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An intensional model for the programming language PCF is described,
in which the types of PCF are interpreted by games, and the terms by cer-
tain “history-free” strategies. This model is shown to capture definability
in PCF. More precisely, every compact strategy in the model is definable in
a certain simple extension of PCF. We then introduce an intrinsic preorder
on strategies, and show that it satisfies some striking properties, such that
the intrinsic preorder on function types coincides with the pointwise pre-
order. We then obtain an order-extensional fully abstract model of PCF by
quotienting the intensional model by the intrinsic preorder. This is the first
syntax-independent description of the fully abstract model for PCF. (Hy-
land and Ong have obtained very similar results by a somewhat different
route, independently and at the same time).

We then consider the effective version of our model, and prove a Uni-
versality Theorem: every element of the effective extensional model is de-
finable in PCF. Equivalently, every recursive strategy is definable up to

observational equivalence.
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1. INTRODUCTION

The Full Abstraction Problem for PCF [Plo77, Mil77, BCL85, Cur92b] is one of
the longest-standing problems in the semantics of programming languages. There
is quite widespread agreement that it is one of the most difficult; there is much
less agreement as to what exactly the problem is, or more particularly as to the
precise criteria for a solution. The usual formulation is that one wants a “semantic
characterization” of the fully abstract model (by which we mean the inequationally
fully abstract order-extensional model, which Milner proved to be uniquely specified
up to isomorphism by these properties [Mil77]). The problem is to understand what
should be meant by a “semantic characterization”.

Our view is that the essential content of the problem, what makes it important,
is that it calls for a semantic characterization of sequential, functional computation
at higher types. The phrase “sequential functional computation” deserves careful
consideration. On the one hand, sequentiality refers to a computational process
extended over time, not a mere function; on the other hand, we want to capture just
those sequential computations in which the different parts or “modules” interact
with each other in a purely functional fashion.

There have, to our knowledge, been just four models of PCF put forward as
embodying some semantic analysis. Three are domain-theoretic: the “standard
model” based on Scott-continuous functions [Plo77]; Berry’s bidomains model based
on stable functions [Ber79]; and the Bucciarelli-Ehrhard model based on strongly
stable functions [BE91]. The fourth is the Berry-Curien model based on sequential
algorithms [BC82].°> Of these, we can say that the standard model gives a good ac-
count of functional computation at higher types, but fails to capture sequentiality,
while the sequential algorithms model gives a good analysis of sequential compu-
tation, but fails to capture functional behaviour. In each case, the failure can
calibrated in terms of definability: the standard model includes parallel functions;
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5Cartwright and Felleisen’s model without error values turns out to be equivalent to the sequen-
tial algorithms model [CF92, Cur92a]. The main result in [CF92, Cur92a] is that the sequential
algorithms model with errors is fully abstract for SPCF, an extension of PCF with a catch con-
struct and errors. This is a fine result, but SPCF has a rather different flavour to PCF, and
arguably is no longer purely functional in character.
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the sequential algorithms model includes algorithms which compute “functionals”
which are sensitive to non-functional aspects of the behaviour of their arguments.
The bidomains model also contains non-sequential functions; while the strongly
stable model, in the light of a recent result by Ehrhard [Ehr], can be seen as the
“extensional collapse” of the sequential algorithms model. In short, all these mod-
els are unsatisfactory because they contain “junk”. On the other side of the coin,
we have Milner’s result that an order-extensional model is fully-abstract iff all its
compact elements are definable.

Intensional Full Abstraction

This suggests that the key step towards solving the Full Abstraction problem
for PCF is to capture PCF definability. This motivates the following definition.
A model M (not necessarily extensional) is intensionally fully abstract if it is al-
gebraic, and all its compact elements are definable in PCF. In support of this
terminology, we have the fact that the fully abstract model can be obtained from
an intensionally fully abstract model M in the following canonical fashion. Firstly,
define a logical relation on M induced by the ordering on the ground types (which
are assumed standard, i.e. isomorphic to the usual flat domains of natural num-
bers and booleans). Because of the definability properties of M, this relation is a
preorder at all types. In particular, it is reflerive at all types. This says that all
elements of the model have extensional (functional) behaviour—there is no junk.

We can now apply Theorem 7.2.2 of [Sto88] to conclude that M can be col-
lapsed by a continuous homomorphism to the fully abstract model. In short, the
fully abstract model is the extensional collapse of any intensionally fully abstract
model. Moreover, note that the collapsing map is a homomorphism, and in partic-
ular preserves application. This contrasts sharply with “collapses” of the standard
model to obtain the fully abstract model, as in the work of Mulmuley [Mul87]
and Stoughton and Jung [JS93], which are only homomorphic on the “inductively
reachable” subalgebra.

Thus we propose that a reasonable factorization of the full abstraction problem
is to look for a semantic presentation of an intensionally fully abstract model,
which embodies a semantic analysis of sequential functional computation. The
construction of such a model is our first main result; it is described in Sections 2
and 3.

We have explained how the (order-extensional, inequationally) fully abstract
model can be obtained from any intensionally fully abstract model by means of
a general construction, described in [Sto88]. However, this description of the fully
abstract model leaves something to be desired. Firstly, just because the construc-
tion in [Sto88] is very general, it is unlikely to yield any useful information about
the fully abstract model. Secondly, it is not entirely syntax-free: it refers to the
type structure of PCF.

What would the ideal form of description of the fully abstract model be? We sug-
gest that it should comprise the specification of a cartesian closed category whose
objects are certain cpo’s, given together with certain additional “intensional” struc-
ture, to be used to characterize sequentiality; and whose morphisms are continuous
functions between these cpo’s—not all continuous functions, of course, but only the
sequential ones, as determined by the intensional structure. The interpretation of
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PCF generated from this category should then be the fully abstract model. Most of
the attempts at solving the full abstraction problem of which we are aware, includ-
ing Berry’s bidomains, Curien’s bicds, and Bucciarelli and Erhard’s strongly stable
functions, clearly fall within this general scheme. (Thus for example the intensional
structure in bidomains is the stable ordering; for domains with coherence it is the
coherence.)

In Section 4, we will explain how the category of games described in Section 2
does indeed give rise to a category of sequential domains in exactly this sense. This
yields the first syntax-independent description of the fully abstract model for PCF.

A still more stringent requirement on a description of the fully abstract model is
that it should yield effective methods for deciding observation equivalence on terms.
For example, consider “Finitary PCF” i.e. PCF based on the booleans rather than
the natural numbers. The interpretation of each type of Finitary PCF in the fully
abstract model is a finite poset. A natural question is whether these finite posets can
be effectively presented. Suppose that we have a category of sequential domains
as described in the previous paragraph, yielding a fully abstract model of PCF.
If the “intensional structure” part of the interpretation of each type could itself
be specified in a finite, effective fashion, then such a model would immediately
yield a positive solution to this problem. Because of its intensional character, our
model does not meet this requirement: there are infinitely many strategies at each
functional type of Finitary PCF. The same point occurs in one form or another
with all the currently known descriptions of the fully abstract model for PCF. A
remarkable result by Ralph Loader [Loa96] shows that this is in fact inevitable.
Loader proved that observation equivalence for Finitary PCF is undecidable. This
shows that an intensional description of the fully abstract model is the best that
we can hope to do.

Related Work

The results in the present paper were obtained in June 1993 (the results on
Intensional Full Abstraction in Section 3) and September 1993 (the results on the
intrinsic preorder and (extensional) Full Abstraction in Section 4). They were
announced on various electronic mailing lists in June and September 1993. An
extended abstract of the present paper appeared in the Proceedings of the Second
Symposium on Theoretical Aspects of Computer Science, which was held in Sendai
in April 1994 [AJTM94].

Independently, and essentially simultaneously, Martin Hyland and Luke Ong gave
a different model construction, also based on games and strategies, which led to
the same model of PCF, and essentially the same results on Intensional Full Ab-
straction. Following our work on the intrinsic preorder, they showed that similar
results held for their model. What is interesting is that such similar results have
been obtained by somewhat different routes. Hyland and Ong’s approach is based
on dialogue games and innocent strategies, in the tradition of Lorentzen’s dialogue
interpretations of logical proofs [Lor60, Lor61], and the work by Kleene and Gandy
on the semantics of higher-type recursion theory [Gan93], while our approach is
closer to process semantics and the Geometry of Interaction [AJ94a, Mal93]. Fur-
ther work is needed to understand more fully the relationship between the two
approaches.
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Independently, Hanno Nickau obtained essentially the same model and results as
Hyland and Ong [Nic94]. A very different description of the fully abstract model
for PCF was obtained by Peter O’Hearn and Jon Riecke, using Kripke logical rela-
tions [OR95]. This construction is very interesting, and probably of quite general
applicability, but does not appear to us to embody a specific semantic analysis of
sequentiality.

Since the results described in this paper were obtained, there has been signifi-
cant further progress in the use of game semantics to give fully abstract models
for programming languages. These results all build on the concepts, methods and
results developed in the present paper, and that of Hyland and Ong. For an expos-
itory account of some of these results, and some references, see [AM99]; there is an
overview in [Abr97]. The main results of the present paper are recast in an abstract,
axiomatic form in [Abr00]. There have also been some significant applications of
game semantics, notably [MH99, GMO00].

2. THE MODEL

We shall refer to [AJ94a] for general background and motivation on game seman-
tics.

We begin by fixing some notation. If X is a set, we write X* for the set of
finite sequences (words, strings) on X. We shall use s, ¢, u, v and primed and
subscripted variants of these to denote sequences, and a, b, ¢, d, m, n and variants
to denote elements of these sequences. Concatenation of sequences will be indicated
by juxtaposition, and we will not distinguish notationally between an element and
the corresponding unit sequence. Thus e.g. as denotes a sequence with first element
aand tail s. If f : X — Y, then f* : X* — Y™ is the unique monoid homomorphism
extending f. We write |s| for the length of a finite sequence, and s; for the i’th
element of s, 1 <i < |s]. Given a set S of sequences, we write S for the subset
of even length sequences and S°% for the subset of odd length sequences. If Y C X
and s € X*, we write s[Y for the result of deleting all occurrences of symbols
not in Y from s. We write s C ¢ if s is a prefix of ¢, i.e. for some u, su = t.
We always consider sequences under this prefix ordering and use order-theoretic
notions [DP90] without further comment.

Given a family of sets { X };er we write >_._; X; for their disjoint union (coprod-

iel
uct); we fix

S X, ={(,2)]ielreX}

iel
as a canonical concrete representation. In particular, we write X1+ X5 for Zie (1,2} X;.
If se (3 ,c; Xe)* and i € I, we define s[i € X; inductively by:

€li = €

Gt = { 4510120

We use fst and snd as notation for first and second projection functions. Note
that with s as above, £st*(s) is a sequence of indices i; - - - iy, € I* tracking which
components of the disjoint union the successive elements of s are in.
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We will also need some notation for manipulating partial functions. We write
f: X —= Y if fis a partial function from the set X to the set Y; and fxr = y
for “fx is defined and equal to ¢”. If f : X — Y is an injective partial function,
we write f* : Y — X for the converse, which is also an injective partial function.
(NB: the reader should beware of confusing f* with f*. In practice, this should
not be a problem.) If f,g: X — Y are partial functions with disjoint domains of
definition, then we write fV g: X — Y for the partial function obtained by taking
the union of (the graphs of) f and g. We write Ox for the everywhere-undefined
partial function on X and sometimes idx, sometimes 1x for the identity function
on X. We shall omit subscripts whenever we think we can get away with it.

2.1. Games
The games we consider are between Player and Opponent. A play or run of the
game consists of an alternating sequence of moves, which may be finite or infinite.
Our plays are always with Opponent to move first.
A game is a structure A = (M4, Aa, Pa,~4), where

e M4 is the set of moves.
e \y: My — {P,0} x {Q, A} is the labelling function.

The labelling function indicates if a move is by Player (P) or Opponent (O), and if
a move is a question (Q) or an answer (A). The idea is that questions correspond
to requests for data, while answers correspond to data (e.g. integer or boolean
values). In a higher-order context, where arguments may be functions which may
themselves be applied to arguments, all four combinations of Player/Opponent
with Question/Answer are possible. A4 can be decomposed into two functions
AEO My — {P,O} and A9 : My — {Q, A}.

We write
{P,0} x{Q,A} = {PQ,PA,0Q,0A}

(MHA%Y = da
MY = M ({PY x {Q. A}),
M§ = A\1({0} x {Q, A}),
M3 = 2 ({P,0} x {Q}),
M3 = X'({P,0} x {4})
etc., and define
P=0, O=P,

MO(a) = A} (a), Xa = (MFO,AFY).
e Let Mff be the set of all finite sequences s of moves satisfying:
(pl) s=at = ac MY

(Vi: 1< <[s]) NSO (si41) = AGO(s9)]
(p3) (Vi Cs) ([tIM4] < [t1MT)).

Then P4, the set of valid positions of the game, is a non-empty prefix closed subset
of Mf.
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The conditions (p1)—(p3) can be thought of as global rules applying to all games.
(p1) says that Opponent moves first, and (p2) that Opponent and Player alternate.
(p3) is known as the bracketing condition, and can be nicely visualised as follows.
Write each question in a play as a left parenthesis “(”, and each answer as a right
parenthesis “)”. Then the string must be well-formed in the usual sense, so that
each answer is associated with a unique previous question—the most recently asked,
as yet unanswered question. In particular, note that a question by Player must be
answered by Opponent, and vice versa.

e =24 is an equivalence relation on P4 satisfying

(el) smat = Xy(s) = 4(1)
(€2) smat, s Cs,t' Tt | =t = ¢ =at
(e3) s=4t,sa € P4 = Jb.sa ~y tb.

Note in particular that (el) implies that if s &4 t, then |s| = [¢].

For example, the game for Nat has one possible opening move * (request for data),
with Anat (*) = OQ; and for each n € w, a possible response n with Anat(n) = PA.
~Nat 18 the identity relation on Pnat. The game for Bool is defined similarly.

2.2. Strategies
A strategy for Player in A is a non-empty subset ¢ C P§'*" such that o =
o Udom(o) is prefix-closed, where

dom(c) = {sa € P3| 3b. sab € o}.

We will be interested in a restricted class of strategies, the history-free (or history
independent, or history insensitive) ones. A strategy o is history-free if it satisfies

e sab,tace 0 = b=c
o sab,t € 0,ta € P4 = tab € o (equivalently, ta € dom(0)).

Henceforth, “strategy” will always by default mean “history-free strategy”.
Given any strategy o, we can define fun(c) : M{ — ML by

fun(o)(a) = b iff (3Is) [sad € o].

Conversely, given f: M$ — MY we can define traces(f) C (M$)"*® inductively
by:
traces(f) = {e} U{sab | s € traces(f), sa € Py, f(a) = b}.

We say that f induces the strategy oy = traces(f), if traces(f) C P4. Note that
if 7 is a strategy, we have

fun(oy) C f, Otun(r) =T

so there is always a least partial function on moves canonically inducing a (history-
free) strategy.
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PROPOSITION 2.1. If f : MQ — MZX is any partial function, then traces(f) C
MO

Proof. Certainly any s € traces(f) satisfies “O moves first” and the alternation
condition. We show that it satisfies the bracketing condition by induction on |s|.
If s = tab, then since ta € P4 and [ta| is odd, the number of questions in ta

must exceed the number of answers; hence s satisfies the bracketing condition. H

The equivalence relation on positions extends to a relation on strategies, which
we shall write as L.
o L 7iff:

sab€ o, € T,sa~s'd = . [§d't € T A sab~ §'a'V]. (1)
By abuse of notation we write the symmetric closure of this relation as =:
c~71 if cCTATE 0

Interpreting the equivalence on positions as factoring out coding conventions,
o ~ T expresses the fact that ¢ and 7 are the same modulo coding conventions.
0 & 0 expresses a ‘representation independence” property of strategies.

PROPOSITION 2.2 (Properties of ).
g is a partial preorder relation (i.e. transitive) on strategies. Hence = is a partial
equivalence relation (i.e. symmetric and transitive).

Proof. Suppose 0 S 7 and 7S v, and s € 0, u € v, sab € 0 and sa ~ ua”. By
induction on |sa| using the definition of 0 7 and (e3), there is ta’b’ € 7 with sab =
ta't'. But then ta’ =~ ua”, and since 75 v, ua”b"” € v with ta't’ ~ ua’b"” and hence

sab =~ ta'b’ =~ ua"b" as required. W

JFrom now on, we are only interested in those history-free strategies o such that
o ~ 0.We write Str(A) for the set of such strategies over A. If o is such a strategy
for a game A, we shall write o : A. We write A for the set of partial equivalence
classes of strategies on A, which we think of as the set of “points” of A. We write
[]={7 |0~ 7} when o ~ 0.

2.3. Multiplicatives

Tensor.
The game A®B is defined as follows. We call the games A and B the component
games.

o M,op = Ms + Mp, the disjoint union of the two move sets.
® Miop = [Aa, AB], the source tupling.

e P,op is the set of all s € M§®B such that:

1. Projection condition: The restriction to the moves in My (resp. Mp) is in
Py (resp. Pp).
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2. Stack discipline: Every answer in s must be in the same component game
as the corresponding question.

e s ppt iff sSTAxatly N s|IBrptIB A fst*(s) = fst*(t).

We omit the easy proof that ~ g p satisfies (e1)—(e3). Note that, if the equivalence
relations ~4 and ~p are the identities on P4 and Pp respectively, then ~,gp is
the identity on Pygp.

The tensor unit is given by

I= (Qa a, {6}7 {(6’ 6)})

Linear Implication. The game A—oB is defined as follows. We call the games
A and B the component games.

e My_op =My + Mg, the disjoint union of the two move sets.

® My—op = [Aa, AB].

e Py_op is the set of all s € M

4—op Such that:

1. Projection condition: The restriction to the moves in M4 (resp. Mp) is in
P, (resp. Pp).

2. Stack discipline: Every answer in s must be in the same component game
as the corresponding question.

e s, opt iff s[Amat]y A s|Brpt|B A fst*(s) = fst*(t).

Note that, by (p1), the first move in any position in P4_,p must be in B.

We refer to the condition requiring answers to be given in the same components
as the corresponding questions as the stack discipline. It ensures that computations
must evolve in a properly nested fashion. This abstracts out a key structural feature
of functional computation, and plays an important role in our results.

PROPOSITION 2.3 (Switching Condition).  If a pair of successive moves in a
position in AQB are in different components, (i.e. one was in A and the other in
B), then the second move was by Opponent (i.e. it was Opponent who switched
components). If two successive moves in A—B are in different components, the
second move was by Player (i.e. it was Player who switched components).

Proof. Each position in AQB can be classified as in one of four “states”: (O, O),
i.e. an even number of moves played in both components, so Opponent to move in
both; (P, 0), meaning an odd number of moves played in the first component, so
Player to move there, and an even number of moves played in the second component,
so Opponent to play there; (O, P); and (P, P). Initially, we are in state (O, O).
After Opponent moves, we are in (P, O) or (O, P), and Player can only move in the
same component that Opponent has just moved in. After Player’s move, we are back
in the state (O, O). A simple induction shows that this analysis holds throughout
any valid play, so that we can never in fact reach a state (P, P), and Player must
always play in the same component as the preceding move by Opponent. A similar
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analysis applies to A—B; in this case the initial state is (P, O), after Opponent’s

move we are in (P, P), and after Player’s response we are in (O, P) or (P, O). |

Note that, by comparison with [AJ94a], the Switching Condition is a consequence
of our definition of the multiplicatives rather than having to be built into it. This is
because of our global condition (p1), which corresponds to restricting our attention
to “Intuitionistic” rather than “Classical” games. Note also that the unreachable
state (P, P) in A®B is precisely the problematic one in the analysis of Blass’ game
semantics in [AJ94al.

2.4. The Category of Games
We build a category G:

Objects : Games

Morphisms : [o] : A — B is a partial equivalence class [o] € A—B

We shall write o : A — B to mean that o is a strategy in A— B satisfying ¢ ~ o.

There are in general two ways of defining a (history-free) strategy or operation
on strategies: in terms of the representation of strategies as sets of positions, or via
the partial function on moves inducing the strategy. Some notation will be useful
in describing these partial functions. Note that the type of the function f inducing
a strategy in A—B is

foMy+ Mg — M9+ ME.

Such a function can be written as a matrix
f= < fi1 fi2 )
fo1 fa2

f1,11M,}4)—\M,? f1,23M1g_\Mg

where

fon:ME = Mg fan: Mg — Mg.

For example, the twist map

MY +MS =M + MY

0 idMg

where 0 is the everywhere-undefined partial function. (Compare the interpretation
of axiom links in [Gir89a].) The strategy induced by this function is the copy-cat
strategy as defined in [AJ94a]. As a set of positions, this strategy is defined by:

corresponds to the matrix

ida ={se Py"% 4 | sl1=s2}.
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In process terms, this is a bi-directional one place buffer [Abr94]. These copy-cat
strategies are the identity morphisms in G.

Composition. The composition of (history-free) strategies can similarly be de-
fined either in terms of the set representation, or via the underlying functions
on moves inducing the strategies. We begin with the set representation. Given
0:A— B, 7: B— C, we define

0-”7- = {36 (MA+MB+M0)* | s|A,B €7, SrB,CE?}
o;7 = {s[A,C| s € a|T}ere.

This definition bears a close resemblance to that of “parallel composition plus hid-
ing” in the trace semantics of CSP [Hoa85]; see [AJ94a] for an extended discussion
of the analogies between game semantics and concurrency semantics, and [Abr94]
for other aspects.

We now describe composition in terms of the functions inducing strategies. Say
we have 0y : A — B, 04 : B — C. We want to find h such that os;0, = 0.
We shall compute h by the “execution formula” [Gir89b, Gir89a, Gir88]. Before
giving the formal definition, let us explain the idea, which is rather simple. We
want to hook the strategies up so that Player’s moves in B under o get turned into
Opponent’s moves in B for 7, and vice versa. Consider the following picture:

Assume that the Opponent starts in C. There are two possible cases:

e The move is mapped by g to a response in C: In this case, this is the response
of the function h.

e The move is mapped by g to a response in B. In this case, this response is
interpreted as a move of the Opponent in B and fed as input to f. In turn, if f
responds in A, this is the response of the function h. Otherwise, if f responds in B,
this is fed back to ¢g. In this way, we get an internal dialogue between the strategies
fand g.

It remains to give a formula for computing h according to these ideas. This is
the execution formula:

h=EX(f.g) = \/ mu.

kEw
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The join in the definition of h can be interpreted concretely as union of graphs.
It is well-defined because it is being applied to a family of partial functions with
pairwise disjoint domains of definition. The functions my, : MY +M8 — M{ +ME
are defined by

m =m0 ((f+g)op)fo(f+g) om

The idea is that my, is the function which, when defined, feeds an input from M¥
or M exactly k times around the channels of the internal feedback loop and then
exits from Mg or Mg . The retraction

Mo+ Me<<Ma+ Mp+ Mg+ Mg : 7

is defined by
7% = [inl,0,0,inr] 7 = [ing, ing]

and the “message exchange” function p: M§ + ML + MG + ME — MY + M9 +
ME + Mg is defined by

=0+ [inr,inl] + 0.

Here, 0 is the everywhere undefined partial function.
The fact that this definition of composition coincides with that given previously
in terms of sets of positions is proved in [AJ94a, Proposition 3].

PROPOSITION 2.4. Composition is monotone with respect to g

/ / / / / /
0,00 tA—B, 7,7":B—-C,ocCd, 7E7 = o;7Lo':7.

Proof. We follow the analysis of composition given in the proof of Proposition 1
of [AJ94a]. Suppose 0 S o', 7L 7/, ca € 057 and ¢ = ¢/. Then ca = u[A,C
for uniquely determined w = ¢b; - --bra such that u[A,B € o, u[B,C € 7. We
must have ¢ € Mg. Since 7 5 7/, ¢/by € 7/ for unique b}, and cb; =~ ¢'b}. Now
by € dom(0) and o o’ implies that by, € o’ for unique by, and byby ~ b} b5. Con-
tinuing in this way, we obtain a uniquely determined sequence v’ = b} - --bj.a’
such that v'|A,B € o/, v/'|B,C € 7/, and ca ~ c'd/, as required. This ar-

gument is extended to general strings s € o; 7 by an induction on |s|. ]

We say that a string s € (Mya, + ...+ My, )* is well-formed if it satisfies the
bracketing condition and the stack discipline; and balanced if it is well-formed,
and the number of questions in s equals the number of answers. Note that these
properties depend only on the string § obtained from s by replacing each question
in Ay,..., A, by (1,..., (, respectively, and each answer in Ay,..., A, by )1,-**,)n
respectively.

LEMMA 2.1. The balanced and well-formed strings in (Ma, + -+ Ma, )* are
generated by the following context-free grammar:

BAL = €|BALBAL| (;BAL); (i=1,...,n)
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WF = €|BALWF | (;WF (i=1,...,n).

(More precisely, s is well-formed (balanced) iff § is derivable from WF (BAL) in the
above grammar.)

Proof. It is easy to see that the terminal strings derivable from BAL are ex-
actly the balanced ones, and that strings derivable from WFr are well-formed. Now
suppose that s is well-formed. We show by induction on |s| that s is derivable
from wr. If s is non-empty, it must begin with a question, s = (;t. If this ques-
tion is not answered in s, then ¢ is well-formed, and by induction hypothesis ¢
is derivable from wF, hence s is derivable via the production wr — (;wr. If
this question is answered, so s = (;u);v, then (;u); is balanced, and hence deriv-
able from BAL, and v is well-formed, and so by induction hypothesis derivable

from WF. Then s is derivable from WF via the production WF — BAL WF. [ ]

LEMMA 2.2 (Projection Lemma). If s € (Mg, + -+ My, )* is well-formed
(balanced), then so is s[A;,, ..., A;, for any subsequence A, ..., A;, of A1,..., Ap.

Proof. We use the characterization of well-formed and balanced strings from the
previous lemma, and argue by induction on the size of the derivation of s from WF or
BAL. Suppose s is well-formed. If s is empty, the result is immediate. If s is derivable
via WF — BAL WF, so s = tu where t is balanced and u is well-formed, then we can
apply the induction hypothesis to ¢ and w. Similarly when s = (;t where ¢ is well-
formed, we can apply the induction hypothesis to ¢t. The argument when s is bal-

anced is similar. [ |

LEMMA 2.3 (Parity Lemma). If s € o||7 is such that s = tmun, where m, n
are moves in the “visible” components A and C, then:

eif m, n are in the same component, then |u[B| is even.

eif m, n are in different components, then |u[B)| is odd.

Proof. Firstly, we consider the case where all moves in u are in B. Suppose for
example that m and n are both in A. Then the first move in u is by o, while the
last move is by 7, since it must have been ¢ which returned to A. Thus |u] is even.
Similarly if m and n are both in C. Now suppose that m is in A while n is in C.
Then the first and last moves in u were both by o, so |u| is odd; and similarly if m
isin C and n is in A.

Now we consider the general case, and argue by induction on |u|. Suppose m
and n are both in A. Let u = uymjus, where all moves in u; are in B. Suppose
firstly that mq is in A; then |uy| is even, and by induction hypothesis |uz[B| is
even, so |u[B] is even. If my is in C, then |u] is odd, and by induction hypoth-

esis |ug[B] is odd, so |u[B] is even. The other cases are handled similarly. [ |

PROPOSITION 2.5. Ifo: A — BandTt: B — C, then o; 7 satisfies the bracketing
condition and the stack discipline.
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Proof. By the Projection Lemma, it suffices to verify that every s € ol is
well-formed. We argue by induction on |s|. The basis is trivial. Suppose s = tm.
If m is a question, it cannot destroy well-formedness. If m is an answer with no
matching question, then by induction hypothesis ¢ is balanced. Suppose m is in A
or B; then by the Projection Lemma, t[A, B is balanced, so m has no matching
question in s[4, B = (t[A, B)m, contradicting s[A, B € 0. A similar argument
applies when m is in B or C.

So we need only consider s = umwvn where m, n are a matching question-answer
pair. It remains to show that m and n must be in the same component. Suppose
firstly that m and n both occur in A or B. Note that v is balanced, and then by
the Projection Lemma, so is v[A, B. So m and n will be paired in s[A, B € o, and
hence they must be in the same component. Similarly when m and n are both in
BorC.

The final case to be considered is when m and n both occur in A or C. Since v is
balanced, by the Projection Lemma so is v[B. It follows that |v[B| is even, so by the

Parity Lemma, m and n must be in the same component. [ ]

Combining Propositions 2.4.2 and 2.4.6 with Proposition 2 from [AJ94a], we
obtain:

PROPOSITION 2.6. G is a category.

2.5. G as an autonomous category
We have already defined the object part of the tensor product A® B, linear impli-
cation A— B, and the tensor unit I. The action of tensor on morphisms is defined
as follows. If 0y : A — B, 04 : A’ — B’, then 0;®0, : AQA" — B®B' is induced
by the partial function

(MY + ME) + (M§ + Mg)
> (ML + MY) + (ME + M) X (MQ + ME) + (M, + ME)
=~ (MQ+ MSQ)+ (M5 + ME)).

The natural isomorphisms for associativity, commutativity and unit of the tensor
product:

assocas g : (A®B)®C =~ A®(BC)
Symm, p A®B = B®A
unity : AR =2 A

are induced by the evident bijections on the sets of moves:
(MY +ME)+ME)+(ME+(ME+ME)) = (MG +ME)+ME)+(MA+(Mp +M[))
(MY + M) + (Mg + Mg) = (Mg + Mg) + (Mg + M)

(MY +2)+ M9 = (M + o)+ MY,
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The application morphism App, 5 : (A—~B)®A — B is induced by

(MS + ME) + MY) + ME = (M} + MJ) + M3) + Mg.

Mg MEo MY Mg

My My M§ M

This “message switching” function can be understood in algorithmic terms as fol-
lows. A demand for output from the application at M§ is switched to the function
part of the input, A—B; a demand by the function input for information about
its input at M9 is forwarded to the input port A; a reply with this information
about the input at M 1]43 is sent back to the function; an answer from the function
to the original demand for output at M ]133 is sent back to the output port B. Thus,
this strategy does indeed correspond to a protocol for linear function application—
linear in that the “state” of the input changes as we interact with it, and there are
no other copies available allowing us to backtrack.

As for currying, given oy : AQB — C, A(oy) : A — (B—(') is induced by

ME 4 (ME+MO) = (ME+ME)+ M L (MQ+MQ)+ME = M9 +(MS+ME).

For discussion of these definitions, and most of the verification that they work as
claimed, we refer to Section 3.5 of [AJ94a].

ProrosiTION 2.7.

1.Ifo~ o' and T = 7' then o1 =~ o' Q7.

2.0QT satisfies the stack discipline.

PROPOSITION 2.8. G is an autonomous category.
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2.6. Products
The game A& B is defined as follows.
M, = Ma+ Mg
Mk = [Ma,AB]
P = PatPp

Nakp = ®At+ =B

The projections
AE 4B 24 B

are induced by the partial injective maps

(MY + MEY+ M — (M + M) + ME

(MY + MEY + Mg — (M9 + M) + ME

which are undefined on M5 and MY respectively. Pairing cannot be defined in
general on history-free strategies in G; however, it can be defined on the co-Kleisli
category for the comonad !, as we will see.

2.7. Exponentials
Our treatment of the exponentials is based on [AJ93]. The game !A is defined
as the “infinite symmetric tensor power” of A. The symmetry is built in via the
equivalence relation on positions.

o My, =wx My =7}, My, the disjoint union of countably many copies of
the moves of A. So, moves of !A have the form (i,m), where ¢ is a natural number,
called the index, and m is a move of A.

e Labelling is by source tupling;:
Ay (i,a) = Aa(a).

e We write s[i to indicate the restriction to moves with index i. P, is the set
of all s € M,@Z such that:

1. Projection condition: (Vi) [s[i € Pa].

2. Stack discipline: Every answer in s is in the same index as the corresponding
question.

e Let S(w) be the set of permutations on w.

st = (ImeSw))[(Vi cw.slirytln(i)) A (m o fst)*(s) = fst™(1)].

Dereliction. For each game A and i € w, we define a strategy

dery :!A — A
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induced by the partial function h;:
s _ a, 1=13
hi(ga) = {undeﬁned, 1F£ ]
hi(a) = (i,a).

In matrix form

ProroOSITION 2.9.

1.For alli, j:
dery = derf4.

2.der’, satisfies the stack discipline.

By virtue of this Proposition, we henceforth write der 4, meaning der?, for arbi-
trary choice of 1.

Promotion. A pairing function is an injective map
PDiw X W Ww.

Given o : !A — B and a pairing function p, we define a;f, :1A — B as the strategy
induced by the partial function f; defined by:

o e 57),d), f(a) = (")
f;(p(l,]),a) - { (i,b), f(],a) :b
, _ [ @, 5),a), f(b) = (j,a)
sy = {0 2y

In matrix form

= (to(l X fi,1) ot to(lx f1,2))
P (1% fa1)ot” 1 X fa2

where
t(i, (j,a)) = (p(i, j), a).
PROPOSITION 2.10.
1.Ifo,7:1A — B, 0 = 7, and p, q are pairing functions, then O';r) R T;f.

2.(7;) satisfies the stack discipline.

By virtue of this Proposition, we shall henceforth write of, dropping explicit
reference to the pairing function.
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ProprosiTION 2.11. Forallo :'A— B, 7:!B — C:

(m1) of;7f ~ (of;7)t

(

m?2) derz;o ~ oo
(m3) of:derg ~ o.

As an immediate consequence of this Proposition and standard results [Man76]:

PROPOSITION 2.12. (!,der, (-)) is a comonad in “Kleisli form”. If we define,
foro:A— B,lo = (dera;o)l 1A — !B, and d4 : '1A — 1A by 64 = id}LA, then
(I,der, ) is a comonad in the standard sense. '

Contraction and Weakening. For each game A, we define weaky : !A — I by
weaky = {e}.
A tagging function is an injective map

c:w+wr— w.

Given such a map, the contraction strategy con : !4 — !A®!A is induced by the
function

0 (rx1)o inl*V (s x 1) o inr*
inl o (r* x 1) Vinr o (s* x 1) 0

inl c inr c
wherer=w —Sw+w—w, s=w-—w+w—w.
. . . . . /! . .
A\ ~ .
Again, it is easily verified that con ~ con9 for any tagging functions ¢, ¢/

PROPOSITION 2.13. conga, weaky are well-defined strategies which give a cocom-
mutative comonoid structure on A, i.e. the following diagrams commute:

14 [cona] - 1A®IA
[con 4] [ida®con,]
IA®!IA (IA®!A)R!A TAQ(1A®!A)
[cona®id 4] [assoc 4]
[con 4] [con]
1A TAR!A A IA®!IA
[id4] [ida®weak 4] [symm 4 4]
[con ] ’
1A IA®T IARQ!A
[unit 4]

2.8. The co-Kleisli category
By Proposition 2.7.4, we can form the co-Kleisli category K(G), with:
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Objects The objects of G.
Morphisms K\(G)(A,B) = G(!A, B).
Composition If o : !1A — B and 7 : !B — (' then composition in K(G) is given
by:
o5T = UT; T.

Identities The identity on A in K(G) is ders : !A — A.

Exponential laws.
PROPOSITION 2.14.

1.There is a natural isomorphism ea p : /(A& B) = 1AQ!B.
21 =1.

Proof.

1. We define ey, p :|(A&B)—!AQ!B as (the strategy induced by) the map which
sends inl(a,) € !A®!B to (inl(a),q) € (A&B), (inl(a),i) € (A& B) to inl(a,i) €
!A®!B and similarly sends inr(b,i) € !A®!B to (inr(b),i) € /(A& B), (inr(b),i) €
(A& B) to inr(b,i) € !AQ!B.

We define e;"lB : (lA®!B)—ol(A&B) as (the strategy induced by) the map which
sends inl(a, 2i) € !A®!B to (inl(a),i) € [(A&B), (inl(a),) € /(A& B) to inl(a,2i) €
'A®!B and (inr(b),i) € /(A&B) to inr(b,2i + 1) € !AQ!B, inr(b,2i + 1) € |AQ!B
to (inr(b),i) € (A& B).

It is straightforward to check that eAyB,eZ’lB are strategies. Let’s prove that
€A.B, e;"lB define the required isomorphism.

e For eA’B;e;LlB : (lA2®!By)—(lA1®!By) (we have used different subscripts
for different copies of the same game) we have that inl(a,i) € (lA;®!By) is sent
to inl(a,2i) € (142®Bs) and inr(b,j) € (1A1®!B;) is sent to inr(b,2j + 1) €
(lA2®B5) . This strategy is equivalent to the identity. The automorphism which
witnesses the equivalence is the map which sends i in !A; to 27 and j in !By to
2§ + 1 (and is the identity elsewhere).

e For 621,135 e4,p the same map as above witnesses the equivalence of 621,135 €A,B
with the identity.

2. Immediate by definition.
|

Products in K(G).

PROPOSITION 2.15. [ is terminal in K\(G).

Proof.  For any game A there is only one strategy in !A—I, namely {e}.
This is because I has an empty set of moves and for any opening move a in !A

we have \j4—o;(a) = P so that Opponent has no opening move in !A—o1. [ |
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PROPOSITION 2.16. A <~ A&B 2 B is a product diagram in K\(G), where

m = 1(A&B) 25 A&B 5 4
7y = 1(A&B) %5 A&B =4 B.

If 0 :IC—A, 7 :\C—oB then their pairing (o, 7) :!C— A& B is defined by

der

T T
7 T, 4elB — 1(A&B) 2 AgB.

(o,7) =10 25 10810

In fact, we have:

PROPOSITION 2.17. K/ (G) has countable products.

Cartesian closure. We define A = B =1A—B.

PROPOSITION 2.18.  K{(G) is cartesian closed.

Proof.  We already know that K(G) has finite products. Also, we have the
natural isomorphisms

K\(9)(A&B,C) = G(/(A&B),0)
G(1A®!B, C)
G(1A,1B—C)

= K(G)(A, B = C).

R 1l

Thus K\(G) is cartesian closed, with “function spaces” given by =. ®

We shall write Z = K)(G), since we think of this category as our intensional
model.

2.9. Order-enrichment
There is a natural ordering on strategies on a game A given by set inclusion.
It is easily seen that (history-free) strategies are closed under directed unions, and
that {e} is the least element in this ordering. However, morphisms in G are actually
partial equivalence classes of strategies, and we must define an order on these partial
equivalence classes.
We define:

[0] Ca [7] iff o5 7.

PROPOSITION 2.19. £ 4 is a partial order over A. The least element in this
partial order is [{€}].

We have not been able to determine whether (/1, C4) isacpo in general. However,
a weaker property than cpo-enrichment suffices to model PCF, namely rationality,
and this property can be verified for K(G).
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A pointed poset is a partially ordered set with a least element. A cartesian closed
category C is pointed-poset enriched (ppo-enriched) if:

e Every hom-set C(A, B) has a ppo structure (C(A4,B),Ca.5,La.B).
e Composition, pairing and currying are monotone.

e Composition is left-strict: for all f: A — B,
lpcof=Llac.

C is cpo-enriched if it is ppo-enriched, and moreover each poset
(C(A,B),Ca,B)

is directed-complete, and composition preserves directed suprema. C is rational if
it is ppo-enriched, and moreover for all f: A x B — B:

e The chain (f*) | k € w) in C(A, B) defined inductively by
FO=Lap. Y =foliaa f®)

has a least upper bound, which we denote by fV.
etorallg:C — A, h: B— D,

gofvohz Ugof(k)oh~
kEw

Altough the standard definition of categorical model for PCF is based on cpo-
enriched categories, in fact rational categories suffice to interpret PCF, as we will
see in Section 2.10.

Strong completeness and continuity. Let A be a game, and (A, <) a directed
set. A family {[oA] | A € A} is said to be strongly directed if there exist strategies
o) for each X € A such that ¢} € [ox] and A< pp = o) C JL.

ProPosITION 2.20. A strongly directed family is C-directed. Every strongly di-
rected family has a C-least upper bound.

Now consider the constructions in G we have introduced in previous sections.
They have all been given in terms of concrete operations on strategies, which have
then been shown to be compatible with the partial preorder relation g, and hence to
give rise to well-defined operations on morphisms of G. Say that an n-ary concrete
operation ® on strategies is strongly continuous if it is monotone with respect to g,
and monotone and continuous with respect to subset inclusion and directed unions:

e S, onET = ®on,.,00) S O(T1, )

o o(US1,....USn) =Ul®(0s,...,00) |0s €Sy, i €1,...,n}

for directed Si,...,S,. (Note that for n = 0, these properties reduce to ® = ®.)
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PROPOSITION 2.21. Composition, tensor product, currying and promotion are
strongly continuous.

PROPOSITION 2.22. K/(G) is a rational cartesian closed category.

2.10. The model of PCF

PCF is an applied simply-typed A-calculus; that is, the terms in PCF are terms of
the simply-typed A-calculus built from a certain stock of constants. As such, they
can be interpreted in any cartesian closed category once we have fixed the interpre-
tation of the ground types and the constants. The constants of PCF fall into two
groups: the ground and first-order constants concerned with arithmetic manipula-
tion and conditional branching; and the recursion combinators Yr : (T = T) =T
for each type T. These recursion combinators can be canonically interpreted in

any rational cartesian closed category C. Indeed, given any object A in C, we can
define ©4 :1x(A=A)=A— (A= A)=Aby

Ou=[F: (A= A) = AR AfAZAf(Ff): (A= A) = A].
Now define Y4 =0©% : 1 — (A = A) = A. Note that

kEw kew

where
quo) — )\fAiA.J;A Y,(erl) — )\fA:Af(YXC)f)

These terms YXC) are the standard “syntactic approximants” to Y 4.
Thus, given a rational cartesian closed category C, a model M(C) of PCF can
be defined by stipulating the following additional information:

e For each ground type of PCF, a corresponding object of C. This suffices to
determine the interpretation of each PCF type T as an object in C, using the
cartesian closed structure of C. (For simplicity, we shall work with the version of
PCF with a single ground type N.)

e For each ground constant and first-order function of PCF, say of type T, a
morphism z : 1 — A in C, where 1 is the terminal object in C, and A is the object
in C interpreting the type T. (z is a “point” or “global element” of the type A.)

We say that M(C) is a standard model if C(1,N) = N, the flat cpo of the
natural numbers, and moreover the interpretation of the ground and first-order
arithmetic constants agrees with the standard one. We cite an important result
due to Berry [Ber79, BCLS85].

THEOREM 2.1 (Computational Adequacy). If M(C) is a standard model, then
it is computationally adequate; i.e. for all programs M and ground constants c,

M—"c¢ = [M]=][d]
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and hence the model is sound: for all terms M, N : T,

[M]C[N] = MCoN.

(Berry stated his result for models based on cpo-enriched categories, but only
used rational closure.)
Thus to obtain a model M(K)(G)) it remains only to specify the ground types
and first-order constants. The interpretation of N as Nat has already been given
at the end of Section 2.1. It is readily seen that Nat @ N .

Ground constants. For each natural number n, there is a strategy n : I — Nat,
given by

n = {e,*n}.
Also, Onat = [{€}].

Arithmetic functions. For each number-theoretic partial function f : N —= N
there is a strategy

ol ={e,xax1} U {52 %1 nymy | f(n) = m}.

Conditionals. The strategy r interpreting if0: N = N = N = N is defined
as follows: in response to the initial question, s interrogates its first argument; if
the answer is 0, then it interrogates the second argument, and copies the reply to
the output; if the answer is any number greater than 0, it interrogates the third
argument, and copies the reply to the output.

PROPOSITION 2.23. M(K|(G)) is a standard model of PCF.

3. INTENSIONAL FULL ABSTRACTION
3.1. PCFec
In order to obtain our intensional full abstraction result, it turns out that we
need to consider an extension of PCF. This extension is quite “tame”, and does not
change the character of the language. It consists of extending PCF with a family
of first order constants

casey, : N=N=..-=N=N
(A —
k

for each k € w. The functions that these constants are intended to denote are
defined by:

caser, 1L ngny... ng_1 = L
caser I MNoNi... ng_1 = n;, 0<i<k
caser I Ngny... ng_1 = L, i>k.

The interpretation of casep as a strategy is immediate: this strategy responds
to the initial question by interrogating its first input; if the response is ¢, with
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0 < ¢ < k, it interrogates the ¢ + 1’th input and copies the answer to the output;
otherwise, it has no response.

To see how harmless this extension, which we call PCFc, is, note that each term
in PCFc is observationally equivalent to one in PCF. Specifically,

casey, =" Az ).l .
ifO0x yo
(if0 (pred x) y1

(10 (pred pred pred z) yp—1 2)...).
—_—

k

The point is that our intensional model is sufficiently fine-grained to distinguish
between these observationally equivalent terms. However, note that our results in
Section 4 apply directly to PCF.

3.2. Evaluation Trees
We shall now describe a suitable analogue of Bohm trees [Bar84] for PCFc. These
give an (infinitary) notion of normal forms for PCFc terms, and provide a bridge
between syntax and semantics.
We use I', A to range over type environments x7 : T1,...,xg : Tx. We define
FET(T', T), the finite evaluation trees of type T in context I', inductively as follows:

. _MEFET(I.z:T.U)
Azl .M € FET(T,T = U)

* Q. n e FET(T,N)
F(.’L’) =Ty =...Tpy = N,
P, e FET(I,T)),1 <i <k,
Qn € FET(T,N),n € w,
dnew.Vm>n. Q, =0

¢ case(zP; ... P, (Qn | n €w)) € FET(I',N)

We regard these evaluation trees as defined “up to a—equivalence” in the usual
sense. Note that if we identify each

case(zP; ... P, (Qn | n €w))

with
casej(xP; ... Py, Qo,...,Qi—1)

for the least [ such that @, = Q for all n > [, then every finite evaluation tree is a
term in PCFe.

We order FET(I',T) by the “Q-match ordering”: MCN if N can be obtained
from M by replacing occurrences of ) by arbitrary finite evaluation trees.

ProposiTION 3.1. (FET(T,T),C) is a pointed poset with non-empty meets. Ev-
ery principal ideal is a finite distributive lattice.
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Now we define ET(T", T'), the space of evaluation trees, to be the ideal completion
of FET(T',T). As an immediate consequence of proposition 3.1, we have

ProposiTION 3.2. ET(T',T) is a dI-domain. The compact elements are terms
of PCFc.

Strictly speaking, the compact elements of ET(I', T") are principal ideals | (M),
where M is a finite evaluation tree, which can be identified with a term in PCFc¢
as explained above.

3.3. The Bang Lemma
We now prove a key technical result. This will require an additional hypothesis
on games. Say that a game A is well-opened if the opening moves of A can only
appear in opening positions. That is, for all a € M4 if a € P4 then

sa € Py = s=c¢e.

It is easy to see that N and I are well-opened, that if A and B are well-opened so
is A&B and that if B is well-opened so is A = B. Here and henceforth we blur
the distinction between the type N and the game it denotes. Thus the category of
well-opened games is cartesian closed, and generates the same PCF model M(Z).

Now let A be well-opened and consider s € P, 5. Using the switching condi-
tion, we see that s can be written uniquely as

s=p01- Pk

where each “block” (3, has the form (i;,b;)t;, i.e. starts with a move in !B; every
move in !B occurring in §; has the form (i;,b) for some ¥, i.e. has the same index
as the opening move in f;; if §;, 5, are two adjacent blocks then i # j; and |3;] is
even (so each block starts with an O-move). We refer to i; as the block index for
B;. For each such block index i we define s; to be the subsequence of s obtained
by deleting all blocks with index ' # i.

Some further notation. For s € M*

"i—oig» We define

FST(s) = {i | Ja.(4,a) occurs in s}

i.e. the set of all indices of moves in !A occurring in s. Also, we write s[A, j for
the projection of s to moves of the form (j,a), i.e. moves in !4 with index j; and
similarly s[B, j.

LEMMA 3.1. For all 0 !A—!B with A well-opened, s € o, and block indices i, j
occurTing in S:

(Z)Sz co,
(ii)i # j implies FST(s;) NFST(s;) = .

Proof. By induction on |s|. The basis is trivial. For the inductive step, write
s=01...0kBrs1, t = B1...0k, umm’ = Bri1. Let the index of By be i. We
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show firstly that (tu);m € P4_og. By the induction hypothesis, for all j €
FST((tu);), (tu);lA,7 = tulA,j, while obviously (tu);[B,i = tu[B,i. Also, m
is either a move in !B with index ¢, or a move in !A. In the latter case, by the
switching condition the index of m is in FST((tu);). Hence the projection conditions
are satisfied by (tu);m. Moreover (tu);m is well-formed by the Projection Lemma
2.4.4. Thus (tu);m € P4—o g as required.

By induction hypothesis, (tu); € o, and since o = o is a well-defined history-
free strategy, with f(m) = m’ since tumm’ € o we conclude that (tumm’); =
(tu);mm’ € o. Moreover, for j # i, (tumm’); = (tu); € o by induction hypothesis.
This establishes (7).

Now note that, if tu satisfies (i), so does tum by the switching condition. Suppose
for a contradiction that tumm’ does not satisfy (i7). This means that m’ = (j, a),
where j € FST((tu); ) for some i’ # i and hence that s[A,j = s'a where s’ # €, so
that a is a non-opening move in A. But we have just shown that (tu);mm’ € o C
P, 4—o1p and hence that (tu);mm’[A, j € P4. By induction hypothesis

FST((tu);) N FST((tu)y) = @

and hence (tu);mm’[A, j = a. Thus a is both an opening and a non-opening move of

A, contradicting our hypothesis that A is well opened. H

With the same notation as in lemma 3.1:
COROLLARY 3.1.

(Z)V] S FST(Si) S; fA,] = SrA,]
(ZZ)V] ¢ FST(Si) Si FA,] = €.
(iti)s;|B,i = s|B, i.

(iv)j # i implies s;[B,j = €.

LEMMA 3.2. Let 0,7 :!A—!B with A well-opened. If o;derg =~ T;derp then
oRT.

Proof. 'We prove the contrapositive. Suppose o % 7. Then w.l.o.g. we can
assume that there exist positions sab, s’a’ such that sab € o, s’ € 7, sa =~ s’a’, and
either s'a’ € dom(7) or s'a’t/ € 7 and sab % s'a’b’. Let the block index of @ in sa
be i, and of @’ in s’a’ be i’. Note that the block index of b in sab must also be 3.

By Lemma 3.1, (sab); € o and s}, € 7. We claim that (sa); ~ (s'a’);. Indeed,
if s=p1...0k 8 =p1...0,, then by definition of ~ 4o 5 we must have k = &’
and the permutation m = |4, 75| witnessing sa ~ s'a’ must map the block index
of each f; to that of 3}, so that in particular sa[B,i =~ s'a’[B,i'. Moreover, ma
must map FST((sa);) bijectively onto FST((s’a’);). Using Corollary 3.1 for each
J € FST((sa);), (sa)ilA, j = salA,j ~ s'a/ A, ma(j) = (") | A, ma(j).

Now let ted be defined by replacing each (z m) €!B in s;ab by m; and t'c be
defined by replacing each (i’,m’) €!B in sia’ by m’. Then ted € o;derg’, t' €
T derBi, and tc ~ t'c’. We wish to conclude that tcd, ¢’ witness the non equivalence
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o;dery % T;dery. Suppose for a contradiction that for some d’, t'c’d’ € T; ders”
and ted ~ t'c/d’. This would imply that for some ¥, s,a'd’ € 7 and s;ab ~
sh,a't!. Since s'a’ € Pg_op and 7 is a well-defined history-free strategy, this
implies that s'a’t’ € 7. Using Lemma 3.1 and Corollary 3.1 as above, sab ~

s’a’t/. This yields the required contradiction with our assumptions on sab, s'a’. W

ProposITION 3.3 (The Bang Lemma).
For all o : |A—o!B with A well opened,

o~ (0;ders)".

Proof. By the right identity law (Prop. 2.11 (m3)), o;ders ~ (0;ders)’; ders.
By Lemma 3.2, this implies that o ~ (0;derp)’. ®

3.4. The Decomposition Lemma
In this section we prove the key lemma for our definability result. We begin with
some notational conventions. We will work mostly in the cartesian closed category
M(K\(G)). We write arrows in this category as 0 : A = B and composition e.g. of
c: A= Band 7:B = C as 7 oo. We will continue to write composition in the
Linear Category G in diagram order denoted by ; . We write

Ap: (A= B)&A =B
for the application in the cartesian closed category, and “linear” application in G
as

LAPP : (A—B)®A — B

All games considered in this section are assumed to be well-opened. If s € M}, 5,
we write

FST(s) = {i | 3d .(4,d) occurs in s}

i.e. the set of all indices of moves in !D occurring in s.
Now we define a strategy

Y:N&NY = N

corresponding to the case construct. It will actually be most convenient to firstly
define the affine version

Xa : N1®N5'—o Ny
where we have tagged the occurrences of NV for ease of identification;
Xo = Pref{xg %1 ny %2, Mo ,mo | n,m € w}
i.e. xq responds to the initial question by interrogating its first input; if it gets the

response n it interrogates the n’th component of its second input, and copies the
response as its answer to the initial question.



28 ! Please write \authorrunninghead{<Author Name(s)>} in file !

Now we define

X = I(N&N®) X NI Ne B g ne Xay

We will now fix some notation for use in the next few lemmas. Let
(o C&(A = NQ) = N

be a strategy where we have tagged the two occurrences of IV for ease of identifica-
tion. We assume that o’s response to the initial question %; in Nj is to interrogate
its second input, i.e. to ask the initial question *2 in N;. Thus any non-empty
position in ¢ must have the form %; %3 s. Moreover by the stack discipline any
complete position in o, i.e. one containing an answer to the initial question %1,
must have the form

*q1 ko sngtnl

where ny is the answer corresponding to the question x5 (this is the sole—albeit
crucial—point at which the stack condition is used in the definability proof). Thus
a general description of non-empty positions in o is that they have the form

%1 %9 SNo T
where ns is the answer corresponding to g, or
*1 %9 S

where *5 is not answered in s.
LEMMA 3.3. For all 1 xasnat € o

(1)%1 %9 nat € o
(i1 )FST(s) NFST(t) = .

Proof. By induction on [¢|, which must be odd. (The proof follows very similar
lines to that of Lemma 3.1 in the previous section). The basis is when ¢ = m,
and f(ne) = m, where ¢ = oy. Then (i) follows because ¢ is a well-defined
history-free strategy, and (i) holds because otherwise m = (j, d) where d is both a
starting move, using % *2 ngm € o, and a non-starting move, using *; *g snat € o,
contradicting well-openedness. If t = umm/’, then we firstly show that

%1 ko NoUM € PC&(A:>N):>N
By the induction hypothesis and the switching conditions, for all j € FST(um)
1 %o Noum |[C&(A = N),j = 1 *2 snoum|[C&(A = N),j

SO *1 %9 moum satisfies the projection conditions because %1 x5 snoum does. Also,
x95n9 is balanced so by the Parity Lemma 2.4.3 %; t is well formed, and hence
x1 %9 noum is well formed. Thus

*1 ko NoUM € PC&(AéN)iN
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Now since 0 = oy is a well-defined history-free strategy with f(m) = m’/, and
*1*9Mou € o by induction hypothesis, we must have *; xonoumm’ € o, establishing

For (ii) suppose for a contradiction that m’ = (j,d) for j € FST(s). Then
*1 %9 SNot/C&(A = N),j = s'd € Po&amsny where s’ # €. On the other
hand, by induction hypothesis #; *o noumm/|C&(A = N),j = d, and by (i),

de P, & (A= NY* This contradicts our assumption that games are well-opened. M

Now we define
, .
o' ={*¥1%38many | *1%28n3 €U {*1 %28 | *1 %28 € 7, %2 not answered in o}
and for all n € w
Tn = {*1t | *1 %2 n2t € 7}

LEMMA 3.4. ¢ : C&(A = N)= N and 7, : C&A = N) = N (n € w) are
valid strategies.

Proof. The fact that each 7, is a set of valid positions follows from Lemma 3.3.
That o', 7, are history-free and satisfy the partial equivalence relation follows di-

rectly from their definitions and the fact that o is a valid strategy. B

LEMMA 3.5. o0 = cong;0’'®(T, | n € w); Xa-

Proof. Unpacking the definition of the RHS 7 = conc; 0’ ®(1, | n € w); xq we
see that the second and third moves of x, synchronize and cancel out with the first
and last moves of ¢’ respectively, and the fourth and fifth moves of x, cancel out
with the first and last moves of the appropriate 7,,. Thus positions in 7 have the
form

/ / /
%1 k9 S Nat’ Or *1 %28

where 1 %9 8not, *1%9s are positions in o, and s’, ¢’ are bijectively reindexed versions
of s and ¢, with the property that FST(s') NFST(¢') = @. However, by Lemma 3.3
we know that FST(s) NFST(¢) = &, and hence

/ /
%1 kg S Not’ & k1 %9 SNt

and o =~ 7 as required. MW

LEMMA 3.6. o= xo{(d' (1, | n€w))
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Proof.

definition
Bang Lemma

X0 (o', (m | nE W)

(con; (o"T@(r, | n € w)f;e;der)t;e s der®@der; xa
oT@(r, | n€w)l);e;et;derader; x,
o'f@(r, | n€w)l);der®der; x,

o'f;der®(r, | n € w)i;der);xa

o'ty | n € W));Xa

con;
con;
con;

QX X

S~ N N

con; Lemma 3.5

ag.

We continue with our decomposition, and define
0" ={s | %1 %28 € 0, % not answered in s}
LEMMA 3.7. 0" : C&(A = N) =!A is a well-defined strategy, and

o'~ CONC g, (A NS ma®0o”; LAPP. (1)

Proof. We must firstly explain how moves in ¢” can be interpreted as being of
type C&(A = N) =!A. Let the index in |(C&(A = N)) of the response by o to
the initial question *; be 79. Then we regard all moves in s € ¢” with index i( as
moves in the target !A , and all moves with index i # iy as moves in the source
(C&(A = N)). The projection conditions and stack discipline are easily seen to
hold for s with respect to this type. The fact that ¢” is history-free and satisfies
the partial equivalence relation follows directly from its definition and the fact that
o’ is a valid strategy.

Now write 7 for the RHS of (f). We diagram 7, tagging occurrences of the types
for ease of reference.

con

Y

7T2®(T”

('A3—0N3)® 1A4

LAPP

Y

N5

From the definitions LAPP plays copy-cat strategies between N3 and Ny and
lA3 and !'A4; mo plays a copy-cat strategy between !A3—o N3 and a single in-
dex ip in /(C1&(!A1—Ny)); con splits [(Co&(!Ag—Ny)) into two disjoint address
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spaces |(Co&(14g—Np)), and [(Co&(lAg—Ny)) r and plays copy-cat strategies be-
tween '(CQ&('AOHDNo))L and '(CQ&('AQ‘ONQ)) and between '(CQ&('AOHDN()))R
and !(C2&(!A2—N3)). Thus we see that the opening move in Ny is copied to
(i0, No)r, via N3 and (ig, N1), and any response in (ig, Noy) 1, is copied back to Nj.
Similarly, O’s moves (ig,!Ag)r are copied to A4 via (ig,!A;) and !As; and P’s
responses in 1Ay following o’ are copied back to (ig,!Ap)r. Finally, O’s moves in
N(Co&(!Ag—Ny)) i are copied to (Cade(lA3—N3)), and P’s responses following o”
are copied back to 1(Co&(1Ag—Ny)) r.

As regards sequencing, the initial move 5 is copied immediately as #;, .. Oppo-
nent may now either immediately reply with n;, 1, which will be copied back as ns,
completing the play; or move in (ig,!Ao),— the only other option by the switching
condition. Play then proceeds following ¢’ transposed to

" .
g . '(Co&( !AO_ONO))R — (ZQ, !AO)L7
until Opponent replies with some n;, 1, to *;,, . Thus positions in 7 have the form
/ /
*5 *io,L S nio,L Ny Or *5 *io,L S

where s’ is a bijectively reindexed version of s € ¢”, with s & s’. Clearly ¢” =~ ¢”,

and hence ¢’ ~ 7. |

We now prove a useful general lemma.

LEMMA 3.8. For all strategies v:C = (A= B),§: C = A

Apo (y,8) ~ conc; (y®6T); LAPP.

Proof.
Apo (v,0) = definition
(cong;yT®@dt;e; der(A:>B)®A)T; e !l der 4o p®id4; LAPP ~ Bang Lemma
conc;yi®ot;e;e 1 der s p®ida; LAPP ~

conc; y®5T; LAPP.
|
Now consider a game
(A1& ... &Ax) = N
where
A= (Biqx&k...&B;;,) = N, 1<i<k.

Let A= A& ... &Ay, Bi = Bii& ... &Byy, 1<i<k.

We define 1 ; : A= Nby L;={cfandKsn: A= N (n€w) by K;n=
{€,*n}.Thus L ; is the completely undefined strategy of type A = N while K;n
is the constant strategy which responds immediately to the initial question in N
with the answer n.
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Finally, if 1 <i¢ <k, and for each 1 < j <;

oj: A= B
and for each n € w
T A= N
we define
Ci(o1,...,00,(Tn | nEW)): A=> N
by

Ci(a-lw"ao—lm(Tn | HEW)):XO<ApO<7Ti,<0'1,...,0'li>>,<7'n | n€w>>.

LEMMA 3.9 (The Decomposition Lemma (uncurried version)).
Let o : (A1& ... &A,) = N be any strategy, where

AiZ(B@l&...&Bi’li)jN, 1<i<k.

Then exactly one of the following three cases applies:

(Z')O’:J_A.
(it)o = K jn for some n € w.
(iii)o = Ci(o1,...,00,,(Tn | n €W))

wherelgigk,aj:AéBm, 1<j<l,m:A=N, necw.

Proof. By cases on ¢’s response to the initial question. If it has no response, we
are in case (7). If its response is an immediate answer n for some n € w, we are in
case (ii). Otherwise, o must respond with the initial question in the 7’th argument,
for some 1 <4 < k. In this case, write C = A1& ... &A; 1&A1& ... &Ar. We
have the natural isomorphism

o (C&A) =1A: ™t
so we can apply Lemma 3.6 to conclude that
a5~ o (0t | nEw)

By Lemma 3.7
o' ~ con;m®0"; LAPP
where 0 : C&A; =!B;. By the Bang Lemma,

0" ~ (0";der).

Moreover

o';derp : C&A; = (Bi1& ... &B; ;)
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so by the universal property of the product,
o";derg ~ (01,...,01,)

where 0 : C&A; = B; j, 1 <75 <1,
Thus ¢’ ~ con; me®(07y, . ..,0;,)T; LAPP and by Lemma 3.8,

O'/%Ap0<7'('27<0'17...70'li>>
Thus
o = a’l;a;a
~ o (xo (Apo (m, (o1,...,00,)), (Tn | nEwW))
~ Xvo<Apo<7ri7<a_1;01,...,a_1;ali>>,<a_1;7n | new))
= Ci(a h01,...,a o0, (a7 | new)).
||

The Decomposition Lemma in its uncurried version is not sufficiently general for
our purposes. Suppose now that we have a game

(A1& ... &Ay) = N

where

If for some 1 < i < k and each 1 < j <[; we have

and for each n € w

then we define
Ci(o1,...,01,,(Tn | n€W)): A= N
by

Ci(o1,...,004,(th | n€w))=xo(Apo(...Apo (m;,01),...,01,),(Tn | N EwW)).
To relate C; and C;, consider the canonical isomorphisms
@i:Bi1=...Bi, = N2 (Bi1&...&B;;,)= N:a;' (1<i<k)
Let @ =l(a1& ... &ay) so
a (A& &AL) AV .. &AR)
where AY = (B;1& ... &B;;,) = N is the uncurried version of A;. Then

Ci(o1,...,00,(th | n€W))~a;Ci(a;o1,...,a500, (7, | n€wW)) (1)
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In terms of A—calculus, this just boils down to the familiar equations

Curry(f)zy = f(z,y)

Uncurry(g)(z,y) = gy

To see the relationship between the combinators |, Kn and C and the syntax of
PCF, we use the combinators to write the semantics of finite evaluation trees.
Given P ¢ FET(I',T) where I' =z : T1, ..., zk : T}, we will define

SCFP:T): (S(TV&...&S(Ty)) = S(T)

S(T'+ X zT.P: T:>U) AST,z: THP:U))
e STHQ:N)
.S(

S(

T'kn: N) KTTZ

'k case(x;Pr...P,,(Qn | n€w)): N)=Cilo1,...,01,(Tn | n€w))
where

Ti:Ui,l:>-~-Ui,l1;jN7
:S(Fl_PjZUi’j), 1§]§l17
=STFQ,:N), n€w.

We can now prove the general form of the Decomposition Lemma:

PropoSITION 3.4 (Decomposition Lemma). Leto : (A1& ... &A,) = (Apt1 =
.. Ay = N) be any strategy, where

Ai:Bi,1:>-~~Bi,li:>N; 1§Z§q
We writeé:Al,...,Ap, D:Aerl,--

Ap(r): C = (Apj1 == A= N).)
Then exactly one of the following three cases applies.

(i) =Ap(Le p)

., Aq. (Notation : if T : C,D = N, then

(i)o = Ap (K pn) for somen € w.

(tii)o = Ap(Ci(o1, ..., 01, (Tn | n € w))), where 1 <i < g, and
aj:é,ﬁ = B, 1<5<10,
™ :C,D = N, neEw

Proof. Let a; : A; =2 A% : a1 be the canonical isomorphism between A; and
its uncurried version

A;L = (Bi,l& . &th) = N

foreach 1 <i<gq.
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Let
a=la&...&ap&a,1& ... &ay).
Note that

Lep = &leupe (2)

Ké pn = d;Kn;,Dun (3)
We can apply Lemma 3.9 to & = &~ ;A
follows from equations (1)—(3) since

With the same notations as in the Decomposition Lemma:
LEMMA 3.10 (Unicity of Decomposition).

(i)If o ~ Lé,[) then o = J‘é,ﬁ'
(i)lf o ~ Kg pn then o = Kg pn.
(1w)If Ci(o1,...,00,(Tn | nEwW)) L

~
~

Ci(oy,...,00, (1, | n€w)) then
ajga;, 1§j§li,
T ST, nEwW.

Proof. (i) and (i) are trivial.

For (i) write 0 = Cy(01,...,01,,(Tn | n € w)) and 7 = C;(01,...,0,,(7), |
n e w)).

Suppose firstly that s € 7,,. Then %1 %3 nys € o, so since o E 7, for some ¢,
k1 ko Mot € T and * %2 NS & %1 %9 not. This implies that ¢t € 7, and s = t. We
conclude that 7, 5 7/,

Now suppose that s € g;. Then *; 9 s € o where s is a reindexed version of s
with s &~ s’. Since o g 7, there exists ¢’ such that #q %ot € 7 and *1 *9 8" & %1 %9 t'.

This implies that there exists ¢ € o} with s a2 t. We conclude that o; & 0. |

3.5. Approximation Lemmas
The Decomposition Lemma provides for one step of decomposition of an arbitrary
strategy into a form matching that of the semantic clauses for evaluation trees.
However, infinite strategies will not admit a well-founded inductive decomposition
process. Instead, we must appeal to notions of continuity and approximation, in
the spirit of Domain Theory [AJ94b].
We define a PCF type-in-context ([Cro94]) to be a type of the form

where T7,...,T,,U are PCF types. Given such a type-in-context 7', we will write
Str(T) for the set of strategies on the game S(T).
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The Unicity of Decomposition Lemma says that decompositions are unique up to
partial equivalence. Referring to the Decomposition Lemma, Prop. 3.4, note that
the proof of the decomposition

o= Ci(o1,...,01,(Th | nEW))

involved defining specific strategies o1, ..., 0y, (7, | n € w) from the given o. If we
also fix specific pairing and tagging functions and dereliction indices in the definition
of promotion, dereliction, contraction etc.( and hence in the M(Z) operations of
composition, pairing, currying etc.), we obtain an operation ® on strategies such
that

1 in case (1)
Do) =1¢ (2,n) in case (1)
(3,01,...,00,(Th | n €Ew)) in case (i)

according to the case of the Decomposition Lemma which applies to 0. We shall
use P to define a family of functions

pr : Str(T) — Str(T) (k € w)

inductively as follows:

® po(0) = Ag(Lsp)

Ag(Ls ), P(o) =1
pri1(0) = Ag(Kg gn), ®(0) = (2,n)
Ag(Ci(pr(o1), - - pk(on), (1, | n€w))), (o) =00
where
o0=(3,01,...,00,(Th | n €W))
and

o Pr(Tn), 0<n<k
no AU(J-T,U)’ n > k.

The principal properties of these functions are collected in the following Lemma.
LEMMA 3.11 (Approximation Lemma for Strategies). For all k € w:

(i)o C 7 implies py.(o) C pr(7)

(ii)If o9 C o1 C ... is an increasing sequence,
Pk(U o) = U pr(or)
lew lew

(i) 5 7 implies pr(0) 5 pr(T)
(w)pr(o) S o

(uVs €o.|s| <2k= 3Tt e€pr(o). st
(vi)p(0) € pry1(o)
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(vz'i)Ule pi(o) = o
(viit)p (pk(0)) ~ pr(o)

Proof. Firstly, consider the operation ®(c¢). In case (7ii), where
O(0)=(3,01,...,00,(Th | n €w))

®(0) is obtained by firstly defining ¢’ and the 7, from o, then ¢” from o', and
finally

oj = (0";der)"; ;.

Note that ¢’;0” and the 7,, are defined locally, i.e. by operations on positions
applied pointwise to o and o’ respectively. Together with the C —monotonicity
and continuity of Promotion, Dereliction, Contraction etc. (Proposition 2.9.4) this
implies (i) and (ii). Now note that C; is € — and 54 monotonic by Proposition
2.9.3. A straightforward induction using gfmonotonicity and € —monotonicity
of C; respectively and the Unicity of Decomposition Lemma yelds (7). Similarly
routine inductions using g—monotonicity and C —monotonicity of C; respectively
prove (iv) and (vi).

We prove (v) by induction on k. The basis is trivial as are cases (i) and (i) of
the Decomposition Lemma at the inductive step. Suppose we are in case (i), with

o= Ci(o1,...,01,(Th | nEW))

Consider firstly s € o where s = #; %5 s’ with *5 not answered in s’. Then s’ € ¢”
" is derived from ¢’ and ¢’ from o as in the proof of the Decomposi-
tion Lemma. Since (0y,...,0;,)T ~ ¢, s’ can be decomposed into subsequences
Sj1y--»Sjp; With sf  ~sj,€05,1<7<1l;1<q<p;.

Since |s;,4] < |s|, we can apply the induction hypothesis to conclude that s;, ~
ujq € pr(0j), and hence that there is #1 %o u € pry1(0) with s & %1 %9 u. The case
where s = %1 %9 s'not is similar.

To prove (vii), note firstly that the union (J,., pi(o) is well-defined by (vi). Now
Uiew 21(0) 5 o follows from (iv), while o 5 (¢, pi(o) follows from (v).

Finally (viii) can be proved by induction on k and (#44) using the Unicity of De-

where o’

composition Lemma. H

We now turn to evaluation trees. Let I' = x1 : T1, ..., xk : Tx. We define a family
of functions

qr : ET(T,U) - ET(T,U) (k € w)
inductively by

w(P) = a0
qk+1()\i'~.Q) = )\f[{Q
qr+1(A2Y n) = xUn

1

Qr+1(AT” .case(z; P ..., (Qn | m € w)))
— A2 case(zian(Py) .. ax(P1), (Q) | n € w))
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where

The following is then standard:

LEMMA 3.12 (Approximation Lemma for Evaluation Trees). The (¢ | k €
w) form as increasing sequence of continuous functions with |_|k€w qr = idgT(r,v)-
Each qy, is idempotent and has finite image.

3.6. Main Results
We are now equipped to address the relationship between strategies and evalua-
tion trees directly. Let I' =1 : T1, ..., 2k : Tx. We define a map

¢:FET(I',U) — stx(T = U)

this map is a concrete version of the semantic map defined in section 2.4. That
is, we fix choices of pairing functions etc. as in the definition of ® in 2.5, and
define ¢(I' = P : U) as a specific representative of the partial equivalence class
S(T'F P:U). Thus we will have

STHP:U)=[(C'+P:U).

We were sloppy about this distinction in 2.4; we give the definition of ¢ explicitly
for emphasis:

sCFX2T.P:T=U0) = AT,z THP:U))
THQ:N) = Ly
¢Tkn:N) = K;n
(Tt case(x;Pr...P,,(Qn | n€w)) = Ci(o1,...,00,(Tn | n€wW))
where

T‘i = Bi,1:>--~:>Bi,li:>Na

oj = s(['FPj:Bij), 1<j<1;

Tn = TFQp:N), necw.

LEmMMA 3.13. IfPC Q thens(T'FP:U)Cs(TFHQ:U)

Proof. By induction on the construction of P, using C—monotonicity of C;. H

Let T =Ti,...,T;, and Con(T) be the set of all T—contexts x1 : T}, ... sz T
For each k € w, we define a map

M+ tr(T = U) = Hpeeon i FET(T, U)

inductively by:
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AU Q0 = Ay (L
)\ﬂU.’ILO' = AQ(KT,UTL)

Nk+1(0 T
+1() AV .case(z, P ... P, (Qn | nEW)),
o~ A;(Ci(o1,...,01,(Tn | nEW)))

where

I = 21T, 2y 2 T,y

A = y1:U, .y Uy

Z = Ty T Yl Ygo

by

= (o)A, 1< <,
and
0, = { (o)LL A, 0<n<k
Q n>k
LEMMA 3.14. Forallk cw :

(i)o g 7 implies mi.(o)T C g (7)T .

(ii)If o9 C o1 C ... is an increasing sequence,
(| o)l = | | nk(o0)y.
lew lEw

(@)1 (o)1 C ngegr (o)1
()qr(m(o)T) = nx(o)y, 1>k

Proof. (i) is proved similarly to part (i) of the Approximation Lemma for
strategies; (ii) is proved similarly to part (i); and (iii) to part (vi); (iv) is proved by

a routine induction on k. M
LEMMA 3.15. For all P e FET(I,U), c € Str(T = U), k€ w :

(ine(s(T = P U)T = qx(P)
(i)s(I' = (i (o)1) : U) ~ pr(o)

Proof. Both parts are proved by induction on k. The induction bases are trivial

as are cases (i) and (7)) of the Decomposition Lemma at the inductive step, and
the corresponding cases on the construction of P

(1)

Mt (S(UF Aj¥ case(z:Py ... P, (Qn | n€w))) =
AjY.case(z Pl ... P, (Q), | ne€w))
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where
PJ{ = Me(s(T,AF P B; ;)T A
= ind.hyp ax(P;)
o — M AF Qi N)ILA, 0<n<k
" Q n>k
. w(Q) 0<n<k
= ind.hyp { O ">k
(it)
S(C'Eeg1(Cior, ..o yo, (Th | new))I':U =
Ag(Ci(oy, .50, (1, | n€w)))
where
Ué’ ~ §(F, At (nk(o'j)ra A) : U)
~ind.hyp pr(o;)
. S(TAF (e(mn)T,A):N) 0<n<k
" J‘T,U n>k
~ pk(Tn) OSTLSk
~ind.hyp Lig n>k
|

Now we define functions

S :ET(T,U) — Str(T,U)

£ :stx(T,U) — ET(I,U)
by:
S(P) = <M+ aqu(P) s 1)

kew

E(o) = [ | m(o)L

kew

By Lemma 3.13 and the Approximation Lemma for evaluation trees, (¢(I' F g (P) :
U) | k € w)is an C —increasing sequence of strategies, so S is well-defined.
Similarly, by Lemma 3.14 £ is well-defined.

We now prove the key result on definability.

THEOREM 3.1 (Isomorphism Theorem).
(i)For all P € ET(T',U)
EoS(P)=P



! Please write \titlerunninghead{<(Shortened) Article Title>} in file ! 41

(ii)For all o € Str(T = U),
Sof(o)=o
(iii)Let T =T = U. Then there is an order-isomorphism
S~ :ET([,U) ~ S(T) : &~
where S (P) = [S(P)] (i-e. the partial equivalence class of S(P)), and Ex([o]) =

E(o).

Proof.
()

EoS(P)
= definition Ukew m(Uco ST Ea(P) : U))T
= Lemma 3.14 (%) | J,c., [, m(s(T F @ (P) : U))T
- e (6T F ga(P) : D))
= Lemma 3.15 L,cw @n © an(P)
= Lemma 3.12 P.

(i)
So&(o)

= Urew S F @ (s, m(o)T) = U)
= continuity of qx Uy, S(T'F ey, @ (m(o)T) : U)
= Lemma 3.14(iv) U, s(T'F (me(0)T) : U)

~ Lemma 3.15 Ukew Pr(0)

~ Lemma 3.11 .

(i) Firstly £ is well-defined and monotone by Lemma 3.14 (). Also, Sy, is mono-
tone by Lemma 3.13. By (i) and (i), £~ = S, ®

As an immediate corollary of the Isomorphism Theorem and Proposition 3.2.2:

PROPOSITION 3.5. For each PCF type T, S(T) is a dI-domain. Hence M(T) is
an algebraic cpo-based model.

Thus although a priori we only knew that M(Z) was a rational model, by
virtue of the Isomorphism theorem we know that the carrier at each PCF type is
an algebraic cpo. Hence the notion of intensional full abstraction makes sense for
M(Z). Recall from the introduction that a model is intensionally fully abstract for
a language L if every compact element of the model is denoted by a term of L.

We can now prove the culminating result of this section.

THEOREM 3.2 (Intensional Full Abstraction).
M(Z) is intensionally fully abstract for PCFc.
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Proof. Consider any PCF type T. By the Isomorphism Theorem, the compact
elements of S(T") are the image under Sy of the compact elements of ET(I'g,T)
(where T’y is the empty context). But the compact elements of ET(I'g,T') are just
the finite evaluation trees FET (I'g, T') and the restriction of Sy to FET(I'y,T') is

the semantic map S(.) on finite evaluation trees qua terms of PCFc. W

4. EXTENSIONAL FULL ABSTRACTION
4.1. The Intrinsic Preorder
We define the Sierpinski game ¥ to be the game

Y= ({(], a}a {(q, OQ)v (CL, PA)}a {67 q, qa}7 idPZ)

with one initial question ¢, and one possible response a. Note that 3 is indeed the
usual Sierpinski space. i.e. the two-point lattice L < T with L = {e}, T = {¢, qa}.
Now for any game A we define the intrinsic preorder <, on Str(A) by:

rSay=Va:A—=Y xalya
Note that if we write x| =2 =T and T = x = L, then:
rSay<—=Va:A—- X ;0] Dy;al

It is trivially verified that <4 is a preorder.
LEMMA 4.1 (Point Decomposition Lemma).

(iNz € Str(1A). x =~ (z;dera)! =!(z;der,)
(iiNz € Str(A&B). z = (z;fst, x; snd)
(ii)Vx € Str(A® B). Jy € Str(A),z € Str(B). 2~ y® z

Proof. Firstly we must explain the notation. We think of a strategy o in A
indifferently as having the type ¢ : I — A. Now since !I = I, we can regard
lo :!I —!A as in Str(lA). Similarly, since I ® I = I, we can regard o ® T as in
Str(A ® B), where o € Str(A),r € Str(B). Finally, using ! = I again we can
form (o, 7) € Str(A&B) where o € Str(A), T € Str(B).

Next we note that (i) is a special case of the Bang Lemma, while (i) follows
from the universal property of the product.

Finally, we prove (4ii). Given z € Str(A ® B), write x = oy, where f : M{ +
Mg — MY + ME. By the switching condition, we can decompose f as f = g + h,
where g : MY — ME and h: M§ — ML. Now define y = 0,2 = oy,. It is clear
that y and z are well-defined strategies, and

T=0f=0¢g4h " OGgQ0p, =Y ® 2.

Now we characterise the intrinsic preorder on the Linear types. The general
theme is that “intrinsic = pointwise”. This is analogous to results in Synthetic
Domain Theory and PER models, although the proofs are quite different, and
remarkably enough no additional hypotheses are required.



! Please write \titlerunninghead{<(Shortened) Article Title>} in file ! 43

LEMMA 4.2 (Extensionality for Tensor).
Forallz®y,2’ @y € Str(A® B)

QY Sagp 2 QY = Sad' NySpy

Proof. (=). Hz®y Sagp ¢’ @y and x;«l, then x ® y; 3] where

idy @ L ~
AT po T A% oy

B=A®B

L1 = {e}. This implies that z ® y; 3|, and hence that z’;|. This shows that
x < x'; the proof that y <p v is similar.

(«<). Suppose that © <a 2’,y <p v and z ® y;y| where v: A® B — +. Then
define a: A — X by:

ida®y 8l

a=A - AT A®B ¥

Then ;a0 =~ x @ y;7v], so #’;a =~ 2’ @ y;v] since x <y a’. This shows that
2Ry Sagp ¢ ®y. A similar argument shows that 2’ @ y Sagp &' ® ¥/, and so

QY SagB ¥ QY Sagp ' @Y.

LEMMA 4.3 (Extensionality for Product).
For all (z,y),(z',y’) € Str(A&DB)

(T,y) Sagep @ V) =z Sax’ Ny Spy

Proof. By the definition of A& B, any v : A&B — ¥ must factor as

veAeB R L4 s

or as

d
B S

>
This shows the right-to-left implication. Conversely, given o : A — ¥ we can form

fst
A&B —0 L4 % %

and similarly for : B —%. N

LEMMA 4.4 (Linear Function Extensionality).
For all f,g € Str(A—B)

f Sa—op g<=Vxestr(A), z;f Sp x;9
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Proof. (=) Suppose f Ss—op 9,2 € Str(A),B: B — X and x; f; 3]. Then we
define v : (A—B) — X by

~ idy—o LAPP
7:(AﬂB)H(fHB)@JﬂCE(fHB)@A g0

-
For all h € Str(A—B), h;y = x; h; 5, so x;g; 8 = g;v] since f Sp—op g and f;v].

(<) Suppose f;v| where v : (A—B) — X. From the switching condition we
know that v can respond to the initial move in ¥ only in B or ¥; to a move in B
only in B or ¥ and to a move in A only in A or . Moreover, whenever Player is to
move in A the number of moves played in B is odd, hence there is an unanswered
question in B which must have been asked more recently than the opening question
in 3. By the stack discipline v can in fact only respond in A to a move in A. Thus
if v € oy where f: MQ + ME + MY — MY + MG + ML we can decompose f as
f=g+hwhere: g: MG — MY h: ME + ME — MY + ME. If we now define
x = 04,3 = oy, then:

(i) = € str(A).

(ii) B: B — X.

(iii) Vh € Str(A—B).h;y = x; h; S.

Now
fivl D z; f; Bl
2 by assumption 9> Bl
) ;71

as required. MW
This argument can be understood in terms of Classical Linear Logic. If we think
of A—o¥ as “approximately A+”, then
(A—oB)—oX ~ (A—B)t = A® B+ ~ A® (B—oX).

To prove our final extensionality result, we will need an auxiliary lemma.

LEMMA 4.5 (Separation of head occurrence).
For allo 'A — 3%, for some o’ ! A® A — X:

cony idig ® dery o’

o~lA — JAQIA ———— - 1A A b

Proof. If 0 = Liax or 0 = KisT, the result is trivial. If o responds to the
initial question ¢ with a move (i,a) in !A we define ¢’ by interpreting the index
i as a separate tensorial factor rather than an index in !A. The only non-trivial
point is to show that o’ &~ o’. If q(i,a)sm = q(i,a)s'm’ where q(i,a)s, q(i,a)s’ € o,
then any permutation 7 witnessing the equivalence must satisfy 7(i) = i. Let the
response of ¢’ to m be (ji,a1) and to m’ (jo,as). Since o ~ o we must have
q(i,a)sm(j1,a1) =ia—ox q(i,a)s'm’(jo,as), and hence either j; = jo = i or j; #

J2 # 4. Ineither cases, ¢(i,a)sm(j1,a1) Riaga—ox q(i,a)s'm’(j2, az), as required. MW
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LEMMA 4.6 (Bang Extensionality).
For all z,y € Str(A).

rSay=lr Jialy

Proof. (<) If lx Sialy and x;«f then lx;(dera;a)l, so ly;(dera; )], and
hence y; a| as required.

(=) If lz; a, define |af to be the number of indices in !A occurring in lz|a. We
show that, for all @ :!A — ¥ such that lz; al,!y; ], by induction on |a|. For the
basis, note that !z;a] and |a| = 0 implies that & = K,4T. For the inductive step,
let |o| = k+ 1. By Lemma 4.5, for some 8 :!A® A — X, a = cony;idig @ dery; (.
For all z € Str(A). Iz;cony;idig ®derg ~lz® 2, s0 12 ® 2; 0 =!z; a.

Now define

idig ® z s

y=A e Al AT A0 A b

For all z € Str(A), !z;v =!2 ® x; 5. In particular, lz;v =z ® x; § ~lz;a]. Since
|a| > 0, there is a first index i in !A used by a. By the definition of v, x|y is lz||«
with all moves at index ¢ deleted. Hence || < |a|, and by induction hypothesis
ly; 71

Define § : A — ¥ by

B

! id
A Yy ®idg

f=A— 1T IA® A ol

Then for all z € Str(A). z;0 =ly ® z; 6. In particular, z;d ~ly ® x; 8 =ly;v]. By
the assumption that x <4 y,y;d]. This implies that ly;a ~ly ® y; 5], as re-
quired. H

LEMMA 4.7 (Intuitionistic Function Extensionality).

0SAaspT<=Vo:1=A f:B=%. foocox| DfoTox].

Proof.
0 SaspT = VzesStr(lA).z;0 Sp 2T
Linear Function Extensionality
< Vrestr(A).aho <pal;r
Bang Lemma, ! =1
< Vzr € str(A). zt;0" Sip ol
Bang Extensionality, der; = id;
<= Vr € Str(A),B:!B - X. zf;0; 8] D2t 71, 8]
<— Ve:1=> A, B:B=X.foocox|DBoTox].
|

LEMMA 4.8 (Congruence Lemma).

- ! ! ! !
(i)0 Sasp 0 AT Spoc T D700 Spasc T o0
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(i)o So=a 0 AT So=B T D(0,T) Scakep (0 T)-
(ZZ’L)J SA&Béc TO A(U) SA:>(B:>C) A(T)

Proof. (i)
Borooox| D for'ocox| T<pmeoT
D Bot'oc’ox| 0 Samp o
(ii)) For all x : 1 = C, (o,7)ox =~ (cox,Tox): I — A&B; and similarly,
(o', 7Yox = (0'ow,7 ox). By (i),00x Spa 0’0oz and Tox Sp 7’ ox. The result
now follows by Product Extensionality.
(i4i) Identifying morphisms with points of arrow types,

yoA(o)oxoyl D yooo(x,y)l
D yoto(m,y)l 0 Su&pacT
D yolA(r)oxwoyl.
m

Finally we consider the relationship between the intrinsic and intensional pre-
orders.

LEMMA 4.9.
()If o SaT, theno SaT.

(i))If o, C o1 C ... is an increasing sequence, and for all n, o, Sa Tn, then

UnEw On SA Tn-

Proof. (i) By gfmonotonicity of composition (Proposition 2.9.3) if o EA 7 and
o;a =T then T = 0;a 54 750 and hence 7500 = T.

(#i) By C —continuity of composition (Proposition 2.9.3), similarly to (3). ®

By Lemma 4.9, 0 ~ 7 implies ¢ ~ 7 where =~ is the equivalence induced by the
preorder <. Thus each ~ —equivalence class is a union of ~ —classes. Henceforth,
when we write [o] we shall mean the ~ —equivalence class of o.

We can define the notion of strong chain of ~ —equivalence classes, just as we
did for &~ —classes: a sequence

(T) [0'0} ,S [0’1] 5

such that there are (0], | n € w) with o), € [0,,] and o), C 0, for all n € w.

LEMMA 4.10. Ewvery strong < —chain has a < —least upper bound.

Proof.  Given a strong chain (1), take | |, [0n] = [0'] where o' =], o7, For
all n, o, ~ o], C o', so by Lemma 4.9(7), [0'] is un upper bound for ([o,,] | n € w).
Finally, if [7] is another upper bound, then for all n, o], < 7; so by Lemma 4.9 (i),

n ~v
!/
od<r. 1
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4.2. The Extensional Category
We begin with some general considerations on quotients of rational cartesian
closed categories. Let C be a rational CCC. A precongruence on C is a family
S={SaB| A, B € 0bj(C)} of relations Sa,5C C(A4, B) x C(A, B) satisfying the
following properties:

(rl) each <4, p is a preorder

(r2) f Sap f'and g Spc ¢’ implies go f Sac g'o f
(13) f Sc,a ' and g Sc,p ¢ implies (f, g) Sc,axs (5 9)
(14) f Saxs,c g implies A(f) Sa,B=c Alg)

(r5) Cap C SaB

(r6)

r6) forall f: AxB—B,g:C —Ah:B— D:

(Vnew.hof(")ogﬁqp k)DhOfVOQSJC,D k.

Given such a precongruence, we define a new category C/< as follows. The
objects are the same as those of C;

C/S(A,B) = (C(A, B)/ ~4,8,<4,B)-

That is, a morphism in C/ $a,p) is a ~4,p —equivalence class [f], where ~4 p is
the equivalence relation induced by <4, . The partial ordering is then the induced
one:

[fl<aB 9l <= fSanBg

Note that by (r5), [La,g] is the least element with respect to this partial order.
By (r2)—(r4), composition, pairing and currying are well-defined on ~ —equivalence
classes by

glo[f] = lgofl
(f11g) = Kf, 9],
A(lfD) = [AN]-

It is then immediate by (r5) and the fact that C is a rational (and hence in particular
a ppo-enriched) CCC that C/< is a ppo-enriched CCC. It remains to verify ratio-
nality for C/<. By (r2) and (r5), for any f: Ax B — B,g:C — A,h: B — D,
the sequence ([ho f(™ og] | n € w) is a <¢ p-chain. By (r5) and (r6), [ho fV o g]
is the <¢ p —least upper bound of this chain. In particular , taking ¢ = id4 and
h = idg, [fV] is the least upper bound of ([f™] | n € w).

We record this result, which is a variant of [ADJ76], as

LEMMA 4.11 (Rational Quotient). If < is a precongruence on a rational CCC
C, then C/< is a rational CCC.
Now we define a family <= {<a-p5| A, B € 0bj(K(G))}.

LEMMA 4.12. < is a precongruence on Ki(G).

~
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Proof. The fact that <s_.p is a preorder has already been noted. (r2)—(r4)
are the pre-congruence Lemma 4.1.8. (r5) is Lemma 4.1.9(3). Finally, we verify
(r6). Let 0 : A&B = B,7: C = A,0 : B = D. As already explained, since
g C <, we work directly with ~ —classes of strategies, rather that ~ —classes
of ~ —classes of strategies. Now (oo™ o7 | n € w) is a C —chain (using
C —monotonicity of composition), and we can apply Lemma 4.1.9(ii) to yeld

6). m
Now we define & = K\(G)/<.

—~
-

PROPOSITION 4.1. & is a rational CCC. Moreover, £ is well-pointed in the order-
enriched sense:

f<apgeVr:1—A fox<spgox.

Proof. €& is a rational CCC by Lemma 4.11 and 4.12. It is well-pointed by Intu-
itionistic Function Extensionality (Lemma 4.1.7). &
Now we define the PCF model M(&) with the same interpretation of Nat as in

M(K(G)). The ground and first-order constants of PCF are interpreted by the
~ —equivalence classes of their interpretations in M(K,(G)).

PROPOSITION 4.2. M(E) is an order-extensional standard model of PCF.

Proof. M(E) is an order-extensional model of PCF by Proposition 4.2.3. Tt is
standard because M(K,(G)) is, and SNat=CNat . B

4.3. An alternative view of €
We now briefly sketch another way of looking at £, which brings out its exten-
sional character more clearly, although technically it is no more than a presenta-
tional variant of the above description. Given a game A, define

D(A) = ({lz]~ | = € Str(A)}, <a)

Then D(A) is a pointed poset. Given o : A = B, define D(0) : D(A) — D(B) as
the (monotone) function defined by:

D(o)([x]) = [0 o x]

Write f: A —¢ B if f: D(A) — D(B) is a monotone function such that f = D(o)
for some o : A = B. In this case we say that f is sequentially realised by o, and
write o |- f.

Note that there are order-isomorphisms

1

e D(I)
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Here D(A) x D(B) is the cartesian product of the posets D(A), D(B), with the
pointwise order; while D(A) =¢ D(B) is the set of all functions f : A —¢ B, again
with the pointwise order.

Now note that, with respect to the representations of D(A&B) as a cartesian
product and D(A = B) as a “function space”, the interpretations of composi-
tion, pairing and projections, and currying and application in £ are the usual
set-theoretic operations on functions in extenso. That is,

D(roo) = D(r)oD(o)
D((r,0)) = (D(0),D(r))
D(Tl'l) = T

D(Tl'g) = T2

D(A(0)) = A(D(0))
D(ap) = Ap

where the operations on the right hand sides are defined as in the category of sets
(or any concrete category of domains).
Thus an equivalent definition of £ is as follows:

Objects as in K\(G)
Arrows f:A—egB
Composition function composition

The role of the intensional structure, that is of the use of the game A to represent
the abstract space D(A), is to cut down the function spaces to the sequentially
realisable functions. Specifically, note the use of A and B in the definition of
D(A) =¢ D(B).

4.4. Full Abstraction
We recall that a model M is fully abstract for a language L if, for all types T'
and closed terms M, N : T

M[M] C M[N] & M Egos N (1)

where

M Cas N < ¥V program context C[.]
C[M)yn D C[N|n
Here a program context C[.] is one for which C[P] is a closed term of type N for any
closed term P : T and | is the operational convergence relation. The left—to—
right implication in (1) is known as soundness and the converse as completeness.
It is standard that soundness is a consequence of computational adequacy [Cur93];
thus by Proposition 2.10.1, standard models are sound. Also, full abstraction for
closed terms is easily seen to imply the corresponding statement (1) for open terms.

THEOREM 4.1. M(E) is fully abstract for PCF.

Proof. Firstly, M(E) is a standard model by Proposition 4.2, and hence sound.
We shall prove the contrapositive of completeness. Suppose M, N are closed terms
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of PCF of type T =11 = ...T; = Nat and
M(E)[M] £1ry M(E)N].

Let [o] = M(E)[M], [r] = M(E)[N]. By Intuitionistic Function Extensionality,
for some z1 € Str([T1]), ..., xr € Str([Tx]),

B:IN —=3Y¥ foogoxio...oxp| and foToxy0...0xk].

By £ —monotonicity of composition, this implies that cozyo...02, ENatTox1 0
...ox, and hence that coxjo...0x, = n for some n € w, and Toxj0...0x; # n. By
C —continuity of composition and the properties of the projections pg given in the
Approximation Lemma 3.5.1, for some m € w, g o pp,(x1) 0...0py,(xx) = n, while
by C —monotonicity of composition, T7op,,(x1)o...op,(xx) # n. By Lemma 3.6.3,
there are finite evaluation trees,and hence PCFc terms P, ..., Py such that [P;] =
[Pm(z;)], 1 < i < k. This means that [MP; ... P] = n, while [NP; ... Pg] # n.
By computational adequacy, this implies that M P; ... Pyln and =(NP; ... Pln).
By Lemma 3.1.1, each PCFc term is observationally congruent to a PCF term.
Hence there is a PCF context C[.] = []Q1...Qk, where Q; s Pi, 1 < i < k,

such that C[M{n and —(C[N]{n). This implies that M Zss N, as required. MW

As an instructive consequence of this proof, we have:

CoROLLARY 4.1 (Context Lemma). For all closed M,N : Ty = ...T} = Nat,

MCws N < V closed Py : Ty, ..., Py : Ty
MP;y...Peyn D NP;... P n

Proof. The left-to-right implication is obvious, by considering applicative con-
texts [.]P; ... Pg. The converse follows from the proof of the Full Abstraction The-
orem, since if M Zqps N, then [M] £ [N] by soundness, and then by the argument
for completeness this can be translated back into an applicative context separating

Mand N. N

The point of reproving this well-known result is that a semantic proof falls out
of the Full Abstraction Theorem. By contrast, Milner had to prove the Context
Lemma directly, as a necessary preliminary to his syntactic construction of the
fully abstract model. Moreover, the direct syntactic proof, particularly for the
A—calculus formulation of PCF [Cur93], is quite subtle. This gives some immediate
evidence of substance in our “semantic analysis”.

5. UNIVERSALITY

The definability result we have achieved so far refers only to compact strategies.
Our aim in this section is to characterize precisely which strategies are (extension-
ally) definable in PCF, and in fact to construct a fully abstract model in which all
strategies are definable.
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5.1. Recursive Strategies

We shall develop effective versions of G and £. Our treatment will be very sketchy,
as the details are lengthy and tedious, but quite routine. We refer to standard texts
such as [S0a87] for background.

We say that a game A is effectively given if there is a surjective map eq : w — My
with respect to which A4 (with some coding of {P, O, @, A}) and the characteristic
functions of P4 and =4 (with some coding of finite sequences) are tracked by
recursive functions. A strategy o on A is then said to be recursive if o is a recursively
enumerable subset of P4 (strictly speaking, if the set of codes of positions in o is
r.e.).

LEMMA 5.1. o = oy 1is recursive iff f is tracked by a partial recursive function.
There are recursive functions taking an index for o to one for f, and vice versa.

Proof. The predicate f(a) ~ b < Js.sab € o is clearly r.e. in o, hence f has an
r.e. graph and is partial recursive
Conversely, given f define a predicate G(s,n) by:

G(s,0) = s=r¢,
G(s,n+1) Ja,b,t. s =tabA s € P4 AG(t,n) A f(a) = b.

Clearly G is r.e. and hence so is

o = graph(f) = {s | In.G(s,n)}.

These constructions are defined via simple syntactic transformations and yield effec-

tive operations on indices. M

If A and B are effectively given, one can verify that the effective structure lifts
to ARB, A—B, A& B and !A. Also, I and Nat are evidently effectively given.
The most interesting point which arises in verifying these assertions is that =4
is recursive. This requires the observation that, in checking s =4 t, it suffices to
consider permutations m € S(w) of bounded (finite) support, where the bound is
easily computed from s and t.

Similarly, one can check that all operations on strategies defined in Section 2
effectivize. For example, it is easily seen that the definition of ¢;7 in terms of
sets of positions is r.e. in ¢ and 7; or, we can give an algorithm for computing
EX(f,g). This algorithm simply consists of applying f and g alternately starting
from whichever is applicable to the input, until an “externally visible” output ap-
pears. Note that it is not the case in general that unions of C —chains of recursive
strategies are recursive. For example every strategy of type N—oN is a union of an
increasing chain of finite and hence recursive strategies. However, given a recursive
0:A&B = B, oY = Uncw o™ is recursive, since it can be enumerated uniformly
effectively in n (“r.e. unions of r.e. sets are r.e.”).

Thus we can define a category Gre. with objects effectively given games, and
morphisms (partial equivalence classes of ) recursive strategies. Also, the interpre-
tations of PCF constants in M(K(G)) are clearly recursive strategies.

ProroOSITION 5.1.
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(i)Grec is a Linear category
(1)K (Grec) 18 a rational cartesian closed category
(11 )M (K (Grec)) is a standard model of PCF

We can now consider the extensional quotient Erec = K1(Grec)/S where < is
defined just as for K,(G), but of course with respect to recursive tests, i.e. recursive
strategies A—X. All the results of section 4 go through with respect to recursive
tests.

PROPOSITION 5.2. &Epec is a well-pointed rational CCC. M(Erec) is a fully ab-
stract model of PCF.

Proof. The result does require a little care, since the Isomorphism Theorem 3.6.4
is not valid for M(&rec). However, the Isomorphism Theorem was not used in the
proof of the Full Abstraction Theorem 4.3.1, but rather the finitary version Lemma

3.6.3, which is valid in M(Epee). M

It is worth remarking that a nice feature of our definition of model in terms of
rationality rather than cpo-enrichment is that the recursive version & is again a
model in exactly the same sense as £. By contrast, in the cpo-enriched setting one
must either modify the definition of model explicitly (by only requiring complete-
ness with respect to r.e. chains), or implicitly by working inside some recursive
realizability universe.

5.2. Universal Terms

The fact that M(K\(Grec)) and M (Eec) are models shows that all PCF terms
denote recursive strategies, as we would expect. Our aim now is to prove a converse;
every recursive strategy is, up to extensional equivalence, the denotation of a PCF
term, and hence every functional in the extensional model M (&yec) is definable in
PCF.

More precisely our aim is to define, for each PCF type T, a “universal term”
Ur : Nat = T, such that

EUr[a]] = [o]

for each recursive o. These universal terms will work by simulating the evaluation
tree corresponding to o.

Firstly, we recall some notations from recursion theory. We fix an acceptable
numbering of the partial recursive functions [Soa87] such that ¢,, is the n’th partial
recursive function and W, is the n’th r.e. set. We also fix a recursive pairing
function (—, —) : w X w — w and a recursive coding of finite sequences.

A recursive strategy o is regarded as being given by a code (natural number)
[c]. By virtue of Lemma 5.1.1 we use such a code indifferently as determining o
by

0O=0f where f = qbrg]
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or

Wioy ={[s] | s €}

The following lemma is a recursive refinement of the Decomposition Lemma, and
assumes the notations of Section 3.4.

LEMMA 5.2 (Decomposition Lemma (Recursive Version)).  For each PCF type
T there are partial recursive functions

Dr,Hr:w—wand By : w X w — w
such that, if o is a recursive strategy on T

undefined, o = L
Drlo] =1 (2,n), o=Kzn
(3,4), R(o)

Hr[o] = { (for],.... [or.]), R(o)

undefined, otherwise

Br([o],n) = { (], R(o)

undefined, otherwise

where R(o) stands for

®(O—) = (377:30—17"'707“(7—11 | n e W))

Proof. Dr[o] is computed by applying ¢ to the (code of) the initial question.
The extraction of 7, from o, 7, = {*15 | *1 *2 ns € o}, is obviously r.e. in o,
uniformly effectively in n. Hence we obtain an r.e. predicate s € Br([o],n), and
by an application of the S-m-n theorem we obtain the index for “Br[o]n = [1,]”.

Similarly the extraction of ¢’ from o is r.e. in o, and that of ¢” for ¢’ is r.e. in o’;
while o1,...,0;, are obtained from ¢” by composition, dereliction and projection,

i

which are computable operations by Proposition 5.1.2. Hence applying the S-m-n

theorem again we obtain the codes for oy,...,0;,. W

Given a PCF type T', we define the subtypes of T' to be the PCF types occurring
as subformulas of T, e.g. (N = N) and N are subtypes of (N = N) = N. Let
S1,...,85; be a listing of all the (finitely many) subtypes of T', where we write

Si:Si,1$~~~Si,li:>N

To aid the presentation, we will use an abstract datatype Ctxtr of “T-contexts”,
which we will show later how to implement in PCF. We will make essential use of
the fact that, while contexts can grow to arbritary size in the recursive unfolding
of an evaluation tree of type T, the types occurring in the context can only be
subtypes of T'.

Ctxtr comes with the following operations:
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e emptycontext, : Ctxtr

e getg : N = Ctxty = S for each subtype S of T

e extendg, : Ctxtr = S;1 = ... 5, = Ctxtr for each subtype S; of T
e map; : N = Ctxtr = N.

T =2:Up,...,2, : Uy, then T is the subsequence of all entries of type S;,
1<i<gand T'; =z, :U;
The idea is that, if I' is an “abstract context”,

s, Si.
e extends, Iz .2, =T, 21 :8;1,...,21

i Si,li

o mapy i I' = (i1,iz) where I'; =z : S;, =T}
e getg jI' = F;

Now we use the standard fact that every partial recursive function ¢ : w — w can
be represented by a closed PCF term M : N = N in the sense that, for all n € w

Mn | m & ¢on ~m.

This obviously implies that partial recursive functions of two arguments can be
represented by closed terms of type N = N = N. Specifically, we fix terms
Dr,Hyr : N = N and By : N = N = N which represent Dr, Hr and Brp
respectively.

Now we define a family of functions

Fs:Ctxtyr = N= S
for each subtype S =U; = ...Ux = N of T, by the following mutual recursion:

Fs = AN AT Y AU
1et<k1, k2> = Drk in
if k1 = 2 then k; else
if k1 = 3 then

let A = extendg 'z ...2 in

let (i1,i2) = mapy ko A in
case 17 of
1:...

i: let (ky,...,k;,) = Hgk in
let n = (getg iaA)(Fs,  k1A) ... (Fs,, ki, A)
in FN(Bskn)A ’
t4+1: ...

q: ...
otherwise: ()
endcase

else

These functions have been defined using some “syntactic sugar”. Standard tech-
niques can be used to transform these definitions into PCF syntax. In particular
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Beki¢’s rule [Win93] can be used to transform a finite system of simultaneous re-
cursion equations into iterated applications of the Y combinator. The universal
term Ur can then be defined by

Ur = Fr emptycontext,.

It remains to be shown how Ctxty can be implemented in PCF. To do this, we
assume two lower-level data-type abstractions, namely product types T' x U with
pairing and projections, and list types 1ist(T") for each PCF type T, with the usual
operations:

e empty, : 1list(T) = N

e consy : T = list(T) = list(T)

e hdr :list(T) =T

o tlp :list(T) = list(7T)

e nily :listp

We write []7 for the ¢’th component of a list.

We represent an abstract context I' by the ¢ + 1—tuple (l1,...,l;,mlist) where
l; : 1ist(S;),1 <i < ¢ and mlist : 1ist(NV). The idea is that I; = I'?, while

mlist|i = (i1,42) = mappil.

It is straightforward to implement the operations on contexts in terms of this

representation.

e emptycontext, = ([],...,[],[])

e mapri(ly,...,lgmlist) =mlist|s

° getSi-j(lh ey lq,mlist) = lllj

e extendg, (l1,...,l,mlist)zy - 2, = L
where

L = extendlg,, (---(extendls, ,(extendls,, (l1,...,l;mlist)z1)z2) - )zy,
and extendlg, ;(I1,...,lq,mlist)z equals

(i, b+ +z], ..., lg,mlist + +[(j, Lengthg (I;) + 1)])

where — + +— is list concatenation.

Finally, we show how to represent lists and products in PCF. We represent lists by
List(T)=(N =T)x N

where e.g.

e consy =

AxT N : List(T)
let (f,n)=1 in(g,n+1)
where
g= X", if¢=0 then=z
else f(i—1)
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e empty,(f,n) =n =0.

A function taking an argument of product type
T'xU=V

can be replaced by its curried version
T=U=YV

while a function returning a product type can be replaced by the two component
functions.

This completes our description of the universal term Urp.

For each PCF type T, we define a relation M R ra between closed PCF terms
of type T and strategies a € Str(T') by

MR ra <= [M] ~a.
This is extended to sequences MR G in the evident fashion.
We fix a type T with subtypes Si,..., 5, as in the previous discussion.

LEMMA 5.3. Let T = S be a PCF type-in-context and o € Str(T = S) a
compact strategy, where T,S are subtypes of T'. Let I be a closed expression of type
Ctxtr (which we will regard as a sequence of closed terms), and a a sequence of
strategies. Then

'R T& = (Fs|—0'-|F) R S(O’EL).

Proof. By induction on the height of the finite evaluation tree corresponding to
o under Theorem 3.1 , and by cases on the Decomposition Lemma for o. The cases
for o = Ag(L7 g) and 0 = Ag(Ky gn) are clear.

Suppose

o~ Ci(o1,...,01,(Th | n € w)).

By Intuitionistic Function Extensionality Lemma, it suffices to show that, for all
closed M and strategies b such that M R zb

Fs[o]TM R yoab.
Let A = extends'M, ¢ = a,b. Then A R +,5C, so by induction hypothesis,
Fsi,j ’VUJ']A R Si‘jo-jé? 1< <

Hence if we define

M = Al(FSz1 |—0—1~|A) T (FslzL I_O—lz—|A)
= Az; (Fsi,l I_Ul-IA) T (qull |—0-l7,-|A)

where (i1,i2) = mapi A, then M R nc¢;(01¢) - - (0,¢). Thus if ¢;(01¢) - (0y,¢) =
Ly, then [M] = L,, while if ¢;(61¢) - - - (0,¢) = n then [M] = n.
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In the former case,
[[Fsl—a'—‘FM]] >~ J_N ~ gc.

In the latter case,

R

[Fs[o1TM] =~ [Fn(B[o]n)A]

~ [En[m]A]
while 0¢ ~ 7,,¢, and by induction hypothesis Fy[7,]A R nT,¢. [ |

Now we define a family of relations (=] k¥ € w), where <;C w X w, inductively
as follows:

=0 = WX w
npp1m <= (Dn:<27p>:>Dm:<2,p>)
A (D, = (3,i) = D, = (3,1)
VAN [Hn:<k17...,kli>:>
Hm = (ky,.... k) AN Ky =5 k)
A Vp:0=<p=Fk. Bnp =y Bmp).

We can read n <j m as: the stategy coded by m simulates the strategy coded
by n for all behaviours of size < k.
We write

n=<m <= Vk€wn=<m.
LEMMA 5.4. For all PCF types T, o € Str(T),k € w:

(i)pr(o) 2 0.
(z'i)a jk pk(O')

LEMMA 5.5. With S,T', M as in Lemma 5.3, and o any strategy in Str(S):

[Fs[o]TM] =n <= 3k € w. [Fs[pe(o)]TM] =n

Proof. (<) By Lemma 5.4(7).
(=) By Lemma 5.4(7i), using continuity, and hence the fact that only finitely
many calls to D, H and B are made in evaluating Fis[o]T'M. (This can be made pre-

cise using Berry’s Syntactic Approximation Lemma for PCF [BCL85]). &

THEOREM 5.1 (Universality Theorem).  For all PCF types T and recursive
strategies o € Stx(T) with n = [o],

M(EK\(G)[Urn] ~r o.

Thus every functional in M(Erec) (equivalently, every functional in M(E) realised
by a recursive strategy) is definable in PCF.
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Proof. For all closed M:T.

[Ur[olM]=n < 3Jk€cw.[Ur[ps(o)|M]=n
by Lemma 5.5
— Jkecw plo)[M]=n
by Lemma 5.3
— o[M]=n
by the Approximation Lemma for strategies.

By the Intuitionistic Function Extensionality Lemma this shows that [Ur[o]|] ~
oc. N

In the case of cpo-enriched models, an important result due to Milner is that the
fully-abstract order extensional model is unique up to isomorphism. For rational
models, the situation is not quite so rigid. For example, both M(€) and M (Epec)
are fully abstract, but M(&.ec) is properly contained in M(E). To see this, note
that all monotonic functions of type N = N are sequentially realised and hence
live in M (&), while only the recursive ones live in M(Ee.). We can, however, give
a very satisfactory account of the canonicity of M(Erec). We define a category
FAMOD(PCF) with objects the fully abstract (rational) models of PCF. A homomor-
phism F' : M(C) — M(D) is a functor from the full cartesian closed sub category of
C generated by the interpretation of N in M(C) to the corresponding subcategory
of D. F is additionally required to be a rational CCC functor, and to preserve the
interpretation of N and of the PCF ground and first-order constants.

THEOREM 5.2 (Extensional Initiality Theorem).
M (Erec) is initial in FAMOD(PCF).

Proof. Let N be any fully abstract model. By the Universality Theorem, there
is only one possible definition of F': M(&rec) — N, given by

F(M(greC)[[M]]) = N[[M]]
for all closed terms M of PCF. Since M(Eec) and N are both fully abstract,

M (Erec)[[M]] S M (grec) [[N]]
a4 M Eobs N
& N[M] < N[N]
so this map is well-defined, and preserves and reflects order. It is a homomorphism

by the compositional definition of the semantic function. M
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