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Abstract

We present a simple strongly universal innocent game model for Levy-Longo trees
i.e. every point in the model is the denotation of a unique Levy-Longo tree. The
observational quotient of the model then gives a universal, and hence fully abstract,
model of the pure Lazy Lambda Calculus.
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1 Introduction

This paper presents a strongly universal innocent game model for Levy-Longo
trees [Lev75,Lon83] (i.e. every point in the model is the denotation of a unique
Levy-Longo tree). We consider arenas in the sense of [HO00,McC98] in which
questions may justify either questions or answers, but answers may only justify
questions; and we say that an answer (respectively question) is pending in a
justified sequence if no question (respectively answer) is explicitly justified
by it. Plays are justified sequences that satisfy the standard conditions of
Visibility and Well-Bracketing, and a new condition, which is a kind of dual
of Well-Bracketing, called

Persistence: Every question is explicitly justified by the last pending answer,
provided a pending answer exists at that point; otherwise it is explicitly
justified by a question.

We then consider conditionally copycat strategies, which are innocent strategies
(in the sense of [HOO00]) that behave in a copycat fashion as soon as an O-
answer is followed by a P-answer. Together with a condition called Relevance,
we prove that the recursive such strategies give a strongly universal model
of Levy-Longo trees i.e. every strategy is the denotation of a unique Levy-
Longo tree. To our knowledge, this is the first universal model of Levy-Longo
trees. The observational quotient of the model then gives a universal and fully
abstract model of the pure Lazy Lambda Calculus [Plo75,A093].

1.1 Related work

Universal (game) models for the Lazy Lambda Calculus with convergence
test were first presented in [AM95] and [McC96]. The model studied in the
former is in the AJM style [AJMOO], while that in the latter, by McCusker, is
based on an innocent-strategy [HOO00] universal model for call-by-name FPC,
and is obtained via a universal and fully abstract translation from the Lazy



Lambda Calculus into call-by-name FPC. The present paper considers the
pure (i.e. without any constant) Lazy Lambda Calculus. Our model builds on
what is essentially McCusker’s model by adding three constraints: Persistence,
which is a constraint on plays, and Conditional Copycat and Relevance, which
are constraints on strategies. Indeed ours is a submodel of McCusker’s (see
Remark 12).

The first fully abstract (game) model of the the pure Lazy Lambda Calculus
was constructed by the second author in [Gia01]. The strategies therein are
history-free and satisfy a monotonicity condition. The model is not universal
(there are finite monotone strategies that are not denotable). However we be-
lieve it is possible to achieve universality by introducing a condition similar
to Relevance. In [KNO02,KNO99] game models based on effectively almost-
everywhere copycat (or EAC) strategies are constructed which are strongly
universal for Nakajima trees and Bohm trees respectively. Several local struc-
ture results for AJM-style game models can be found in [GFH99.

2 Arenas, legal positions and nested levels

We begin this section by introducing a formal setting for playing games called
arenas. Legal positions are then introduced as justified sequences (which are
sequences of moves with pointers) that satisfy three conditions, namely, Visib-
ility, Well-Bracketing and Persistence. The second part of the section is about
nested levels of sequences of questions and answers, a notion useful for several
technical proofs in the sequel.

2.1 Arenas and legal positions

An arena is a triple A = ( My, Aa,F4) where M4 is a set of moves; Ay :
M4y — {PQ, PA, OQ, OA } is a labelling function that indicates whether a
given move is a P-move or an O-move, and whether it is a question (Q) or an
answer (A); and 4 C (Mg + {*}) x M4 (where x is a dummy move), called
gustification relation (we read my Fa msy as “my justifies my”), satisfies the
following axioms: for m,m’, m; ranging over My

(1) For each m € My, there is a unique m~ € M4+ { * } such that m~ F4 m;
in case x 4 m, we call m wnitial.
(2) Every initial move is an O-question.
m 4 m’ then m and m’ are moves ifferent players.
3) It m b, m' th d m/ by different play
(4) If m F4 m' and m is an answer then m’ is a question (“Answers may only
justify questions.”).



It is useful to think of the justification relation 4 (restricted to M4 x My)
as defining the edge-set of a vertex-labelled directed graph whose vertex-set
is M 4. We shall refer to the graph as the arena graph of A.

We use square and round parentheses in bold type as meta-variables for moves
as follows:

O-question  P-answer  P-question O-answer

[ ] ( )

We write M3 for the set of initial moves of A, and write (—) for the function
that inverts the P/O-designation of a move, so that e.g. PQ = OQ and OA =
PA etc.

The simplest arena is the empty arena 1 = (&, &, & ). Let A and B be arenas.
The product arena A x B is just the disjoint union of the arena graphs of
A and B. Formally we have

Muyxp = Ms+ Mp

)\AXB = [)\Aa)\B]
xFaxgm < xF4m V xFgm

mbaxpn < mbyn V mbkgn.

Given an arena A, we write A for the graph that is obtained from the arena
graph of A by inverting the P/O-label at each vertex. As an operation on
arena graphs, the function space arena A = B is obtained from the arena
graph of B by grafting a copy of A just under each initial move b of B (so
that each tree of A is a subtree of b). Formally we have

MAqu = MA X MIBnit+MB

A=p = [T1 5 Aa, A



and 24— p is defined by:

*}_Bb

*Fasp b

(a,b) Fasp (a',0) b=V N alyd

<~
bbamp (a,b) <= b=V A xFaa
<~
bbaspl <—

bFpb.

Note that we shall refer to a move of the form (a,b) € M p simply as a copy
of a.

The lifted arena A, is obtained from A by adding two moves, namely, g,
which is the new initial move, and a, which is a P-answer, such that ¢ justifies
a which justifies each initial move of A, and moves from A inherit the relation
Fa.

A justified sequence over an arena A is a finite sequence of alternating
moves such that, except the first move which is initial, every move m has a
jJustification pointer (or simply pointer) to some earlier move m~ satisfying
m~ Fa m; we say that m is explicitly justified by m~. A question (respect-
ively answer) in a justified sequence s is said to be pending just in case no
answer (respectively question) in s is explicitly justified by it. This extends
the standard meaning of “pending questions” to “pending answers”. Recall
the definition of the P-view "s' of a justified sequence s:

7

€el=c¢€
Fsm'="s"m if m is a P-move
Fsm'=m if m is initial

Tsmoum' ="s"mgm if the O-move m is explicitly justified by my

In "smgum™ the pointer from m to my is retained, similarly for the pointer
from m in "sm ' in case m is a P-move. The definition of the O-view Ls.
of a justified sequence s is obtained from the above definition of P-view by
swapping P and O.

Definition 1 A justified sequence s over A is said to be a legal position (or
play) just in case it satisfies:

(1) Visibility: Every P-move (respectively non-initial O-move) is explicitly
justified by some move that appears in the P-view (respectively O-view)



at that point.

(2) Well-Bracketing: Every answer is explicitly justified by the last pending
question at that point.

(3) Persistence: Every question is explicitly justified by the last pending
answer, provided there is one such at that point, otherwise it is explicitly
justified by a question.

For example in the following justified sequence

[CID)TIC

Persistence requires that the last move “(” be explicitly justified by “)”. For
another example, take the following justified sequence that satisfies Persist-
ence:

[O) (L(

The last “(” must be explicitly justified by one of the two “[’; it may not be
explicitly justified by “)”.

Remark 2 (i) Except for Persistence, all that we have introduced so far are
standard notions of the innocent approach to Game Semantics in the sense of
[HOO00]. Note that there can be at most one pending O-answer (respectively
P-answer) in a P-view (respectively O-view). It is an immediate consequence
of Well-Bracketing that no question may be answered more than once in a
legal position.

(ii) It is a consequence of the definition that in an odd-length (respectively
even-length) legal position, the last pending question (if any) is an O-question
(respectively P-question), and the last pending answer (if any) is an O-answer
(respectively P-answer).

(iii) As a consequence of Persistence, if a question in a legal position is expli-
citly justified by an answer, the answer must be pending at that point.

Persistence may be regarded as a dual of Well-Bracketing: it is to questions
what Well-Bracketing is to answers. The effect of Persistence is that, whenever
there is a pending O-answer, a strategy is restricted in which question it can
ask, or equivalently over which argument it can interrogate, at that point (of
course it may decide to answer an O-question instead). An apparently similar
restriction on the behaviour of strategies is captured by the rigidity condition
introduced by Danos and Harmer [DHO1], namely, for any legal position of a
rigid strategy, the pointer from a question is to some move that appears in
the R-view of the play at that point. However since Persistence is a constraint
on plays consisting of answers that may justify questions, whereas rigidity is



a condition on strategies over arenas whose answers do not justify any move,
it is not immediately obvious how the two notions are related.

2.2 Nested levels

Take any set M that is equipped with a function A : M — {Q, A} which
labels elements as either questions or answers. Let s be a finite sequence of
elements from M — call s a dialogue. The nested level of a dialogue is closely
related to the number of pending questions at that point. Formally, set #qu(s)
and #.ns(s) respectively to be the number of questions and the number of
answers in s; following [Gia0l], we define the nested level at sm (or simply
the level of m whenever s is understood) to be

0 —1 if mis a question
NL(sm) =
0 if m is an answer

where § = #n(sm) — #ans(s m); we define NL(e) = 0. Take, for example, the
dialogue

[OMITODOITC

We present the same sequence by displaying the elements at their respective
levels as follows:

Nested Level

3 ()

2 (e 1

1 () ( ) () (
0 [ 11

For | > 0, we write s [ [ to mean the subsequence of s consisting of moves at
level [.

We state some basic properties of nested levels of dialogues.
Lemma 3 In the following, we let s range over dialogues.

(i) Foranys=umm', ifm andm’ are at different levels andl’ respectively,



then m and m' are either both questions (in which casel’ = 1+1) or both
answers (in which case ' =1—1). As a corollary we have:

(i) If a and b in a dialogue are at levels Iy and ly respectively, then for any
l1 <1<y, there is some move between a and b (inclusive) at level [.

(ii) For anyl >0, if | < NL(s) (respectively | > NL(s)) then the last move in
s at level 1, if it exists, is a question (respectively answer).

(11i) Suppose s begins with a question. For each l, if s | | is non-empty, the first
element is a question, thereafter the elements alternate strictly between
answers and questions.

PROOF. (i): By a straightforward question-answer case analysis of m and

m'.

(ii): Take an m which is the last in s at level | < NL(s). The element m’ (say)
after m in s is at a level not equal to [, which must be [ + 1; for if it were
[ — 1, by (i’), there must be some move after m’ at level [, which contradicts
the assumption that m is the last such. The required result then follows from
(i). The other case is symmetrical.

(iii): We prove by induction on the length |s| of s. The base case of |s| = 0 is
trivial. For the inductive case, take sm such that NL(s) = [ and NL(sm) = I+1;
by (i) above, m is a question. Suppose s | (I 4 1) is non-empty, the last move
m’ (say) by (ii) must be an answer. We leave the other cases of NL(sm) = [
and [ — 1 to the reader as an easy exercise. O

We shall see shortly that the notion of nested level is useful for proving the
compositionality of strategies. Note that Lemma 3 holds for dialogues in gen-
eral — there is no assumption of justification relation or pointers, nor of the
distinction between P and O.

Before we conclude the section, we prove another result about nested levels.
Unlike the first, this result concerns dialogues that are equipped with jus-
tification pointers. First we introduce anonymous arenas which are arenas
except that the moves are not designated as either P-moves or O-moves. Form-
ally an anonymous arena is a structure ( M, A\,F) such that M is a set,
A: M — {Q, A} is amap that labels each element of M as either a question
(Q) or an answer (A), and = C (M + {*}) x M is a relation that satisfies
axioms (1) and (4) of justification relations, and (2’): Every initial move is a
question. Note that an anonymous arena is just an arena graph except that
its vertices are labelled by either Q or A.

A dialogue with pointers over an anonymous arena (M, A\, F) is a finite
sequence of elements of M in which each element m, except the first which is



initial, is equipped with a pointer to some earlier element m™ in the sequence
such that m~ F m. The prime examples of dialogues with pointers are legal
positions and interaction sequences (which we shall introduce in the following
section). Note that it is clear what it means for a question (or an answer) in a
dialogue with pointers to be pending; note also that as conditions for dialogues
with pointers, Well-Bracketing and Persistence are well-defined.

Lemma 4 Let sm be a dialogue with pointers over an anonymous arena
(M, M\ E). Suppose sm satisfies Well-Bracketing and Persistence.

(i) The pending questions in sm are the last moves in s at a level | <
NL(sm), together with m if m is a question. Symmetrically the pending
answers in sm are the last moves in s at a level | > NL(sm) together
with m if m is an answer.

(ii) For anyl > 0, if the segment ab appears in sm [l then b is explicitly
justified by a.

PROOF. We prove both parts by induction on the length |s| of s. The base
case of |s| = 0 is trivial. For the inductive case, we reason by cases. Take
s = u q and suppose ¢ and m are question moves. By the induction hypothesis
and by Lemma 3(i’), the last pending answer in u g, if it exists, is the last move
a in uq at level NL(uq) + 1. Since by Persistence m is explicitly justified by
a and since NL(ugm) = NL(uq) + 1, it follows that (i) and (ii) hold. All the
remaining cases, i.e. when one or both the moves m and ¢ are answer moves,
can be proved in a similar, or simpler, way. O

3 Conditionally copycat strategies and relevance

This section introduces a Cartesian closed category L whose objects are arenas
and whose maps are innocent strategies that satisfy two new conditions: Con-
ditionally Copycat and Relevance.

3.1 Innocence and conditionally copycat
Recall that a P-strategy (or simply strategy) o for a game A is defined to be
a non-empty, prefix-closed set of legal positions of A satisfying:

(1) For any even-length s € o, if sm is a legal position then sm € o.
(2) (Determinacy). For any odd-length s, if sm and sm’ are in o then m = m/.



A strategy is said to be innocent [HOO00| if whenever even-length sm € o
then for any odd-length s’ € o such that "s7 ="s'7, we have s'm € o. That is
to say, o is completely determined by a partial function f (say), which maps
P-views p to justified P-moves (i.e. f(p) is a P-move together with a pointer
to some move in p). We write f, for the minimal such function that defines
o. We say that an innocent strategy o is compact just in case f, is a finite
function (or equivalently o contains only finitely many even-length P-views).

Definition 5 We say that an innocent strategy o is conditionally copycat
(or simply CC) if for any odd-length P-view p € o in which there is an O-
answer which is immediately followed by a P-answer (i.e. p has the shape
“..)] "), then pm € o for some P-move m which is explicitly justified by
the penultimate O-move in p.

CC strategies can be characterized as follows.

Lemma 6 (CC) An innocent strategy o is CC if and only if for every even-
length P-view p in o that has the shape u),], v

(1) for any O-move m, if pm € o then pmm’ € o for some P-move m/, and
(2) the sequence ),],v is a copycat block of moves, i.e. it has the form

apbopai by -+ a,b,

and

(a) for each i < n, the P-move b; is a question iff the preceding O-move
a; 1S a question

(b) for each i < n, b; explicitly justifies a;+1 (and does so uniquely), and
each a; explicitly justifies by, (and does so uniquely).

In other words ), ], v is an interleaving of two sequences vy and va, such

that in each v;, each element (except the first) is explicitly justified by the

preceding element in the other sequence.

PROOF. The «-direction is straightforward. We prove the other direction.
We omit the proof of (1) as it is obvious. Since p is a P-view, a,, 11 must be
justified by b,,. By CC, b,,1 must be justified by a,. It follows that (2b) holds.

We prove (2a) by induction on the length |v| of v. The base case of |v| = 0 is
obvious. Now take any even-length P-view p where the corresponding v has
length 2n + 2. We shall consider all possible cases.

If a, is an answer, by the induction hypothesis so is b,, and since an answer

can only justify a question, a,,; must be an O-question; and b, ,; must be a
P-question because of Well-Bracketing.

10



If a, is a question, by the induction hypothesis so is b,, now if a,,; is a
question then so is b, ;1 because of Well-Bracketing; on the other hand, if a,,41
is an answer then so is b, because of Persistence.

The three cases considered are as follows:

(1) u )o ]0 arby ---), 1, [n+1 (n+1
(2) u )o ]0 arby - [, (, [n+1 (n+1
1. ()

(3) u)oloarby -

n \n Jn+l1l ]n+1

3.2 Composition of strategies

For arenas A, Ay and As, a local sequence over (Aj, Ay, A3) is a sequence
u of elements from the set M4, + M4, + M4, such that every element m in u
other than the first (which must be initial in As3) has a pointer to some earlier
element m™ satisfying:

(1) fori = 1,2, if m is initial in A; then m~ is initial in A;
(2) if m is non-initial in A;, then m~ is in A; and m~ 4, m

further u satisfies locality: If m’ and m” occur consecutively in s such that
m' € My, and m"” € My, then |i — j| < 1. We write L(A;, Ay, A3) for the set
of local sequences over (A, Ay, A3).

Now suppose ¢ and 7 are strategies over arenas A = B and B = C re-
spectively. The set of interaction sequences arising from o and 7, written
ISeq(o, 7), consists of local sequences u € L(A, B,C) such that

(i) u [ (A, B,b) € o, for each occurrence b of an initial B-move in u
(ii) w [ (B,C) eT

where u [ (A, B,b), called the (A, B,b)-component of u, is the subsequence of
u consisting of moves from the arena A = B that are hereditarily justified by
the occurrence b (note that the subsequence inherits the pointers associated
with the moves); similarly u [ (B, C), called the (B, C)-component of u, is the
subsequence of u consisting of moves from the arena B = C. We can now
define the composite strategy o ;7 over A = (-

o317 = {ul](AC):uelSeq(o,T)}.

In u [ (A, C) the pointer of every initial A-move is to the unique initial C-
move.

11



It is straightforward to verify that an interaction sequence u € ISeq(o, 7) is a
dialogue with pointers over the anonymous arena ( M, A\, =) where M = (M 4 x
MP*® + Mpg) x MP* 4+ M, the question-answer labelling A : M — {Q, A}
is inherited from arenas A, B and C, and - C (M + { % }) x M is defined as:

xFc < xtkgc
ckH(bd) <= c=dN*xtkpb
(b,c) F ((a,b),d) <= c=dANb=VUA*xt4a
ckd << ckod
(bye) F (V,d) <= c= NbFgl
((a,0),¢c) F ((a,V),d) <= c=dNb=bANatyd

(As is the case with moves of function space arenas, we shall refer to a move
of the form ((a,b), c) (say) simply as a copy of a.) Thus the nested level of an
interaction sequence is well-defined. We say that two moves in u € ISeq(o, 7)
are from the same subarena if both are from A, or both are from B, or both
are from C.

Lemma 7 Let o and 7 be as before. Take any u € 1Seq(o, 7).

(i) For any component u [ 6, and for any m in u | 6, we have m is pending
mu | 0 iff mois pending in u.
(ii) u satisfies Persistence and Well-Bracketing.

PROOF. (i) By definition of functions space arena, any pair of answer and
question moves in u such that one is explicitly justifying by the other are from
the same subarena. From this the thesis follows immediately.

(ii) By induction on the length |u| of u. The base case of |u| = 0 is trivial. For
the inductive case, let u = v m. There are two subcases according to whether m
is a question or an answer. We shall just consider the former since the latter
is similar. If there is no pending answer in v then there is also no pending
answer in the component v [ 6 to which m belongs. Thus, by Persistence, m is
justified by a question, and so, Persistence is satisfied by m in u. Otherwise if
there are pending answers in v, let a be the last such. If @ and m both belong
to the same component 6, the thesis follows immediately from (i): a is the last
pending answer in v | €, and, by Persistence of justified sequences in o and 7,
m is explicitly justified by a.

12



We now prove that it is impossible for a and m to belong to different compon-
ents. Let a’ be the move following a and let m’ be the move preceding m. Then
a’ must be an answer (for if not a would not be pending) and m’ must be a
question (for if not a would be equal to m’). By the induction hypothesis, we
can apply Lemma 4(i) to v, and so, by Lemma 3(i’), @ and m are at the same
nested level [ (say) in v m; by Lemma 3(i), @’ and m' are at the same level [ —1.
Again by the induction hypothesis, we can apply Lemma 4(ii) to v, and so, m/
is hereditarily justified by a’ through an alternating sequence of questions and
answers; thus it follows that o’ and m’ are from the same subarena. Now sup-
pose, for a contradiction, a and m are in different components. Then it follows
that one component is (B, C) and the other is (A, B, b) for some occurrence
b of an initial B-move, and so, ' and m’ must be B-moves. Suppose a is an
A-move (say) and m a C-move. By the Switching Convention !, we have a’ is
a P-move in A = B. Since ¢’ and m’ are at the same level, it follows, from
the induction hypothesis and axiom (3) of arena, that the question m’ is a
P-move from B in B = C; but the following move m in B = C switches to
C, contradicting the Switching Convention. O

Notation. We write s, for the prefix of s that terminates at m; and write
S<m for the prefix of s that terminates at the move just before m.

We are now in a position to prove that the composition of (innocent) strategies
is well-defined and preserves Conditionally Copycat (CC).

Lemma 8 Suppose o and T are strategies over arenas A = B and B = C
respectively.

(i) The composite o ;T is a well-defined strategy over A = C.
(i1) If o and T are CC innocent, so is o ;.

PROOF. (i): We need to show that the elements in o ; 7, which are justified
sequences over A = C (see e.g. [HOO00] for a proof), satisfy the three axioms
of legal positions. The argument for the first can be found in [HOO00]. For
Persistence, take a justified sequence sq = uq [ (A,C) from o ; 7 where ¢ is
a question. If there is a pending answer in s, it follows from Lemma 7(i) that
there is also a pending answer in w. Since u ¢ satisfies Persistence (thanks to
Lemma 7(ii)), ¢ is explicitly justified by the last pending answer a (say) in u,
and by Lemma 7(i) a is also the last pending answer in s. Moreover, suppose
q is justified in s by an answer a; we need to prove that a is pending in s. Now

L Switching Convention: if m; mo are consecutive moves in a legal position of A =
B such that one is an A-move and the other a B-move, then my is a P-move. L.e. only
P is allowed to switch games.

13



(by the definition of function space arena) it follows that ¢ is justified in u by
the same answer a. Since u satisfies Persistence, a is pending in u, and so, by
Lemma 7(i), a is also pending in s.

(ii): Suppose o and 7 are CC innocent strategies. We show that the composite
is CC. (For a proof that the composite is innocent, see e.g. [HO00].) By the
characterization of CC in Lemma 6, it suffices to prove that even-length P-
views in o ; 7 of the form pg), ], v, where |v] > 1, satisfy the condition given
in the Lemma. We shall only give the proof for the case of |v| = 2 (since the
inductive case is a tedious repetition of the same argument):

If the odd-length P-view pg ), 1, [, € 037, then py ), ], [, (; € o; 7, for some
(; which is explicitly justified by ),

Let u € ISeq(o, 7) be the least u such that py ), ], = u | (A, C) so that the last
move of u is ],. W.Lo.g. suppose ), is a C-move. There are two cases: either ],
is a C-move or it is an A-move. We shall consider the latter, since it is harder.
Suppose ), and ], are at levels I and [ in u respectively. By Lemma 3(ii), we
have I’ > I. Set ly = ' — [ which is even. By Lemma 3(i’), for each 1 < k < [y,
there is a move, which must be a B-move, occurring between ), and ], in u
at level [ + k, and by Lemma 3(ii) the last such at that level is an answer.
Suppose u = ug ), b1 - -- b ],

Claim. The block of B-moves b; --- by, between ), and ], consists of one move
(which must be an answer) per level, starting from [ + [y — 1 and going down
tol+1.1.e. L=1y—1, and for each 1 < k <y — 1, b, is an answer at level
l+1y— k.

We prove the claim by contradiction. Suppose by, by - - -, by respectively are
answers at levels [ + 1y — 1,---,1 4+ lp — k but by is a question, which must
be at the same level as b;. Suppose bx_1 and by are both from the component
(say) (A, B, b) for some occurrence b of an initial B-move, by_; is an O-answer
and by is a P-answer in u | (A, B,b). By Lemma 4(ii), by, is an O-question
explicitly justified by by; since o is assumed to be CC, by, o is a P-question
explicitly justified by bi_; at level [ + lp — kK — 1. Now continuing in this
fashion, and by appealing to the assumption that o and 7 are CC, we have
ug g b1+ - bk bt - - - bop ¢ € ISeq(o, 7), where for each 1 < i < k, the B-
question bgy_;,1 is explicitly justified by the answer b;, and ¢ is a C-question
explicitly justified by ),, which is a contradiction.

By assumption, [, is explicitly justified by ],, and so, it is an A-move. It
suffices to prove that v = u[, dy - - - dj—1 (; € ISeq(o, 7), where (; is a C-move
which is at the same level as, and so is explicitly justified by, ),, and for each
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1 <1 <ly—1,d; is a B-question at level [+ which is explicitly justified by the
B-answer b;,_;. We leave this as a straightforward exercise for the reader. [

3.8 A notion of relevance

We consider a notion of Relevance whereby P is not allowed to respond to an
O-question by engaging O indefinitely in a dialogue at one level higher, nor is
P allowed to “give up”; instead he must answer the O-question eventually.

Definition 9 We say that a CC strategy o is relevant if

(1) for each P-view p) € o, there is a P-move m such that p)m € o
(2) there is no infinite sequence p (), (;); - - - such that for every n

P()() (), € 0

Theorem 10 If o and 7 are relevant CC strategies over arenas A = B and
B = C respectively then the composite o 5 T is also a relevant CC strategy.

PROOF. Thanks to Lemma 8, it remains to prove that the composite o ; 7
satisfies conditions (1) and (2) of Relevance.

(1): Take a P-view p) € o ;7. Let u € ISeq(o, 7) be the least sequence such
that u) | (A,C) = p). W.lo.g. suppose ) is an O-move in the component
(B, C) (it follows that ) is a C-move). Since 7 is relevant and "u [ (B,C)") €
7, there is a P-move m such that "u | (B,C)")m € 7. There are two cases:
m is either a C-move or a B-move. If the former, p)m € o ;7 (see e.g. the
analysis of the composition of innocent strategies in [HO00]) and we are done.
If the latter, let n be the largest such that u)ajay --- a, € ISeq(o,7) and
each a; is an answer. Note that n is a well-defined number (since the level
of u)ayas -+ a; decreases as i increases, provided each a; is an answer) and
at least one by assumption. Now if some a; is a move in A = C (and let
i be the least such), we have p)a; € A = C are we are done. If not, by
considering the P-view "u)ajas -+ a, [ (B,C)7in 7 (w.l.o.g. assuming that
a, is an O-move in the component (B, (') which is relevant, we must have
w)ayas -+ ap g1 € ISeq(o, 1), for some question g,.1 which is explicitly
justified by a, (by Persistence), and so, ¢,+1 is a B-move. Now since both o
and 7 are CC, it follows inductively that there are B-questions ¢,.2," ", qon
such that w)ajas -+ apgnir -+ @@n € ISeq(o,7) and for each i > 1, the
question q,; is explicitly justified by the answer a,_;.1. Thus it follows that
w)ayas <+ Apni1 - @anq € ISeq(o, 7) for some question ¢ which is expli-
citly justified by ), and so, ¢ is a C-move and we are done.
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(2): Suppose, for a contradiction, there is an infinite sequence p (), (;); - -
such that for every n, p(;)o(;)y---(,), € o;7. W.lo.g. suppose (, is
an A-move in the component (A, B,b) for some occurrence b of an initial
B-move; it then follows that )., (;,),, - are all A-moves (since they are all
hereritarily justified by (,,). By definition of composition, there is an infinite se-
quence u (,ug )o (; w1 ), - - - such that for each n, u (yup )y (w1 ), - (, un), €
ISeq(o, 7). Thus, by first projecting to (A, B,b) and then taking the P-view,
we have

"u () (1) (), E @

for each n, which contradicts the assumption that o is relevant. (]

3.4 The category LL

We define a category called I whose objects are arenas and whose maps
A — B are relevant CC strategies of the arena A = B. It is completely
straightforward to verify that L is Cartesian closed (see e.g. [HO00] for a sim-
ilar proof): the terminal object is the empty arena; for any arenas A and B,
their Cartesian product is given by A x B, and the function space arena is
A = B. However lifting (—), is not functorial (see Remark 11). We write L.
for the subcategory whose objects are arenas but whose maps are recursive
(in the sense of [HO00, §5.6]) relevant CC strategies.

4 Universality and full abstraction

We introduce an arena D, which is the initial solution of the recursive equation
D = [D = D], and interpret (closed) A-terms as relevant CC strategies over
it. By an analysis of the structure of P-views over D, we obtain the main result
of the paper: Every recursive relevant CC strategy over D is the denotation
of a closed A\-term; further two terms have the same denotation iff they have
the same Levy-Longo tree.

4.1 The model
Following [McC98], for arenas A and B, we define the subarena relation A<B
by

(1) Ma C Mp
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(2) Aa=Ap [ My
(3) I_Azl_Bﬂ(MA+{*})XMA

Equipped with the ordering <, the collection of arenas is a (large) dcpo A,
with least element the empty arena 1, and directed suprema given by taking
component-wise union. Take any operation F' on arenas. If I’ is monotone and
continuous with respect to <, there is an arena solving the recursive equation
D = F(D) by taking D = [|,>¢ F™(1).

Let F' be the arena operation A — [A = A|,. It is straightforward to verify
that F' is monotone and continuous. We define the arena D as the initial
solution of the recursive equation D = F(D) in the category A. The arena
graph of D (see Figure 1) is a finitely-branching tree that satisfies the following:

(1) Every question justifies a unique answer, and at most one question.
(2) Every answer justifies a unique question.

-

/v |

—_~ /-\ ~
|

v—/v A Ad
| |
—_

e —_—

—
d
—

AN

Fig. 1. The arena graph of D

Let app be the “evaluation map” [D; = Dy, x D3 — D, (we label the four
copies of D) which is the following strategy: P responds to the opening move
with the initial move of [D = D], and responds to the answer justified by
the latter with the answer justified by the opening move; and thereafter P
plays copycat between Dy and D,, and between D; and D3. We write f for
the transpose in the following bijection between L-maps:

f:CxD—D
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which is natural in C, where 7 : ' —; B denotes a convergent strategy in
the sense that 7 responds to the opening move immediately with an answer.
As app is the inverse transpose of the identity map on [D = D], , we have

(idg,a); f={(f,a);app : C — D (1)

for any a : C' — D in L. We define the L-map [I' - s] : D" — D, where
['={x, --,z,} is a finite set of variables including the free variables of s,
by recursion over s as follows:

[T+a] = m:D"—D
[T Fst] = ([TFsL[TFt]);app
[T FAXzs] = [T,zks]
where 7; is the standard projection map, and (—, —) is pairing. Standardly

(see e.g. [AO93]) this gives a model of the (Lazy) A-calculus.

Remark 11 (i) There is no way lifting can be functorial in a category of
arenas and conditionally copycat strategies. Take a CC strategy o : A — B.
Since id;, =id : A, — B, o, is forced to respond to the initial move ¢p
in B, with the initial move g4 in A, and to respond to the P-view ¢gqaax
with the move ag. Now almost all P-views in o, contain an O-answer az4
immediately followed by a P-answer apg, and so, by Lemma 6, o, is almost
always constrained to play copycat, whereas ¢ may not be restricted in the
same way. (It is easy to construct concrete instances of o and o .)

(ii) Functoriality of lifting is not necessary for the construction of our model.
The domain equation D = [D = D], is solved in the auxiliary category A,
and lifting ¢s functorial in this category. All we need are two (relevant, CC)
strategies, upp, : D — D, and dnp : D; — D, such that dnp o up, = idp,
which are easily constructible for any arena D.

(iii) Indeed functoriality of lifting is inconsistent with our model being fully ab-
stract. A feature of our model is that there are “few” denotable strategies that
are compact-innocent; indeed the innocent strategy denoted by a closed term
is compact if and only if the term is unsolvable of a finite order (Lemma 16).
Now we know from [AO93, Lemma 9.2.8] that projections on the finite ap-
proximations D,, of the fully abstract model D of the Lazy Lambda Calculus
are not A-definable. If all the domain constructions involved in the domain
equation D = [D = D], were functorial, these projections would be maps
that are definable categorically, which would imply that our model is not fully
abstract.
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Remark 12 D is a submodel of McCusker’s game model for the lazy \-
calculus, D)y, as constructed in [McC96].

Here we sketch a proof in stages (and explain what we mean by submodel) as
follows:

(1) First we prove that the two models are defined over the same arena; an
important difference is that D), contains plays in violation of Persistence.

(2) We then define an embedding e of strategies in D to strategies in Dy,
and

(3) prove that the embedding e preserves application.

By analogy with McCusker’s category of games and innocent strategies, we
define an LL-game to be a pair consisting of an object of L (i.e. an arena) and
the set of legal positions over it. We can now define a relation <« between
L-games and the innocent games in the sense of [McC96|. We say that A €4 A’
just in case A and A’ are defined over the same arena, A’ contains all the plays
in A, and A’ does not contain any play in which there is (an occurrence of) an
answer that justifies more that one question. It is straightforward to show that
the relation <« is preserved by lifting and the functions space construction. As
both models are appropriate limit constructions, it follows that D <« Dyy;.

It is straightforward to check that Persistence is satisfied by every O-move
that occurs in a P-view. Since an innocent strategy is completely determined
by the set of P-views it contains, for any pair of games A and A’ such that
A €4 A', given a strategy o over A, we define its embedding e4 4/(o) to be the
strategy over A’ given by the set of P-view in 0. (To save writing, we shall
omit the subscripts in e4 4/ in the following.)

The composition of strategies depends on the set of plays in the strategies.
Now the strategy e(o) may contain plays that violate Persistence. We need to
prove that e preserves the composition of strategies. That is to say, we need
to prove that for every three pairs of games A, A’, B, B’,C' and C” such that
A 4 A, B 4B and C 4 (', and for every pair of strategies o : A = B and
7 : B = C in L, the equality e(0);e(7) = e(o;7) holds. We shall establish
e(o);e(r) C e(o;T) by regarding strategies as sets of P-views; the opposite
inclusion is omitted as it is straightforward. Take a P-view p in e(0); e(7); there
exists an interaction sequence u € ISeq(e(o), e(7)) such that p =u [ (A, C").
We claim that all moves in u [ (B’,C") and u [ (A", B',b) (for each b) satisfy
Persistence:

e P-movesinu [ (A, B',b) and u | (B’, (") satisfy Persistence since each such
move is determined by either the strategy o or 7.

e O-moves of A" in u [ (A, B’,b) and of C" in u [ (B, ") satisfy Persistence
since p=wu [ (A", C") is a P-view.

e O-moves of B inu | (A, B’,b) and in u | (B’,C") satisfy Persistence since
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these are P-moves when viewed in the other projection.

It follows that u | (B',C") € 7 and u | (A’,B’,b) € ¢ and so p € o;7, and
hence, we have p € e(o;7) as desired.

Thus we have an embedding ep p,, from D to D), that preserves application
i.e. D is a submodel of Dy,. OJ

Lemma 13 (Adequacy) For any closed term s, we have [s] = L, the
strategy that has no response to the opening mowve, if and only if s is strongly
unsolvable (i.e. s is not B-convertible to a A-abstraction).

PROOF. By adapting a standard method in [Bar84] and as a corollary of an
approximation theorem. 0

For any A-term s, if the set {¢ > 0 : A3 F s = Azy---x;.t} has no
supremum in N, we say that s has order infinity; otherwise if the supremum
is n, we say that s has order n. A term that has order infinity is unsolvable
(e.g. yk, for any fixpoint combinator y).

4.2 Structure of P-views

We aim to describe P-views of D in terms of blocks (of moves) of two kinds,
called o and [ respectively.

For n > 0, an a,-block is an alternating sequence of O-questions and P-
answers of length 2n+1, beginning with an O-question, such that each element
except the first is explicitly justified by the preceding element, as follows:

[0][1] [n71][n

We call [, the i-th question of the block.

For m > 0,5 > 0 and j > 1, a 8% -block is an alternating sequence of
P-questions and O-answers of length 2m + 1, beginning with a P-question,
such that each element except the first is explicitly justified by the preceding
element, as follows:

(0)(1) (m—l)(m
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We call (; the i-th question of the block. The superscript (i, j) in 3%7) encodes
the target of the justification pointer of (, relative to the P-view of which the
BU9)-block is a part, about which more anon. A B%’])—block is just a BJ)-
block followed by a ), which is explicitly justified by the last question (,,. An
a-block is just an «,,-block, for some n; similarly for a 3-block.

Suppose we have a P-view of the form

p = A B AyBy - A, By -

where each Ay is an oy, -block and each Bj, is a ﬁl(zk’j “)_block. The superscript
(i, jx) encodes the fact that the 0-th question of the block By is explicitly
justified by the ji-th question of the block Aj_;, . Thus we have the following

constraints: for each £ > 1

0<ir<k A 1< jp <mp_y, (2)

The lower bound of jj is 1 rather than 0 because, by definition of D (see
Figure 1), the only move that the 0-th question of any a-block can justify is
an answer. Note that since p is a P-view by assumption, for each k > 2, the
0-th question of the a-block Ay is explicitly justified by the last question of
the preceding (-block.

Remark 14 [t is straightforward to see that given any finite alternating se-
quence v of a- and (-blocks

v = ap, 6[(1217.71) - ﬁl(:kvjk)

subject to the constraints (2), there is exactly one P-view p of D that has the
shape . Therefore there is no harm in referring to the P-view p simply as =,
and we shall do so in the following.

Lemma 15 (P-view Characterization) Suppose, for somem > 0, the even-
length P-view

W - Oénl ﬁll e O[nm /Blm

1s 1n a relevant C'C strateqy o over D. Then exactly one of the following holds:

(1) For each j >0, W a; € dom(f,).
(2) There is some n > 0 such that W a,, € o \ dom(f,).
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(8) There are some Ny > 0, some 0 < i < m and some 1 < j < ngyyqy
such that f, : Way,, , +— ("D further by Relevance, for some | > 0,
we have

Jo o Wanmﬂﬁlw) = ]

Moreover by CC we have W ay,, ., Bli’j)]C € dom(f,), for each (odd-
length) copycat block C, as defined in Lemma 6.

PROOF. Suppose for some m > 0, the even-length W € o. Then W,
where [ is explicitly justified by the last P-question, is a P-view in o. Clearly
if neither (1) nor (2) above holds, then there is some n,,.; > 0 such that
fo maps W, ., to a P-question which (because the current P-view has no
pending O-answer) is explicitly justified by an O-question that is currently
P-visible i.e. by one of the O-questions (except the 0-th) in one of the m + 1
preceding a-blocks. Formally we have f, : W a,,, ., + ((i’j ) where 0 < i <m
and 1 < j < m,41-; as required. The rest of (3) above follows immediately
from Relevance and by Lemma 6 respectively. U

Lemma 16 The denotation of any closed term in D is a compact innocent
strateqy if and only if it is unsolvable of a finite order.

PROOF. It suffices to prove that

(1) unsolvables of infinite order
(2) solvable terms

are denoted by non-compact strategies. For the first, note that every finite-
length legal position consisting of alternating questions and answers, such that
all of which are at level 0, is in the denotation of any unsolvable of order infin-
ity. For any solvable term s which has head normal form Axy ---z,.x;t; - - - t,,
(say) where n > 1 and m > 0, we observe that the P-view a,, 3% )] is in
[ s]- The denotation is a CC strategy, by Lemma 6; hence it is not compact. (]

4.8  Levy-Longo trees

We give an informal definition of LT(s), the Levy-Longo tree [Lev75,Lon83]
of a A\-term s.

e Suppose s is unsolvable: If s has order infinity then LT(s) is the singleton
tree T; if s has order n > 0 then LT(s) is the singleton tree L.

22



ATy Ty

LT(s1) LT(s2) LT(s,)

e Suppose § =g ATy -+ Tpy.YS1 - - - S, where m,n > 0. Then LT(s) is the tree:

It is useful to fix a variable-free representation of Levy-Longo trees. We write
N = {0,1,2,---} and Ny = {1,2,3,---}. A Levy-Longo pre-tree is a
partial function 7" from the set (N, )* of occurrences to the following set of
labels

Nx (NxNy)xN U {L;:i>0} U {T}

such that

(1) dom(T") is prefix-closed.
(2) Every occurrence that is labelled by any of 1; and T is maximal in
dom(T).
(3) Ty ---1y)=(n,(i7),b) then:
(a) ly---lyl €dom(T) <= 1<1<b, and
(b) 0 <i<m+1, and
(¢) If i <m then T'(ly---1,_;) is a triple, the first component of which
is at least j.

(The case of i = m+1 corresponds to the head variable at l; - - - [,,, being a free
variable.) We say that the pre-tree is closed if T'(ly - -l,,) = (n, (4,7),b) =
i <m. A Levy-Longo tree is the Levy-Longo pre-tree given by LT(s) for
some A-term s. In the following, we shall only consider closed pre-trees and
trees.

To illustrate the variable-free representation, consider the following (running)
example.

Example 17 Set s = Axjxe.21 L1 (Ay192y3.y2 (Az.21)) T. The Levy-Longo
tree LT(s), as shown in the figure below

)\1’11’2 X1
1y AY1Y2Y3-Yo T
Az.21
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is the partial function:

e— (2,(0,1),3)
1+— 1,
2+ (3,(0,2),1)

3— T

21 — (1,(2,1),0)

Take LT(s) : 21 — (1,(2,1),0) which encodes the label Az.x; of the tree at
occurrence 21: the first component is the nested depth of the A-abstraction: in
this case it is a 1-deep A-abstraction (i.e. of order one); the second component
(1,7) says that the head variable (z; in this case) is a copy of the j-th (in this
case, first) variable bound at the occurrence ¢ (in this case, two) levels up; and
the third component is the branching factor at the occurrence, which is 0 in
this case i.e. the occurrence 21 has 0 children.

Thanks to Lemma 15, we can now explain the correspondence between rel-
evant CC strategies over D and closed Levy-Longo pre-trees; we shall write
the pre-tree corresponding to the strategy o as T,. Using the notation of
Lemma 15, the action of the strategy o on a P-view p € o of the shape
i, ﬁ(“’j Do a, ﬁl(:n’”’] ™) [ determines precisely the label of T, at the occur-
rence [y - - ~lm. Corresponding to each of the three cases in the Lemma 15, the
label defined at the occurrence is as follows:

(1) T
(2) L, wheren >0
(3) (n,(i,7),b)

[t is easy to see the occurrence in question is maximal in dom(7},) in cases 1 and
2. In case 3, i.e., T,(ly -+ 1,) = (n,(i,7),b), from the P-view p, we can work
out the label of T, at each prefix [y - - - [ (where k < m) of the corresponding
occurrence, which is ( nyy1, (iks1, jrr1), bkr1 ), as determined by

; ; (ik+1,J
f Ay ﬁl“ L Oy, ﬁllk ) Qngyr ﬁbl:rll e = ]

we set ( Nyi1y (bma1s Jma1), Ome1 ) = (n, (4,7),b). Note that by is well-defined
because of Relevance. Thus the domain of T}, is prefix-closed. Take any k£ < m.
For each 1 <[ < by, we have the odd-length P-view

(i1,41) (ik:Jk) (tkt1:0k+1)
Oy, ﬁl s Oy ﬁ &nk+1 1 [ € g
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and so, we have l; -+ -l € dom(7T,) <= 1 <[ < bgy;. Finally, we must
have jiy1 < ng_j,,,, as the pointer of the O-th (P-)question of the S-block

ﬁl(i’““’jk“) is to the jy1-th question of the a-block Oy -

To summarize, we have shown:

Lemma 18 (Correspondence) There is a one-to-one correspondence between
relevant CC strategies over D and closed Levy-Longo pre-trees. 0

Example 19 Take the term s = Axjxe.ry L1 (Ay192y3.y2 (Az.x1)) T in the
preceding example. In the following table, we illustrate the exact correspond-
ence between the relevant CC strategy [ s ] denoted by s on the one hand, and
the Levy-Longo tree LT(s) of the term on the other.

P-views in [s] occurrences  labels of LT(s)
Qo B;(),O’l) — ] € (2,(0,1),3)

a; B0V ay € o\ dom(f,) 1 1,

0z B3| s By —1 2 (3,(0,2),1)

as A" —] forn>0 3 T

a BV a3 507 e By | ] 21 (1,(2,1),0)

For each P-view shown above, note that the subscripts in bold give the corres-
ponding occurrence in the Levy-Longo tree, and the label at that occurrence is
specified by the (subscripts and the superscript in the) block that is framed.
The first, third and fifth P-views define the “boundary” beyond which the
copycat response sets in.

Using an argument similar to the proof of [Bar84, Thm 10.1.23], we can show
that every recursive closed Levy-Longo pre-tree T is the Levy-Longo tree of
some closed A-term. Thus we have:

Theorem 20 (Universality) (i) The denotation of a closed A\-term s is a
recursive, relevant, CC' strategy which corresponds to LT(s) in the sense
of Lemma 18.

(i1) Ewvery recursive, relevant, CC strategy over D is the denotation of a closed
A-term. Le. for every o € Lio(1,D) there is some s € AN° such that
[s]=o0. O

As a consequence, two closed A-terms have the same denotation in D iff they
have the same Levy-Longo tree.
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4.4 Full abstraction for the Lazy Lambda Calculus

From the Universality Theorem, it is a small step to show that the model is
fully abstract for the Lazy Lambda Calculus. Programs of the (pure) Lazy
Lambda Calculus [Plo75,A093] are closed A-terms, and values are closed ab-
stractions (ranged over by v, v’). The evaluation relation |} is a binary relation
over closed A-terms, defined by induction over the rules:

s U Awp plt/a) Yo
Ar.pl Ax.p st v

We write s} for the predicate Jv.s || v. We define observational preorder &
as follows: for A-terms s and ¢, s € ¢ if and only if for any context C'[X] such
that both Cls] and C[t] are programs, if C[s]{} then C[t]{}. We write s ~ ¢ for
sEtand tCs.

Remark 21 Equivalently we can define s C ¢ by either of the following:

(1) Closure by abstraction: For every closed context C[X], if C[Ay; - -+ Y-S
then C[Ay; - - ym-t[}, where {91, -+, yn } is set of variables that occur
free in either s or ¢.

(2) Closure by substitution: For every closing substitution 6 of s and ¢ (i.e. sg
and ¢y are closed), for every closed context C'[X], if C[sy|{} then C[to]}.

Note that < is a rich theory; e.g. we have

where L is any unsolvable term of order 0 such as (Az.zz)(Az.xx), and L, is
any unsolvable term of order 1 (see [AO93, p. 226] for a proof).

Set 2 to be 1,. We write T : 1 — 2 for the convergent strategy (i.e. P
responds to the opening question with the only answer). For any 0,7 : A — B
in L,e., we define 0 < 7 to mean for every f:1 — A and every g: B — 2
in Ly, if f5039 =T then f;735¢9 = T. (This can be seen as the preorder
generated by a notion of observables in the sense of [HO00].) For any L,..-map
p: 1 — D, we write pl} to mean that p is convergent.

Lemma 22 For o,7 : D™ — D in Lo, we have o < 7 if and only if for
every f: 1 — D™ and every g : D — D in Ly, if f30;5 9 then fi;759l.
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PROOF. For “=", we use the retraction map D — 2; and for “«<”, we

note that every L,..-map D — 2 extends by Conditionally Copycat to a map
D — D. O

Take A-terms s and ¢ such that I' = {y1, -+, ym } is the set of variables that
occur free in either s or t. Using (2) of Remark 21 and by Lemma 13, we have
s C ¢ iff for every closing substitution #, and for every closed context C[X], if

[ F Clsp] ]I then [ = Cto]]. Now

[ FClsall = ([ FOw)]);[TF slslvF Clyll

Hence, by the Universality Theorem, we have s C t iff for every f:1 — D™
and for every g : D — D in Ly, if f5 [T F s]; g then f5[T F ¢]; g,
which, by Lemma 22, is equivalent to [T' F s] < [T F ¢]. To summarize, we
have proved:

Theorem 23 (Full Abstraction) For any A-terms s and t such that I' is
the set of variables that occur free in either s or t, we have

sEt < [[Fs]STFt].

Acknowledgments

The work reported here was partially funded by the EU (Training and Mobility
for Researchers Programme Linear Logic in Computer Science) and by Merton
College, Oxford, under the Visiting Scholar Scheme. The authors are grateful
to them for their support.

References

[AJMO0] S. Abramsky, R. Jagadeesan, and P. Malacaria.
Full abstraction for PCF.
Information and Computation, 163, 2000.

[AM95] S. Abramsky and G. McCusker.
Games and full abstraction for the Lazy Lambda Calculus.
In Proc. 10th IEEE Symp. Logic in Computer Science, pages
234-243. The Computer Society, 1995.

27



[AO93] S. Abramsky and C.-H. L. Ong.
Full abstraction in the Lazy Lambda Calculus.
Information and Computation, 105:159-267, 1993.

[Bar84] H. Barendregt.
The Lambda Calculus.
North-Holland, revised edition, 1984.

[DHO1] V. Danos and R. Harmer.
The anatomy of innocence.
In Proceedings, Tenth Annual Conference of the Furopean
Association for Computer Science Logic, pages 188-202. Springer Verlag,
2001.
LNCS Vol. 2142.

[GFH99] P. Di Gianantonio, G. Franco, and F. Honsell.
Game semantics for the untyped A\@n-calculus.
In Proceedings of the International Conference on Typed Lambda

Calculus and Applications, pages 114-128. Springer-Verlag, 1999.
LNCS Vol. 1591.

[Gia01] P. Di Gianantonio.
Game semantics for the Pure Lazy Lambda Calculus.
In Proc. 5th Int. Conf. Typed Lambda Calculi and Applications,
Krakow, Poland, May 2001, pages 106-120. Springer-Verlag, 2001.

[HO00] J. M. E. Hyland and C.-H. L. Ong.
On Full Abstraction for PCF: 1. Models, observables and the full

abstraction problem, II. Dialogue games and innocent strategies, III. A
fully

abstract and universal game model.

Information and Computation, 163:285-408, 2000.

[KNO99] A. D. Ker, H. Nickau, and C.-H. L. Ong.
A universal innocent game model for the Bohm tree lambda theory.
In Computer Science Logic: Proceedings of the 8th Annual

Conference on the FACSL Madrid, Spain, September 1999, pages 405 —
419.

Springer-Verlag, 1999.
LNCS Volume 1683.

28



[KNOO02] A. D. Ker, H. Nickau, and C.-H. L. Ong.

[Lev75]

[Lon83]

[McC96]

[McC98]

[Plo75]

Innocent game models of untyped A-calculus.

Theoretical Computer Science, 272:247-292, 2002.

J.-J. Levy.

An algebraic interpretation of equality in some models of the lambda
calculus.

In C. Bohm, editor, Lambda Calculus and Computer Science

Theory, pages 147-165. Springer-Verlag, 1975.

LNCS No. 37.

G. Longo.
Set-theoretical models of lambda calculus: Theories, expansions and
isomorphisms.

Annals of Pure and Applied Logic, 24:153-188, 1983.
G. McCusker.

Full abstraction by translation.
In Advances in Theory and Formal Methods of Computing. 1C
Press, 1996.

G. McCusker.
Games for recursive types.

BCS Distinguished Dissertation. Cambridge University Press, 1998.
G. D. Plotkin.

Call-by-name, call-by-value and the lambda calculus.

Theoretical Computer Science, 1:125-159, 1975.

29



