a cpo-enriched CCC with V-indexed products, and 0 is non-terminal.

The following example contrasts computational behaviour in the sequential algo-

rithms and innocent strategy models.

Example 5.2.8 Consider the sequential algorithms and innocent strategy inter-
pretations of T:nat — nat:f (f 0): (nat — nat) — nat (Figure 5.3). This is
the simplest term to exhibit imbrication (the application of a function variable to

an argument which calls the variable itself). This ‘diabolical’ non-linearity is what
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makes determining observational equivalence a hard problem. In innocent strate-
gies it corresponds directly to interleaving; returning to a thread after opening
another in the same component. Plays in the innocent strategy (top) are uniform;
it s just blindly, innocently copying moves, unlike the corresponding sequential
algorithm, which makes a devious exit if it discovers that zero is a fized point of its
arqument. (Otherwise the repetition condition would be broken). The sequential
algorithm has already done some computation, — the innocent strategy can only

compute by composition with other strategies.

A significant point about the ‘no-repetitions’ condition is that it is symmetric
between Player and Opponent: an Opponent strategy on A can be turned into a
Player strategy on A —o (0 = 0) just by adding additional initial and final moves.

Consequently the category is isomorphic to its own ‘observational collapse’.

Proposition 5.2.9 The intrinsic preorder and equivalence on sequential algo-
rithms is trivial — i.e. if C4 is the subset relation on the concrete representations

of algorithms as strategies, then
f<uag <= fTC,0

PrOOF: The implication from right to left is trivial; for the converse, suppose
that T Z g,

Then the promotion of T is not included in the promotion of g, i.e. !'f Z!g.

By prefix closure, there is some path p € Pi 4 of finite length, such that p €!f

(N>N)=N (N—=N)=N (N>N)=>N

Oq Oq Oq
Pq Pq Pq
o, o, o,
A \
R‘\J\ Y Po Po
Oy, Y Oni1 Oo
Po /) Pni1 Po
/®/n o/ 0O,
P, // P,
O
P

Figure 5.3: Contrasting plays for computing f (f 0):
Left is the general innocent strategy, Centre is the sequential algorithm (assuming
T 0 +#0), Right is the sequential algorithms play for £ 0 =0
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but p €!g.

Then form the sequential algorithm h :lgA —o (0 = 0) consisting of even prefixes
of op - 0’ (where 0;0" are the initial move and the response in 0 — 0).

Then f;h | and g;h [/ and so T £4 g as required. O

Corollary 5.2.10 The semantics of A(Q2) (and hence PCF) in (S;0) is fully

abstract if every finite sequential algorithm is definable.

5.3 A fully abstract and universal model of PCF

In fact, it is relatively straightforward to prove that every recursive element of the
sequential algorithms model of control is PCF definable. A universality result
for the observably sequential functional model of SPCF has been achieved by
Kanneganti, Cartwright and Felleisen [46]; this is dependent on the existence of
errors, and is presented rather differently to the main result of this section, which

is the following:

Theorem 5.3.1 The semantics of PCF,, in the category S of sequential data

structures and computable sequential algorithms is universal.

(The result is proved for PCF,, for the sake of simplicity but there is no obstacle
to extending it to include the call-by-value version.) As observed in Chapter 2,

Section 2.5.1, this has the following corollary.

Corollary 5.3.2 The semantics of PCF, in S s logically fully abstract.

5.3.1 The computable sequential algorithms

The Universality Theorem is proved (as in [6],[43]) by defining a family of ‘uni-
versal terms’ for the language, relative to an effective enumeration of a finitary

basis for the category.

Definition 5.3.3 An effective coding of the computable sequential algorithms is

a family of (effective) surjective functions indexed over the PCF types,

{ r:nat — [T]s | T € TY,pcr}, gwing a listing of the computable sequential

algorithms on each type-object [T].

A universal term with respect to s a family of PCF,, terms indezxed over the
PCF types, {Ur :nat — T | T € TY, pcr} such that

[Ur(n)]s = r(n):
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The first step in defining such a term is thus to fix a definition and encoding of

the computable sequential algorithms.

Definition 5.3.4 Suppose Po; P1;:::;Pn;::: is an effective presentation of a fini-
tary basis of a domain A (in this case a sequential data structure).

1.€. a recursive enumeration of compact elements such that every sequential algo-
rithm is a supremum of some directed set.

A sequential algorithm — : A is computable if it is the least upper bound of a
recursively specified set, i.e.

there is a partial recursive function f5 : N — N such that | |, . p(fs(n)) =
Assuming a (computable) listing of the partial recursive functions on N — N in
the form of a surjective recursive functional, : N — (N — N), this yields a

listing of the computable elements of the domain as 1; o;:::,

where = ||, cpy Pugi)(n)-

Thus it remains to give an effective presentation of a finitary basis for the sequen-
tial algorithms, (which differs from the standard notion of effective presentation
only in that the effective operations defined on the basis are described so as to
simplify the proof of universality). Every sequential algorithm is the supremum
of its set of finite paths. Thus the effective presentation of this finite basis takes

the form of an injection from paths over A to natural numbers.

Definition 5.3.5 (Encoding of paths) Define path, : A — N, by structural
induction on the SDS A.

At the base cases: path,(") =0, path,(0) =1

path . (") = 0, path,.(m;) =i+ 1.

Now suppose A =By = (By = :::(B,, = 0):::), and define:

path, (") =0; path,(0) =1

path 4 (s(pa)) = (6:path 4(s) + 1):20*18:P):3i where p is a path in B;.

Thus path 4 is essentially an encoding of finite lists (of lists).

Proposition 5.3.6 There are recursive ( PCF definable) functions for the fol-

lowing operations on the effective presentation:

e init : nat — nat and last : nat — nat for taking initial segments and last
elements, such that:
init(path (sa)) = path,(S) and if a is a move in B;,
last(path 4 (sa)) = pathp (@)
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e comp, : nat — nat for returning the subgame in which the last move was
made.
For each type-object A = By = (By = ::: (B, = ))), if a is a move from
B, then comp ,(path,(sa)) =i

PROOF: is by definability of all recursive functions in PCF. O

It is also possible to (recursively) extract the code for the substrategy manifested
in a path over B = 0, in a given subcomponent B;, using the representation of

strategies as least upper bounds of directed sets.

Proposition 5.3.7 For each sequential data structure B = 0, there are PCF-
definable functions strat; : nat — nat such that

if S is a path in B = 0, and R;(s) = {p € Occ(s) | p € Py, } is the strategy on B;
manifested in S, then (strat;(path,(s))) = R;(S).

PROOF: is by recursive definition of strat; as follows.

Assume that our listing function for the partial recursive functions comes with a
partial recursive functional hotel : nat x nat — nat, which takes the code of a
recursive function and, a value n, and returns the code for a function with n as
the new value of £(0), and (k) as the value at succ k. i.e. (hotel(i;n)) 0 =n
and (hotel(i;n)) k+1=(i;k).

Then let:

e strat;(0) = (L4) =0,
e strat;(n + 1) = strat;(init(n + 1)), if comp(last(n + 1)) # i,

e strat;(n + 1) = hotel((strat;(init(n 4 1));last(n + 1))),
if comp(last(n+1)) =i.

5.3.2 Definability

The critical part of the definition of a universal term is a proof of finite definability
by an inductive decomposition of strategies. The proof here is similar in essence to
that given for SPCF in [16], but it is (a little) more abstract being based on some
general properties of the category, more general, (in that it applies, via invertible
cps translation, to PCF,), and simpler, as there is no use of error elements. The
basic idea is to add an extra premise of type to the interpretations of types-in-

context. Instead of simply giving up, partial strategies can use their last move to
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jump into this part of the context. This allows the flow of control to be used in
definability; each algorithm can be decomposed into strictly smaller ones which

are ‘glued together’ by passing the flow of control from one to the next.

Definition 5.3.8 A sequential algorithm T : A is total if every mazimal length
path in T is also mazximal in A, — i.e. T always has a response to Opponent’s

last mowve.

Proposition 5.3.9 The finite and total sequential algorithms form a cartesian

closed category ST.

PROOF: is by a routine check that composition etc. preserves totality (which

requires the hypothesis of finiteness). O

Recall from Chapter 2, Section 2.1 that any CCC gives rise to a pointed CCC, C
as the co-Kleisli category of a co-monad which freely adjoins a ground type-object.
So consider the pointed CCC (ST), of total sequential algorithms over the one
move game. This is isomorphic to S/, the CCC of finite sequential algorithms.

If C already has 1-maps, then there is an obvious functor L : C; — C:
1(f:o0xA—B)— (Layida);f: A— B.

Proposition 5.3.10 L : (ST), 28/ i.e. L, has an inverse
(_):(f:A—>B)—>'F:O><A—>B.

PROOF: (_) can be defined by a ‘factorization of partiality’ which turns bottom
into top (Figure 5.4), — whenever a partial algorithm f has no response, and
would just give up, f jumps out to the adjoined copy of 0, after which play stops
as neither side can make a move. Composition with L, clearly returns the original
strategy. Formally, given a sequential algorithm T as a function from odd-length,

f-reachable paths to moves, define

f(s) — o, if f(s) T,

f(s) = f(s), otherwise. O

Lemma 5.3.11 For any sequential algorithms €;9 : A — 0 such that ;g are
bounded above, f LU g = (g; id); f.

PRrOOF: (g; id};fN plays as T until it reaches a position to which ¥ has no re-
sponse. It then plays as g, except that by the non-repetition condition, it can
only play path-moves in A which extend the path-moves already played by f.
Hence (g; id); f = f L g as required. O
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Factorizing partiality allows definability of a finite basis to be extended to recur-
sive definability. A series of sequential alogrithms fy; f1;::: can be ‘linked” by
playing 1?0 until Opponent gives up, or fy gives up, in which case 1?0 passes out
control to f,. Infinite chains of factorized algorithms can be joined in this way

using least fixpoints represented by the Y-combinator.

Proposition 5.3.12 (Universality Lemma) Suppose U’ is a universal term
for factorized partial maps from a finite basis (i.e. [[Z/{%(n)]] =f,:0= [T] for
some enumeration of a finite basis ¥o;F1;::0 of [T]). Then there is a universal

term for S with respect to that basis, given by Us_, =
w:nat: ¥:S:(Y F :nat = 0: x:nat:(U/(x) F( (W) (succ x))) y) 0:
Simalarly Usg_ . =
w:nat: ¥:S:  :nat(Y F x| (U (x) F( (w) (succ X))) y) O:

PROOF: Suppose (n) =h,ie. h=|], Fym)q)-
Then by Lemma 5.3.11, for each k € T,

Uick Fom@ = Fomms 1) (2 (Fumys 1da)s Fumo) 139)

= [u(0) @' ()W) 2@/ (n)(K)))::2))]

= [ F :nat = 0: x:nat:(U/(x)y) F( (n)(succ x))) 0]*.

Hence by definition of Y as a least fixed point, h = [¢/(n)] as required. O

The above example allows partiality together with a top element introduced by
adjoining an answer-object to the context. This allows non-terminating behaviour

to co-exist with ‘error-detection’ (which is how explicit error values are modelled

Figure 5.4: ‘Partiality factorization’
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in the CCF model). ‘Escaping strategies’ of this sort can be represented by
strategies with (maximal) odd-length paths; a (maximal) even length play corre-
sponds to non-termination (Player ‘giving up’) and a (maximal) odd-length play

corresponds to an escape, or playing the top element.

Definition 5.3.13 An escaping (deterministic) strategy on a game A is a non-
empty, even-prefix-closed, evenly-branching subset of A such that if S €  and
dte sit:sCt, then s is even-length.
Then 0= A= IA defines a bijection from (innocent) escaping strategies on
A to (innocent) strategies on 0 = A with inverse

— {s(even) € }U{so|s(odd) € A-3I(te ) s},
where 0 1s the only move in 0.
This extends to innocent strategies via the standard definition of innocence:

an escaping strateqy  is innocent if sa;t € ATsTe =tac

Composition of escaping strategies is defined as parallel composition with hiding
as in Chapter 3, with the result that (-) is an isomorphism between the escaping
strategies, and the category of games and strategies with a one-move game freely

adjoined to the context (assuming a little currying).

Proposition 5.3.14 Given f: (0 x A) - B;g:(0xB)—C

f;9=(F; )0
PROOF: is straightforward; note that if the last move of s € ﬂ\g is in B and hence
hidden, then S[A; C is odd-length. Thus if an ‘escape’ occurs in a hidden part of

the composition, then it corresponds to an escape from the unhidden part. 0

Escaping strategies on A — B inherit the order-enrichment on 0 x A — B,
— T < g if and only if f < g.
Note that this is not longer simply inclusion, although observational equivalence

of escaping sequential algorithms is still set-equality.

5.3.3 Decomposition of escaping strategies

A unique decomposition of escaping strategies can be found by considering strate-

gies in which a unique Opponent strategy prompts an escape.

Definition 5.3.15 A sequential algorithm f : 0 x A = 0 is uniquely escaping
if there is a unique (minimal) Opponent strategy recognised by ; i.e. unique

sequential algorithms gy : A1; 02 : Ag; 10, Such that

ide X (Q1:::0n); F # Loo:
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Uniquely escaping strategies over A can therefore be identified with an even-prefix
closed set of paths of which precisely one is odd-length, — corresponding to the

Opponent-strategy which is recognised.

By the Universality Lemma, definability need only be proved for a particular class
of (partially factorized) strategies — the basis corresponding to the finitary paths
of the sequential data structure (and such strategies have the useful property of

decomposing uniquely).

Definition 5.3.16 For each a sequential data structure A, define the path-strategies
over A to be uniquely escaping finitary sequential algorithms g : 0 — A such that
if £, 7 <y Losgthen t SuF orf Sy F.

So path-strategies are sequential algorithms which have a response to precisely one
of the possible Opponent moves at any given point; at some stage, this is a move
in 0, and the interaction stops. Path strategies on A can therefore be uniquely

represented by (and by abuse, identified with) an odd-length path over A.

Proposition 5.3.17 If all of the (partial factorized) path-strategies over A are
definable, then all of the finite sequential algorithms over A are definable.

PROOF: is via Lemma 5.3.11, as for the Universality Lemma. 0

Definability of path strategies is proved by observing that each one has a unique
decomposition into an initial segment followed by a Player move and a unique
escape (the recognition of a unique Opponent move and a jump into the one-move
game adjoined to the context). Note the contrast of this ‘top down’ induction
with the decomposition of innocent strategies, which is ‘from the bottom up’;

using the response to the initial move to split the strategy into smaller strategies.

Proposition 5.3.18 (Decomposition Lemma) Let f : A x 0 — 0 be a non-
empty path-strategy. Then for some i < n there is a path-strategy ¥ T F and
unique minimal (uniquely escaping) sequential algorithms

Oi1 : Bi1 10— By1; 110, 1 0 — By, such that

PROOF: Suppose T = s(pa)(pab), where pa is a path in A;, and so b is an (odd-
length) path in some B;; Then let f' =s, and g;1 : 0 = Bj1;:::045,:::0ip, : 0 =
B, be the strategies manifested in pa;

i.e. g; = {c(even) € Occ(pa) | c € Pp, }, for k # J.

Similarly g;; is the uniquely factorized strategy on 0 = B;; which is manifested
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in pab, with the unique escape given by the odd-length path b.

whereupon it plays in B; as ;X (gi1;::: Ui, ); App : AX0 — B;. But the only path-
move in this strategy which can extend one already played, without repetition, is
pa; if this is followed by the Opponent move pab, then Player escapes, otherwise
he gives up. 0

Using this proposition, defining a universal term for path-strategies is simply a

matter of re-constructing a path from the encoding of its decomposition.

Proposition 5.3.19 (Finite Definability) There is a universal term of PCF,,
for the finite basis of path-strategies.

PROOF: is by induction on type structure, defining a universal term Z/{% at each
type for path-strategies, and using the recursive chain lemma above to give a
term for general strategies.

Suppose [T] = A1 = (Ay = 11 (A, = 0)::1), where A; = B;1 = (111 (B, =
0):::), and that there are universal terms U;; for the (partiality factorized)
uniquely escaping partial sequential algorithms on each B;;.

The following definition of &/ (n) is by course-of-values recursion on n which can
then be implemented in PCF. Supposing T = S; = :::S,, = 0, then for i <m,
and y; : S; = R;; = IRy, define

M;(X) =Y; (Ui (straty(last n)) X) 2 (Ui, (straty(last n)) X) : 0

and define U (n) =

X :0: ¥ :S:(Ul(init?n) (case,, comp(N)|icm M;)) V:

Supposing path,(s(pa)(pab)) = n, then [/ (init?n)] is the path-strategy corre-
sponding to S, and Uy (straty(last n)) is the Player strategy on B;; manifested in
pab. So [M;] is the strategy on B; — 0 manifested in pab (which is chosen by the
conditional) and

)] = (15 (s x ([Us(stratg(last n)];::: [Uin,])); App); [Usr(init?n))]:

So by the Decomposition Lemma (Proposition 5.3.18), U (n) is equal to the path
strategy corresponding to pab, as required.

If T =S = nat, so [T] = [Si] = (0 = 0) then define Uy (n) =

X: Vi :(Uf(init?n) (case comp(N)|icm Mi |mse1 [ Jlast n)) y

which is shown to be a universal term as above. OJ
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Thus the Universality Theorem has been proved. Finite definability for the (ef-

fectively presented) sequential algorithms also has the following consequence.

Corollary 5.3.20 Observational equivalence for A(QY), and for finitary PCF is
decidable.

5.4 Relating models of control

Although full abstraction has been established, based on a decomposition of se-
quential algorithms, the characterization of observational equivalence of PCF
has been left wholly implicit in this direct presentation. By considering the rela-
tionship with the initial innocent strategies model, via the functor which collapses
strategies under their intrinsic preorder, a much more informative analysis can
be gained. Showing that this functor is surjective amounts to a second proof of
full abstraction.

‘Factoring’ the proof of full abstraction through the proof of initiality of the
games model in this way separates the properties of definability, and the denota-
tional equality of observably equivalent objects. This has the potential to allow
more syntactic information to be extracted, compared with the direct version
given in Section 5.3 (or Cartwright, Curien and Felleisen’s proof [16]). At the
same time, this proof formalises and justifies the claim that innocent strategies
are equivalent modulo duplication of queries, as the effect of the translation is to
remove copies.

The Context Lemma for A(£2) can be exploited to define inductively a kind
of ‘intensional logical relation” between pointed cartesian closed categories (and

hence models of control).

Definition 5.4.1 Let (C;a) and (C';a) be pointed CCCs interpreting A(2), and
define the following relation between ‘escaping’ morphisms over their type-objects,

Ry :C(a;[T]) x C'(a’;[T]), by induction on type structure as follows:
o TR ifand only if T :=1ida and ¥/ =idy, or F = Laa and ¥/ = Ly o

o T Rorf if and only if VX € C(a; [S]); X' € C'(a’; [S]) such that X RgX/,
(F;x); App Rr = (f';X'); App and (Laa; T; X)App Rr = (Laa; /5 X); App.

Now define Ry on C(1;[T]) xC'(1;[T]e) by € Rre’ if and only if 15;€ Rrla; €
Lemma 5.4.2 For every term t : T of A(Q), [tle Rr[t]e:, and for every two

pairs of related elements, € R, ¢ RF’
e =y & and ¥ =7 ' if and only if e RT'.
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PROOF: is by induction on type-structure, from which the first part is direct by
soundness.

For the second part, applying the A(2) Context Lemma, e;e’ : [S = T]¢ and
T; ' : [S = T]¢ are observationally equivalent if and only if for any X : a — [S]c,
y :a — [S]¢ such that X Rgy,

((e;x); App = ({¢";x); App and ((F;y); App = ((f';y); App.

Hence by induction hypothesis, f; ' and e; e’ are observationally equivalent if and
only if for all X Rry,

(e;X); App Rr((f';y); App, and similarly

(L;e;x); App Rr(L; F/;y); App if and only if e Rg_r T’ as required. O

So the R-relation between the games model and itself is observational equiva-
lence. To show full abstraction, it is sufficient to show that this relation between
the games and sequential algorithms models is a surjective function (which must
be a functor, as it preserves meaning), by defining it as a relation on strategies.
This also neatly clarifies the relationship between dialogue games and sequential

algorithms.

5.4.1 The collapse of innocent strategies

Preparatory to describing the relationship between innocent strategies and se-
quential algorithms, it is useful to re-examine the notion of observational equiv-
alence. Recall the notion of an ‘escaping strategy’ which contains odd-length
(maximal) sequences, corresponding to a jump into a one-move game adjoined to
the context. Two such strategies on the one-move game can be distinguished; the
empty strategy {"}, and one that ‘recognises’ Opponent’s move, {";0}. This al-
lows the following refinement of the characterization of observational equivalence

via the following version of the Context Lemma.

Lemma 5.4.3 Given innocent (non-escaping) strategies ; : A,
<a if and only if V : By, (escaping)
;. ={";0} implies ; ={";0}.

PROOF: is direct by application of Proposition 5.1.1. 0

It is also important to restrict attention to observers which are definable; innocent

Opponent strategies:

Definition 5.4.4 An innocent play according to an (innocent) strateqgy : A is

a finite play S €  such that Opponent also plays innocently: i.e.
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VSt Copen S; LSy =Lt ASal s = tlals.

The innocent plays in  are denoted 1( ).

Innocent Opponent strategies are represented as Player strategies using the fol-
lowing observation.

Proposition 5.4.5 Let 0sb be an even-length justified sequence over A = 0.
Then sb is a justified sequence in A and the Opponent view of 0sb is the ‘lifting’
of the Player view of sb in the sense that

if b € My,, then Loshy = 0" sb[A;™.
PROOF: is by a simple induction on the definition of view. 0]

Definition 5.4.6 For any non-empty innocent play S € B = 0, the Opponent
strateqy manifested in S is represented as a player strateqgy : B, by erasing the
wnitial moves from all of the O-views of S.

For any player strategy : A, the interaction of  with the Opponent strategqy
written as an uncovering ||{ 1; 2;::1 n) (see Definition 3.2.7) is the mazximal
sequence S €  such that S|B; € ;.

Opponent strategies are ordered (by inclusion, and the intrinsic preorder) by

considering them as Player strategies.

Lemma 5.4.7 Given (non-escaping) ; :A
Sa ifand only if Vs e 1( ):Fte I( ) : O — strategy(s) = O — strategy(t).

PrOOF: Suppose L4 , then by the new presentation of the Context Lemma

(Lemma 5.4.3), there is an (escaping) Opponent strategy : B such that ; =
{"0tand ; ={"}.

Let s = || , then O — strategy(s); = {";0}, and O — strategy(s); = {"}. If
t is an even-length innocent play such that O — strategy(s) = O — strategy(t),
then O — strategy(t); = {"}, and so O — strategy(t)|| #t,sot¢g .

Hence O — strategy(s) # O — strategy(t) for all te 1( ).

Conversely, suppose  <a , then for all s € 1( ), O —strategy(s); = {";o0},
and hence O — strategy(s); = {";0}. Hence O — strategy(s)|| is an even length
sequence in

Moreover, it can be proved by induction on the number of O-views in S, that
s € I( ) implies O — strategy (O — strategy(s)|| ) = O — strategy(S) because:
LO — strategy(s)|| o= LSo, as this is (the lifting of) the unique odd-length view
(escape) in O — strategy(s). Let s’ be the greatest even innocent prefix of S, then
by inductive hypothesis, O — strategy(s’) = O — strategy(O — strategy(s')| ),
and hence O — strategy(s) = O — strategy (O — strategy(s)|| ) as required. [
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Corollary 5.4.8 Given (non-escaping) innocent strategies or sequential algo-
rithms, ; :A=B =0,
<Sa ifand only if Vs € 1( ):Fte 1( ) : O — strategy(s) =5 O — strategy(t)

The symmetry between Player and Opponent in sequential algorithm paths (both
subject to the same non-repetitivity condition) means that the translation is well-
defined only for innocent plays. The following lemma establishes that definition

by induction on subsequences of innocent sequences is possible.

Lemma 5.4.9 (Projection condition for innocent plays) If s is a (finite)

innocent play and a an occurrence of a move in S, then Sfa is an innocent play.

PROOF: shows that in plays over arenas of the form A = 0, every thread of !A is

an innocent play. (Recall from Chapter 3 (Proposition 3.3.8) that every game is

in fact specified by an arena of this form.) Proof is by induction on the number

of threads of !A occurring in S.

Suppose S €  (an innocent player strategy). By the ‘bang lemma’, (Proposition

3.6.13), O — strategy(s) =! for some innocent ’: A.

By definability axiom ‘linearization of head occurrence’ there is a strict, innocent

strategy ' : A —o (A —o 0), obtained by relabelling the first thread of !A opened

by as a play in the new linear premise, and similarly an innocent strategy
" 1A — (A —o 0) obtained by switching premises.

Consider the uncovering of ! ; ’: A —o 0 (which is innocent) played off against
, — this is equal to the first thread opened in !A,

ie. (! 5 )| =( | )la, which is therefore innocent.

The remainder of the play, s=(sfa) is innocent, as it is the uncovering of the

composition of | with ; ’ :lA —o 0, which is an innocent strategy. It also

contains fewer threads of !A, hence by inductive hypothesis, each thread is an

innocent play. 0

Definition 5.4.10 (Copy-removing translation) The translation is defined
by a double induction, first on type-structure, and secondly on sequence length
of (prefizes of ) innocent plays. For any type T = S; = (Sg = 11:(S,, = ):1i1),
assuming the translation is defined for each S;, define the translation of the jus-

tified sequences of [T] as follows:

e 0" =0 (where 0 is the initial move)
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e For occurrences a of non-initial moves, there is some unique move occur-
rence b in S which is initial in some [S;] hereditarily justifying (or equal to)
a, so let
(sa)T = sT'(salb)% if (salh)®i does not occur in s*, and

(sa)” = sT otherwise.

Definition 5.4.11 This induces a map on sets of innocent plays, and hence on

innocent (partial) strategies (restricted to their innocent plays):
for :[T], define T={s" |sel( )}

It is clear from the definition that the translation of each justified sequence is
a non-repetitive sequence starting with a move in 0, followed by paths from the
S;. The difficult property to prove is that play alternates between Player and
Opponent, — and this is clearly not the case if either fails to play innocently.
Intuitively, one can argue roughly as follows:

if a move has occurred previously in the translated path, then the view of the
original play has occurred previously; and consequently the subsequent move is a
repetition (because of innocence) so its translation is removed from the sequential
algorithms path. This is, however, patently an oversimplification of the proof, as

there may be whole sequences of moves repeated due to innocence.

Definition 5.4.12 For a sequential data structures path S over A = 0, define
the ‘Opponent strategy’ manifested in ST to be the set of even-length path moves
in A, together with the most recent path-move (which may be odd, representing

an escape).
i.e. O — strategy(s) = {p € Occ(s)|B) | Even(p)} U {s[b{'}.

Proposition 5.4.13 (The translation is well-defined) The following hold for

translated sequences and strategies.

i The Opponent strategy manifested in ST is a well-defined sequential algorithm
such that O — strategy(s”) = O — strategy(s)?.

ii Ifsa’ (odd-length) extends ST, then s is innocent.

iii Ifs is (even/odd)-length then ST is an (even/odd)-length sequential-algorithms
path.

iv For any innocent strategies ; : A,
<r ifandonlyif TC T.

v For any innocent strategy : A, T is a sequential algorithm.
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PROOF: is by joint induction over type-depth (first) and sequence length (sec-

ond).

i Suppose p € O — strategy(s?), then (p = t[b;)%, for some t C s,

and tfh; € O — strategy(s) by definition (note that O — strategy is a well-
defined sequential algorithm by (v)).

ii If sa’ extends sT, then (sab;)% is an even-length path in S; distinct from all

previous paths, and the Opponent sequential algorithm manifested in sa”
is not equal to the Opponent sequential algorithm manifested in s, and by
(iv), the Opponent strategy manifested in sa is distinct from the Opponent
strategy manifested in S. Hence "s[b; ' must be distinct from every previous

Opponent view, and so S is innocent (LS. is new) as required.

iii Ifsis an (odd/even-length) innocent play then s” is an (odd/even-length play)

iv

As noted above, s’ is non-repetitive, and consists of well-defined path-moves
by induction hypothesis.

Suppose S is odd-length and innocent, then every thread of !B in s is in-
nocent and even-length by the innocence Lemma 5.4.9 above. Hence there
are equal numbers of (non-initial) Player and Opponent moves in s’ as
each thread translates to an even-length path move. Since every Opponent
path-move extends a Player path-move, the most recent path-move has been
made by Opponent. By (ii), the play preceding this most recent extension
is innocent and even-length, hence by induction hypothesis, its translation

is an even-length path.

Suppose S is even-length and innocent. The threads of !B in s are all
innocent, and even-length, except the current one, which innocent and odd-
length, by Lemma 5.4.9. So the translations of the other threads are all
even-length path-moves, the translation of the current thread is an odd-
length path-move.

The most recent path-move in s” is Player’s. (Suppose the most recent
move is Opponent’s; then the play preceding this extension is innocent
and even length, giving a contradiction). Hence there are equal numbers
of (non-initial) Player and Opponent moves in the initial segment of s”.
The penultimate move must be an Opponent path-move (extending the
translation of an innocent even-length play by ii) which translates to an

even-length path by induction hypothesis.

Sprp ifand only if T C T
This is shown using Lemma 5.4.7 and Corollary 5.4.8, and (iv) as induction
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hypothesis.
Suppose T C B then for all s € |, there exists t € such that s7 = t7,

and hence by (iv), O — strategy(s) = O — strategy(t), so by Lemma 5.4.7,

OBS
=AQ)

Suppose  Sprp ; then by the observational equivalence Lemma 5.4.7, for
every S € , there existst € such that O — strategy(s) = O — strategy(t),
and hence O — strategy(s”) = O — strategy(t?). So T C 7T as required.

v To prove that the translation of an innocent strategy is a sequential algorithm,
it remains to show that the translations of sa;th € are evenly branching.
The induction step is to show that if s* = t7, then sa’ = th”.
s” = t7 implies O — strategy(s) = O — strategy(t) by (iv), and this implies
P — strategy(sa) = P — strategy(tb).
(Suppose P — strategy(s) # P — strategy(t), then w.l.og. there is some
Player-view in S not occurring in t, and this can be used to escape from S

and distinguish O — strategy(s) from O — strategy(t).)

g

Example 5.4.14 Recall Example 5.2.8, comparing a play in the innocent strat-
eqy denoted by T:F (F 0) to paths in the sequential algorithms denotation. As
expected, the former translates to one of the latter, depending on the Opponent
strategy manifested in the innocent play. This can be seen by observing that the
effect of the translation can be ‘simplified in this case to the following map on
innocent plays in [(nat = nat) = nat]:

(sa)* = s*, if there are some pevious moves b; ¢ such that b hereditarily justifies
a, and salb = salc,

(sa)* = s*a, otherwise.

Hence any repetition of the initial question ‘What is the value of £%°, and/or
the succeeding Opponent move (which it justifies); ‘What is the value of the ar-
gument to T 27, will be removed. In the case that ¥ 0 = 0, the repeated supplying
of zero as the argument to T is removed, as is Opponent’s next move, which, by

imnnocence, must be a repetition of the ‘answer’ zero as well.
5.4.2 Mapping sequential algorithms to innocent strate-
gies

The relation R can now be shown to be a surjective function, by defining an

innocent strategy from a sequential algorithm, which is in its pre-image with
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respect to R. Hence this produces a unique representative for each equivalence
class of the intrinsic preorder on G.

It is presented in the form of a translation from sequential data structure
paths to justified sequences which maps each sequential algorithm to a strategy
which ‘collapses’ to that algorithm by the translation described above. The result
of this operation is not unique, nor is it functorial, but it does provide a unique
representative, a ‘normal form’, for each equivalence classes of strategies, which
can be obtained by ‘collapsing’ to a sequential algorithm, and then ‘fluffing up’

to an innocent strategy.

Definition 5.4.15 (Copy saturating translation) This is defined as a trans-
lation from sequential algorithm paths to justified, well-opened sequences (which
are innocent plays), by a double induction over type structure, and over sequence
length, following a similar pattern to the copy-removing translation.

The translation of a path t over A is written tr. Assuming [T] = (IL;<,[S:]) = 0

e 07 = 0 (where 0 is the unique initial move).

e [fs is non-empty, and of even length, and hence of the form t(pa), for some
(odd-length) path pa in some S;, then (t(pa))r = tr - (pa)s,.
The justifier of the first move in (pa)s, is the first move in t, an as pag,

(N>N)=N (N>N)=N

O, O,
Pq\\ P,
O, . AN \ O,
PQ\\ \
(@) Y
q + | |
P() / // /I P()
Vs
o,/ O,
/
P, / P,
0O, 0O,
P, P,

Figure 5.5: Copy-removing translation applied to F:f f 0 (Opponent represents
a function s.t T 0 # 0).
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18 well-opened, all of its other moves are justified by occurrences of moves

already in pag,.

e if S is of odd length (and longer than a single move), it is of the form
t(pa)(pab), where pa is a path in some S;, and pab extends it. Then
(t(pa)(pab))r = ty - (pab)s,, with the justification pointers given as above.

7@ -
A I
I I
\ \
\ .\ \\.
N
7 7
1 1
! \
\
N -
P o (s 7
, /
h |
[ " \
P p /\71 \\ e
I I \l,
\ \
\\\ N ‘\
\
7 V7 \ g
\ £
' [
AR ARY
N N g g

Figure 5.6: Translation from sequential algorithm to innocent strategy

Proposition 5.4.16 The following two facts can be proved directly from the def-

wition of the translation:

e Sy € [T]: the translation of an (even/odd -length) path in [T]s is an alter-
nating (even/odd - length) sequence in [T]g satisfying visibility.

e (s7)T =s: removing the copies from a translated path returns the original

path.

PROOF: is by induction following the pattern set by the definition of the trans-

lation:

e Suppose s = t(pa)(pab), then by hypothesis, ty is an odd-length, alternat-
ing sequence satisfying visibility, and pabs, is an even-length alternating
sequence satisfying visibility starting with an initial player move in S; (jus-
tified by the initial, visible move). Hence tr-pabg, is odd-length, alternating,
and satisfies visibility. (And similarly for tr - pag,).
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e proof is by induction that for an innocent play r and sequential algorithms
path s, if r C sp, then r” s, and if Sy C r, then s C r’. Hence s = (s7)’.
Suppose I C ((t(pa)(pab))r), then either r C tr, so r’ T t, or r =t - U,
where U C pabg,. Then by hypothesis, t T r”, and for every prefix of
u’ C u, uT C pabg, hence r’ is the extension of t by pa or pab (or the
empty sequence).

Suppose ((t(pa)(pab))r) C rc, then either t(pa)(pab))r) C r or rcfd = pabg,,
where d is the initial move of S; hereditarily justififying ¢, and hence (rc|
d)% = pab by induction hypothesis, and t(pa) = r, hence rc = t(pa)(pab)

as required.

Definition 5.4.17 For a sequential algorithm : [T], define
T:{I‘t‘l|tT€ }:

Example 5.4.18 Continuing the theme of Examples 5.2.8 and 5.4.14, consider
the translation of the sequential algorithm denoted by T:F (f 0). The translation
on paths over [(nat = nat) = nat|s can be simplified to the following:
(s(pa)(pab))* = s*pab, where pa;pab are path-moves in [nat = nat], and

sa* = s*a, otherwise.

Applying this to the sequential algorithm denoted by of T T 0 yields an
innocent strategy which is not the denotation of T £ 0. (See Figure 5.4.18.)
This strateqy first tests £ for strictness, returning its constant value if it is not
strict. Otherwise it tests 0, and returns 0 if this is a fizedpoint of ¥. Otherwise it
applies T to the value obtained from £0 and returns that. This strategy corresponds

to the following term of PCF with catch and infinitary case statements:
case (catchf) | (case (F 0) o O |jzo(F 1)) |0 J — 1t

It is also possible to verify that applying the copy-removing translation to this
strateqy yields the sequential algorithm corresponding to both €. F 0 and the

above term.

Proposition 5.4.19 For any sequential algorithm , 1 is an innocent function

over A.

PROOF: Arguing informally, suppose t(pa)pab is a sequential algorithms path, so
(t(pa)(pab))r = tr - pabg,. Under an inductive assumption, tr and pabg, are both
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innocent paths, so it is easy to see that Player plays innocently, as he can always
‘see’ the last move in ty. Opponent plays innocently, because he plays the same
in ps, as when it appeared before, whilst a must be new, by the ‘no repetition’
condition, so Opponent has a new view at this point, and safely play a new move
of his own.

Formally, the proof proceeds by verifying inductively the following hypotheses.
(i) If sC u then sy C ur.

(ii) If ur(odd) Cr C sp(odd), then "ur 'C Tr1 C "sp

Player has access via the view to the entire history of the (translation of)

the sequential algorithms play.

(iv) Player plays innocently in Sz, i.e. if ra;r’ C Sy such that "r' = "r'" then
r'b C sr.

(v) If s and u branch at an odd (Opponent) move, then Sr; Ur are coherent with
respect to innocence; i.e. if Sy MUy is odd and ra C S and r'b C uy such
that "r'="r""then a=".

(vi) Opponent plays innocently in Sr, i.e. if ra;r’ C Sy such that (ro = cr'J
then r'b C sy

0O, 0O,
Py Py
0O, 0O,
Py
0O,
Po Po
On+1 On+1
Py
0O,
Pt Pt
On On
P P

Figure 5.7: Copy saturating translation of f:f £ 0
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The base cases are are straightforward. On the assumption that (i) — (Vi)
hold for ty and for (pab)g,, it is shown below that they hold for (t(pa)(pab))r
tr - (pa)s,. The proofs that they hold for (t(pa))r are in all cases similar.

(i)sCu = srCur If r C t(pa)(pab), then either r C t (in which case
rr C tr C tr - (pa)s, by induction hypothesis), or r = t(pa)(pab), so
rr = (t(pa)(pab))r, or r = t(pa), so rr = tr - (pa)s,, pas, C pabg, by
induction hypothesis, therefore ry T (t(pa)(pab))r as required.

(ii)ur(odd) Cr(odd) C sy = "ur'CTrTC sy Suppose r C,gq tr-(pab)s, =
Sr. If r C t then the induction hypothesis applies to give the result directly.
So suppose I = tr - v, for some v C pabg,. Then the initial (Player) move
in S; justifying all of the moves in Vv must occur in "r', so "r' ="ty - LV,
and the induction hypothesis applies giving "ur' C "ty' £ "r', and
LV C cpabgs, s, so "r' C "sp ' as required.

Note in particular that "(t(pab))r " ="t - Lpabg, .

(iii) If s(odd) iZ s’(odd) then "sp1 [Z TS/
(and similarly s'(even) [Z s'(even) =— SrJ £ LSh0)
Suppose t(pa)(pab) IZ §', then either t [Z 8" and by hypothesis "ty £ 7S/,
and by (ii), "ty ' C sy £ ). as required.
or 8" = tqc(ged) for some qcd such that pab IZ ged
As remarked above, " (t(pa)(pab))r ' = "ty pabg, s, and
"(t(qc)(qed))r ' = "ty Lgedp, .
By inductive hypothesis, Lpabs, s # Lqcdp; 1, and so
"(t(pa)(pab))r " I "(t(qc)(qed))r ", as required.

(iv) By the inductive hypothesis (vi), that ty and (pab)s, are innocent, Player
plays innocently in Sp:
Suppose r¢ Cepen ' Cogq tr - (pab)g,, and "r="r""
If r' Cogq tr, then r'c C,pep, tr C tr - (pab)s, by innocence of tr.
If rc Cepen tr, but ' Zyga tr, then r' = tpq, for some q C.pep, (pab)s, and so
' =Tty gu.
But since tr is innocent "ty ' is not the view of any prefix of ty, and so
neither is "ty 'Lqu, so "r' £ Tr') a contradiction.
If rc Zeyen tr, then r = tr - u, for some U C.pep, (pab)g, and r' = tp - U/,
for some U Cpen (pab)s,. "r' = Tty 'eus, and "r7 = Tty 'wu’s. So if
"r7="r"1 then LUy = (U4, and as (pab)g, is innocent by hypothesis, and
um Coqq (pab)s,, r'c Cepen tr - (pab)s,, as required.
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(v)Evenly branching paths map to coherent plays If r T,y Sp, ' Coua
s, and r’ [Z Sy, where S' 1S is even, then "r7 # Tr’7 — so there is no
possibility of a violation of innocence.

Let u = s’ M's so there is an Opponent move ¢ such that ucy C r but

"r 7 C Sp, hence "r #£ "' as required.

(vi) Opponent plays innocently in Sy = ty(pab)s, By inductive hypotheses
(iv) and (vi), tr and pabs, are innocent plays, so the case to consider is
r;r’ £ sp such that r C tr, and ' [Z tr, but Lro=or'..

So r' =ty - U/, for some U’ C.,., pabsg,

Lty -Uu's=m"u'7, thus r = vy - u, for some paths v in A, and u C (qcd)s,,
where gcd in S; is such that v(qc)(qed) C t, and "u™ = "u'"".

If qcd C pab then u C (pab)g,, and by the inductive hypothesis (v) Player
(i.e. whoever makes even moves) plays innocently in S;, thus if um C pabg,
then u'm C pabg,, and rm C (t(pa)(pab))r implies r'm C (t(pa)(pab))r as
required.

If gcd £ pab, then they branch at an even move, as plays in !gS; are non-
repetitive (and this is the only point at this fact is used). Thus by hypothesis
(v), they are coherent with respect to innocence, thus "u™ = "u’" and
um C qged implies u'm C pab, and so rm C (t(pa)(pab))r implies r'm C
(t(pa)(pab))r as required.

Finally, note that item (v) above entails that  is an innocent function as re-

quired. [

Proposition 5.4.20 For every sequential algorithm :[T]s, = Rr , and
for each innocent strategy : [T]g, Rz T.

PROOF: is by induction on type-structure: suppose T =S = .

Given an Opponent sequential algorithm  : [S]s,

(| )Js=, = 3=, g hence ; |ifand onlyif o; o]

Since every innocent strategy is observationally equivalent to some 7, by hy-
pothesis, it follows that - R .

Secondly, (( T)r)T = T, hence = % and ( )7 Ry T, hence Rr T as

required. 0

Corollary 5.4.21 The initial functor from the games to the sequential algorithms

model 1s surjective.
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Corollary 5.4.22 The semantics of A(Q2) in the CCC of Sequential Algorithms
generated from freely generated from 0 is fully abstract, hence the models of control
for PCF given by (S;0) are fully abstract.

Corollary 5.4.23 The extensional collapse of the standard call-by-name PCF
model in the category of unbracketed games is isomorphic to the strongly stable

model.

PROOF: is as a corollary of Ehrhard’s proof [24] that the extensional collapse
of the sequential algorithms model of PCF is isomorphic to the strongly stable
model. The extensional collapse can be found by identifying the extensional
elements of the semantics, and an extensional equivalence = on them as follows.
All objects at ground type are extensional, and equivalence is the identity relation.
f : A = B is extensional if for all extensional a;a’ : A, such that a =, &/,
fa=p fa'.

f =,_p T’ if for all extensional a : A, fa =5 f'a.

Considering the extensional collapse of the PCF type-structure of games it is clear
that =7 implies = . Thus, by a trivial induction, is extensional if and
onlyif Tis,and is extensionally equivalent to if and only if 7 isextensionally
equivalent to 7. Hence composing the functor collapsing innocent strategies into
sequential algorithms (restricted to extensional objects) with Ehrhard’s functor
projecting (extensional) sequential algorithms to strongly stable functions, yields
a projection from the extensional innocent strategies onto sequential algorithms,

and this is injective on extensional equivalence classes (see Figure 5.1). O

This gives a partial answer to the question: — what are the extensional functions
which are computed in models of control? but leaves another: — which are
the extensional morphisms which compute them? Longley [55] has shown that
there is an extensional functional H, programmable with either control (call-with-
current-continuation) or state (ML-style references), such that the strongly stable
model of PCF +H is fully abstract. Although unbracketed games are by no means
a unique way to ‘realize’ these realizably sequential functions, the richness of their
structure, as expressed by the intensional hierarchy, together with the fact that
they allow a connection to be made with the fully abstract model of PCF on the
one hand, and the reduction to the simply-typed -calculus via cps translation
on the other, indicates that they may be an informative place to study it.

The translation to sequential algorithms has confirmed the claim that each in-

nocent strategy is intensionally equivalent to one which does not duplicate queries.
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But in fact it gives a stronger characterization of the intrinsic equivalence: com-
posing with the translation back to innocent strategies yields a unique strategy
for each equivalence class (as described for the denotation of f:f (f 0) in Exam-
ple 5.4.18). Moreover, this uniqueness is easy to capture as a notion of ‘normal

form’.

Proposition 5.4.24 Let s € [T] be an innocent play. Then S is the translation
of a sequential algorithms path if and only if for any move b in S, the hereditary

subsequence SIb satisfies the following criteria
No interleaving of threads s[b is a contiguous subsequence of S,

No repetition of threads There is no previous occurrence b’ of the same move
in 'S, justified by the same mowe, such that s[b = s[b,

No overextension of threads Suppose s[b = tcd. Then there is some previous

occurence b’ of b in 'S, justififed by the same mowve, such that s[b’ = t.

PROOF: is straightforward by induction, using the definition of the translations
to show that:

e all translated paths have the above properties,

e if S has the above properties, then (s7)7 =S s0 § is a translated path.

Open questions raised by this observation are:

e What are the evaluation trees corresponding to the normal forms for strate-

gies?

e What is the syntactic translation from terms to their normal forms corre-

sponding to the semantic translation?

e Is there simple axiomatization (or schematization) of the complete theory

of (finitary) observational equivalence extending -equivalence?
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Chapter 6

Conclusions

This thesis has presented and studied a semantics of sequential control which
is simple, tractable, and above all, accurate. Rather than identifying a defini-
tive notion of control flow, the analysis has been implicit, drawing together some
more-or-less diverse elements which have a control thread running through them;
continuation-passing, the bracketing condition of games semantics, , and se-
quential algorithms. That control can be identified within this variety of for-
malisms confirms its ubiquity in sequential computation. That its fully abstract
models are effectively presentable and universal supports a claim which is one
of the main themes of ‘intensional semantics’, that behaviour, modelled through
a combination of process and domain-theoretic ideas, can be as mathematically
well-behaved as static sets and extensional functions. That control flow can be
subject to different constraints itself, and can be combined with other compu-
tational features, means that no single fully abstract model can amount to a
general account of control; identifying it with the bracketing condition within the
intensional hierarchy, however, does have the making of such an account.

What then are the main limitations of this analysis, and how might they be
rectified? Most significantly, the description of control (in particular, the categor-
ical treatment) has been quite indirect. It has been shown that it is possible to
reason about control accurately using continuation passing translation into the -
calculus, but the usefulness of this observation has not been demonstrated, and is
questionable, given the complexity of the translation. However, the consolidation
of ideas represented by the fully abstract model is a step forward, and should be a
useful setting to test and apply new work on control. A categorical understanding
of control which is not more general than continuation passing translation, but
is conceptually clearer is emerging, based on the work of [82]. Work by Levy
[52] on a game semantics for continuation passing has the potential to make the

connection between these ideas and intensional semantics clearer.
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The study of games has been limited by the rather ad hoc nature of the
framework on which it is based; hopefully it will in future be possible to prove
results about dynamic behaviour (for instance, factorization) in a truly natural,
clear and concise way. This thesis has attempted small steps towards this goal, —
ground-breaking work by Abramsky on a more general notion of ‘concurrent game’
promises further progress. It should be remembered that one of the advantages of
the axiomatic treatment of definability is that it should aid the transfer of both
results and intuitions about control to such new settings.

The games semantics of control described here misses the point in another
way; it fails to fully exploit their dynamicity. By contrast to the case of state, the
games models of control are instances of a general categorical construction (cps),
and it is not clear how much has been gained directly by giving game semantic
instances. To some extent, this is due to the existence of a simple, general, notion
of model of control (which is a good thing) by contrast to, say, Idealized Algol,
and in any case the potential of a game semantics of control is still great. But to
fully justify the use of games it will be necessary to go beyond merely constructing

fully abstract models of control, and redeeem some of the promises made below.

6.1 Further Directions

The scope of the thesis has also been naturally limited by constraints of time and
space to a single notion of control based on static bindings, in a simple functional

setting. This leaves many avenues for further research.

Local versus non-local control flow The way in which data flows through
programs is clearly crucial to understanding their behaviour, and the results
which they generate. ‘Control flow analysis’ is about more than the locality
or otherwise of control, although this is an important aspect of it — not
least because programs which can access the flow of control can use this to
distinguish between different inputs. The way in which control flow is made
explicit in game semantics has been exploited by Malacaria and Hankin’s
‘flowchart’ analysis of dataflow in a simple imperative language [58] — this

could be extended with control operators, but there are further possibilities.

Another significant area of research is the analysis of locality of variables in
imperative languages like Idealized Algol; — identifying expressions which
can have side-effects on the store by using a distinction between active and
passive types. The use of a rule (well-bracketing) to model locality of control

in game semantics suggests that side-effects on the flow of control could also
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be governed by a typing distinction between activity and passivity. The
connection between the bracketing condition and linearity suggests how this
might be done with linear logic. Integrating the two kinds of behaviour, in

order to reason about state and control will then be a real challenge!

Dynamically Bound Control features The most obvious gap in the descrip-
tion of control operators in this thesis, is that little has been said about
those which create dynamic bindings, such as the exception-handling mech-
anism of Standard ML. An elegant general treatment of these operators
can be found in the work by Gunter, Remy and Riecke on prompts [33],
which have the expressive power of exceptions and call=cc. Unlike the case
of call=cc, there are at present no general or denotational models of these
features; this leaves real scope for the application of game theoretic ideas.
Work by this author on a semantics of exceptions has been based on the in-
tensional hierarchy, modelling the dynamic bindings by dropping innocence

and visibility (and regaining them via factorization).

Recursive and Polymorphic Types If control flow in realistic functional lan-
guages is to be studied, it will be necessary to take account of their more
elaborate typing systems. Games semantics for both recursive [59] and poly-
morphic [42] types have been considered, but the addition of control raises
new problems. A semantics based simply on cartesian closure, a single an-
swer object, and recursive types should be sufficient to define models of
untyped control operators, such as Scheme’s original call=cc, via continua-
tion passing translation, though it is not clear whether it would be useful to
factor this via a translation into a language (* FPC’) with control operators

and recursive types.

An interesting case is Felleisen’s original C-operator, which is not fettered
by typing restrictions, and hence is very expressive. This seems to be an
instance where control in games cannot be understood via the bracketing
condition, but by a very large choice of ‘answer object’; it seems that the
language (untyped) C can be given a fully abstract semantics by solving
the domain equation D = ((D = D) = D).

Towards a semantics of standard ML After combining the above ideas with
work on the game semantics of state and higher-type references, active and
passive types and so on, the goal of a fully abstract semantics for a realistic

language such as standard ML (or Java) begins to look distinctly achievable.
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Of course, many issues remain to be resolved, — not least the interaction

of control with the other features.

Classical Logic The (extended) Curry-Howard correspondence seems to be an
incomplete way of understanding control and classical logic; there are impor-
tant issues in control which do not arise in logic, and vice-versa. Nonethe-
less, the interpretation of described here could form the basis of a se-
mantics of classical natural deduction suited to a useful analysis of construc-
tive classical logic. In particular, the bracketing condition allows strategies
(proofs) with intuitionistic behaviour to be distinguished from classical ones
within the same system, and the notion of cut-elimination as interaction be-
tween strategies means that there is a notion of ‘information flow’ through

proofs which can be tapped, to extract constructive content.

Such a semantics could exploit a full completeness principle; a bijective
correspondence between cut-free classical proofs and strategies. However,
a large part of the interest (and complexity) of classical logic lies in its
behaviour under cut-elimination. To capture this requires an even closer
correspondence between syntax and semantics; non-confluence of classical
cut-elimination is a well-known obstacle to such an understanding. Various
possibilities for making classical proofs more semantically tractable have
been discussed, including the ‘disambiguation’ of cuts by labelling them in
some way, which can be described as various forms of ‘decorating’ of proofs
with exponentials in linear logic [22]. Here, perhaps, the link with control
can be reforged; it should also be possible to exploit the call-by-name/call-
by-value duality of control models (and their linear analysis), to model the

duality of classical cuts.
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