Logical Methods in Computer Science
Vol. 12(3:3)2016, pp. 1-43 Submitted Oct. 31, 2015
www.Imcs-online.org Published Aug. 17, 2016

BLOCK STRUCTURE VS SCOPE EXTRUSION: BETWEEN
INNOCENCE AND OMNISCIENCE *

ANDRZEJ S. MURAWSKI® AND NIKOS TZEVELEKOS®

¢ University of Warwick
e-mail address: A.MurawskiQwarwick.ac.uk

® Queen Mary University of London
e-mail address: nikos.tzevelekos@qgmul.ac.uk

ABSTRACT. We study the semantic meaning of block structure using game semantics. To
that end, we introduce the notion of block-innocent strategies and characterise call-by-
value computation with block-allocated storage through soundness, finite definability and
universality results. This puts us in a good position to conduct a comparative study of
purely functional computation, computation with block storage as well as that with dy-
namic memory allocation. For example, we can show that dynamic variable allocation can
be replaced with block-allocated variables exactly when the term involved (open or closed)
is of base type and that block-allocated storage can be replaced with purely functional
computation when types of order two are involved. To illustrate the restrictive nature of
block structure further, we prove a decidability result for a finitary fragment of call-by-
value Idealized Algol for which it is known that allowing for dynamic memory allocation
leads to undecidability.

1. INTRODUCTION

Most programming languages manage memory by employing a stack for local variables and
heap storage for data that are supposed to live beyond their initial context. A prototypical
example of the former mechanism is Reynolds’s Idealized Algol [23], in which local variables
can only be introduced inside blocks of ground type. Memory is then allocated on entry
to the block and deallocated on exit. In contrast, languages such as ML permit variables
to escape from their current context under the guise of pointers or references. In this case,
after memory is allocated at the point of reference creation, the variable must be allowed
to persist indefinitely (in practice, garbage collection or explicit deallocation can be used
to put an end to its life).

2012 ACM CCS: [Theory of computation]: Models of computation; Semantics and reasoning—
Program semantics.
Key words and phrases: Game semantics, references, contextual equivalence.
* Extended abstract appeared in FOSSACS [17].
¢ Supported by the Engineering and Physical Sciences Research Council (EP/C539753/1).
® Supported by the Engineering and Physical Sciences Research Council (EP/F067607/1) and the Royal
Academy of Engineering.

IE“E1 LOGICAL METHODS @© A.S. Murawski and N. Tzevelekos
IN COMPUTER SCIENCE DOI:10.2168/LMCS-12(3:3)2016 @@ |[Creative Commons


http://creativecommons.org/about/licenses

2 A.S. MURAWSKI AND N. TZEVELEKOS

In this paper we would like to compare the expressivity of the two paradigms. As a
simple example of heap-based memory allocation we consider the language RML, introduced
by Abramsky and McCusker in [2], which is a fragment of ML featuring integer-valued
references. In op. cit. the authors also construct a fully abstract game model of RML
based on strategies (referred to as knowing strategies) that allow the Proponent to base
his decisions on the full history of play. On the other hand, at around the same time
Honda and Yoshida [§] showed that the purely functional core of RML, better known as
call-by-value PCF [21], corresponds to innocent strategies [10], i.e. those that can only rely
on a restricted view of the play when deciding on the next move. Since block-structured
storage of Idealized Algol seems less expressive than dynamic memory allocation of ML and
more expressive than PCF, it is natural to ask about its exact position in the spectrum of
strategies between innocence and omniscience. Our first result is an answer to this question.
We introduce the family of block-innocent strategies, situated strictly between innocent and
knowing strategies, and exhibit a series of results relating such strategies to a call-by-value
variant 1A, of Idealized Algol.

Block-innocence captures the particular kind of uniformity exhibited by strategies orig-
inating from block-structured programs, akin to innocence yet strictly weaker. In fact, we
shall define block-innocence through innocence in a setting enriched with explicit store an-
notations added to standard moves. For instance, in the play shown belowﬁ, if P follows
a block-innocent strategy, P is free to use different moves as the fourth (1) and sixth (2)
moves, but the tenth one (0) and the twelfth one (0) have to be the same.

e~

¢q¢q 1l qg?2a a’q/()\q 0
The above play is present in the strategy representing the term
f+ (unit = int) = (unit = int) + (newzin(let g = f(Ay""t.(z:=lz +1);!z) in () ;
AyUM0 : unit — int

and the necessity to play the same value (0 in this case) in the twelfth move once 0 has been
played in the tenth one stems from the fact that variables in 1A, can only be allocated in
blocks of ground type. For example, the block in which x was allocated cannot extend over
)\yunit‘o‘

Additionally, our framework can detect “storage violations” resulting from an attempt
to access a variable from outside of its block. For instance, no A, -term will ever produce

the following play.

qqlqg?2aaqyq
The last move is the offending one: for the term given above, it would amount to trying to
use g after deallocation of the block for z. Note, though, that the very similar play drawn
below does originate from an Ay, -term.

S T

qqlqglaaqyq
Take, e.g. f : (unit — int) — (unit — int) F let g = f(Ay""t.1) in Ay“"t.g() : unit — int.
The notion of block-innocence provides us with a systematic methodology to address
expressivity questions related to block structure such as “Does a given strategy originate

1For the sake of clarity, we only include pointers pointing more than one move ahead.
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from a stack-based memory discipline?” or “Can a given program using dynamic mem-
ory allocation be replaced with an equivalent program featuring stack-based storage?”. To
illustrate the approach we conduct a complete study of the relationship between the three
classes of strategies (innocent, block-innocent and knowing respectively) according to the
underpinning type shape. We find that knowingness implies block-innocence when terms
of base types (open or closed) are involved, that block-innocence implies innocence exactly
for types of order at most two, and that knowingness implies innocence if the term is of
base type and its free identifiers are of order 1. The fact that knowingness and innocence
coincide at terms of base types implies, in particular, that RML and lA¢,, contexts have
the same expressive power: two RML-terms can be distinguished by an RML-context if, and
only if, they can be distinguished by an |A,,-context.

As a further confirmation of the restrictive nature of the stack discipline of 1Ay, we
prove that program equivalence is decidable for a finitary variant of IAc,, which properly
contains all second-order types as well as some third-order types (interestingly, this type dis-
cipline covers the available higher-order types in PASCAL). In contrast, the corresponding
restriction of RML is known to be undecidable [15].

Related work. The stack discipline has always been regarded as part of the essence of
Algol [23]. The first languages introduced in that lineage, i.e. Algol 58 and 60, featured
both call-by-name and call-by-value parameters. Call-by-name was abandoned in Algol 68,
though, and was absent from subsequent designs, such as Pascal and C.

On the semantic front, finding models embodying stack-oriented storage management
has always been an important goal of research into Algol-like languages. In this spirit, in the
early 1980s, Reynolds [23] and Oles [18] devised a semantic model of (call-by-name) Algol-
like languages using a category of functors from a category of store shapes to the category of
predomains. Perhaps surprisingly, in the 1990s, Pitts and Stark [20] 24] managed to adapt
the techniques to (call-by-value) languages with dynamic allocation. This would appear to
create a common platform suitable for a comparative study such as ours. However, despite
the valuable structural insights, the relative imprecision of the functor category semantics
(failure of definability and full abstraction) makes it unlikely that the results obtained by
us can be proved via this route. The semantics of local effects has also been investigated
from the category-theoretic point of view in [22].

As for the game semantics literature, Ong’s work [19] based on strategies-with-state
is the work closest to ours. His paper defines a compositional framework that is proved
sound for the third-order fragment of call-by-name Idealized Algol. Adapting the results
to call-by-value and all types is far from immediate, though. For a start, to handle higher-
order types, we note that the state of O-moves is no longer determined by their justifier
and the preceding move. Instead, the right state has to be computed globally using the
whole history of play. However, the obvious adaptation of this idea to call-by-value does not
capture the block structure of 1A,,. Quite the opposite: it seems to be more compatible
with RML. Consequently, further changes are needed to characterize |1Ac,. Firstly, to restore
definability, the explicit stores have to become lists instead of sets. Secondly, conditions
controlling state changes must be tightened. In particular, P must be forbidden from
introducing fresh variables at any step and, in a similar vein, must be forced to drop some
variables from his moves in certain circumstances.

Another related paper is [4], in which Abramsky and McCusker introduce a model of
Idealized Algol with passive (side-effect-free) expressions [4]. Their framework is based on a
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I z:var-M:p =/ (x:0) el
I'FnewzinlM: (3 I'Fref :var I'E () : unit T'Fi:int I'Fx:0

I' M :int I' M :int I'EM:int TENyg:0 T'HN;: 0
' M; & Ms:int T'F if M then N;else Ny : 60

I'E M :var 'EM:var TEN:int T'EM:unt—int ' N :int — unit
I'FIM :int I'FM:=N :unit I' F mkvar(M, N) : var

'-M:0—-60 THEN:6 Lx:0FM:0¢ F'EM:(0—60)—(0—0)
L'-MN:0 LHX? M0 ¢ TEFY(M):0—¢

Figure 1: Syntax of £

distinction between active and passive moves, which correspond to active and passive types
respectively. Legal plays must then satisfy a novel correctness condition, called activity,
and strategies must be a/p-innocent. In contrast, our setting does not feature any type
support for discovering the presence of storage. Moreover, as the sequences discussed in the
Introduction demonstrate, in order to understand legality in our setting, it is sometimes nec-
essary to scrutinise values used in plays: changing 1,1 to 1,2 may entail loss of correctness!
This is different from the activity condition (and other conditions used in game semantics),
where it suffices to consider the kind of moves involved (question/answer) or pointer pat-
terns. Consequently, in order to capture the desired shape of plays and associated notion
of innocence in our setting, we felt it was necessary to introduce moves explicitly decorated
with stores.

Our paper is also related to the efforts of finding decidable fragments of (finitary) RML
as far as contextual equivalence is concerned. Despite several papers in the area [7} [15] @] 5],
no full classification based on type shapes has emerged yet, even though the corresponding
call-by-name case has been fully mapped out [16]. We show that, for certain types, moving
from RML to IAg, (thus weakening storage capabilities) can help to regain decidability.

2. SYNTAX

To set a common ground for our investigations, we introduce a higher-order programming
language that features syntactic constructs for both block and dynamic memory allocation.

Definition 2.1 (The language £). We define types as generated by the grammar below,
where 3 ranges over the ground types unit and int.

0 == [ | var | 6—6
The syntax of L is given in Figure [Il
Note in particular the first two rules concerning variables and the rule for the mkvar

constructor: the latter allows us to build “bad variables” in accordance with Idealized Algol.
The order of a type is defined as follows:

ord(f) = 0
ord(var) = 1
ord(61 — 02) = max(ord(61) + 1,0rd(63)).



BLOCK STRUCTURE VS SCOPE EXTRUSION 5

V is a value MU0 NoyV i#0 MUi NIV
s, V1sV if M then Nyelse Ng || V if M then Nyelse Ng |} V
My Vi, Myliy, MUdeM NV MV /e |V

My ® My i1 @19 MN |V
s, M| s, a s§a)=i s,M{s a s, NIs'i
s,IM | §,i s, M:=N | s"(a1i),()
M | mkvar(V1, Vo) Vi() |1 M | mkvar(V1,Vo) N i Vail ()
I 1 d M=N{0
MyVi, NIV, M|V

mkvar(M, N) |} mkvar(V1, 13) Y(M) 4 Al (VIY(V))

sU(aw0), Ma/x] || s,V
s,newzin M L'\ o,V

a & dom s

s,ref | sU(a—0),« a ¢ dom s

Figure 2: Operational semantics of £

For any i > 0, terms that are typable using exclusively judgments of the form
r1:01, -,z 0, FM:0

where ord(6;) <i (1 < j <n) and ord(f) < 4, are said to form the ith-order fragment.

To spell out the operational semantics of £, we need to assume a countable set Loc
of locations, which are added to the syntax as auxiliary constants of type var. We shall
write « to range over them. The semantics then takes the form of judgments s, M |} ',V
where s, s’ are finite partial functions from Loc to integers, M is a closed term and V is
a value. Terms of the following shapes are values: (), integer constants, elements of Loc,
A-abstractions or terms of the form mkvar(Az""t. M, \y™".N).

The operational semantics is given via the large-step rules in Figure 2l Most of them

take the form
My vy M Vo oo My 'V,
MV

which is meant to abbreviate:
st,Mi ) s2, Vi s9, My} s3,Vo - sp, My | 541, Vi
S1, M1 U/ Sn+1, V

This is a common semantic convention, introduced in the Definition of Standard ML [11].
In particular, it means that the ordering of the hypotheses is significant. The penultimate
rule in the figure encapsulates the state within the newly created block, while the last one
creates a reference to a new memory cell that can be passed around without restrictions on
its scope. Note that s’ \ « is the restriction of s’ to dom s’ \ { « }.

Given a closed term F M : unit, we write M | if there exists s such that (), M | s, ().
We shall call two programs equivalent if they behave identically in every context. This
is captured by the following definition, parameterised by the kind of contexts that are
considered, to allow for testing of terms with contexts originating from a designated subset
of the language.
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Definition 2.2. Suppose L’ is a subset of £L. We say that the terms-in-context I'
My, My : 0 are L'-equivalent (written I' = My = M) if, for any £'-context C' such that
F C[M;],C[Ms] : unit, C[M;] | if and only if C[Ma] .

We shall study three sublanguages of £, called PCFT, Ay, and RML respectively.
The latter two have appeared in the literature as paradigmatic examples of programming
languages with stack discipline and dynamic memory allocation respectively.

e PCFT is a purely functional language obtained from £ by removing new xzin M and ref.
It extends the language PCF [21] with primitives for variable access, but not for memory
allocation.

e |Ag,y is £ without the ref constant. It can be viewed as a call-by-value variant of Idealized
Algol [23]. Only block-allocated storage is available in |Acp,.

e RML is £ save the construct new xin M. It is exactly the language introduced in [2] as a
prototypical language for ML-like integer references%

We shall often use let x = M in N as shorthand for (Az.N)M. Moreover, let x = M in N,

where x does not occur in N, will be abbreviated to M; N. Note also that newzin M is

equivalent to let x = ref in M.

Example 2.3. The term I let v = ref in Az""*.(if lv then Qelse v := v 4 1) : unit — unit is
an example of an RML-term that is not RML-equivalent to any term from IAg,,. On the
other hand,

-\ flunit=unit) s unit pevy 4 in £ (Ay“"tif 1o then Qelse v := v 4 1) : ((unit— unit) — unit) — unit

is an |Agy-term that has no RML-equivalent in PCFT. All of the inequivalence claims will
follow immediately from our results.

Lemma 2.4. Given any base type L-term ',z :var = M : 3, we have I' F newxin M =,
let © =ref in M : (5.

Proof. The proof is based on the following two claims:

e if s, M |} s,V and a € dom (s) does not appear in M, then s\ o, M || s’ \ o, V;

e for any closed context C, value V and s, ', if s,C[let z = ref in M| || s',V then there is

a set of locations S C dom (s’) such that s, Clnewxzin M] |} '\ S,V and S contains no
locations from s or V;

which are proven by straightforward induction. L]

Hence, RML and £ merely differ on a syntactic level in that £ contains “syntactic sugar”
for blocks. In the opposite direction, our results will show that ref cannot in general be
replaced with an equivalent term that uses new x in M. Indeed, our paper provides a general
methodology for identifying and studying scenarios in which this expressivity gap is real.

3. GAME SEMANTICS

We next introduce the game models used throughout the paper, which are based on the
Honda-Yoshida approach to modelling call-by-value computation [§].

Definition 3.1. An arena A = (Ma,Ia,-4,)4) is given by
e a set M4 of moves, and a subset 4 C M4 of initial moves,

2In other words, RML is Reduced ML [24] with the addition of the mkvar construct.
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e a justification relation 4 C My x (My \ 14), and

e a labelling function Ay : My — {O, P} x {Q, A}

such that As(I4) C {PA} and, whenever m 4 m’, we have (mAq)(m) # (m2A4)(m’) and
(maAq)(m') = A = (mA4)(m) = Q.

The role of A4 is to label moves as Opponent or Proponent moves and as Questions
or Answers. We typically write them as m,n,..., or o,p,q,a,qp,qo,... when we want to
be specific about their kind. Note that we abbreviate elements of the codomain of A4, e.g.
(P, A) above is written as PA.

The simplest arena is 0 = (0,0, (,0). Other “flat” arenas are 1 and Z, defined by:

Mlzllz{*}, MZ:IZ:Z.

Below we recall two standard constructions on arenas, where 14 stands for My \ 14, the
O P-complement of A4 is written as A4, and i 4, ip range over initial moves in the respective

arenas. B
Mpop =IapWIaWIaW Mp

Ir—p = {*}
)\A=>B = [(*7PA)7 (iAaOQ)75\A TTA,)\B]
Fasp = {(*,ia),(ia,iB)} U Fa U k5

Magp =IagpWIawIp
Tagp =14 % Ip
Mep = [((ia,iB), PA), Aa | T4, Ap | 15]
Fags ={((ia,ig),m) |iabam Vigtpm}
U(Fal Ta") U (Pl T5°)

Types of L can now be interpreted with arenas in the following way.

[unit] =1

[int] =Z

[varj =(1=72)® (Z = 1)
[61 — 6] = [01] = [6-]

Note that the type var is translated as a product arena the components of which represent
its read and write methods.

Although arenas model types, the actual games will be played in prearenas, which are
defined in the same way as arenas with the exception that initial moves must be O-questions.
Given arenas A and B, we can construct the prearena A — B by setting:

My g =Mpuw Mp

In g =14

Aop = [(i4,0Q) U (Aa [ 14), AB]
Fasp={(ia,ip)}U Fa Ukp.

For I' = {x1 : 601, -+ ,xp : 0, }, typing judgments I - 6 will eventually be interpreted by
strategies for the prearena [01] ® - -- ® [6,] — [0] (if n = 0 we take the left-hand side to be
1), which we shall denote by [I'+ 6] or [0,--- ,0, F 0].
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A justified sequence in a prearena A is a finite sequence s of moves of A satisfying the
following condition: the first move must be initial, but all other moves m must be equipped
with a pointer to an earlier occurrence of a move m’ such that m’ -4 m. We then say that
m/’ justifies m. If m is an answer, we may also say that m answers m’. If a question remains
unanswered in s, it is open; and the rightmost open question in s is its pending question.

Given a justified sequence s, we define its O-view Ls.y and its P-view "s" inductively

as follows.

LY
® Le1=¢€, LSOI=1810, LSO---P1=1LS10p;

o Me¢l = €, f_Sp—I - I—s—lp, rsp»f‘,\o“l - I_S“Ipo‘
Above, recall that o ranges over O-moves (i.e. moves m such that (m3A4)(m) = O), and p
ranges over P-moves.

Definition 3.2. A play in a prearena A is a justified sequence s satisfying the following
conditions.
o If s=---mmn--- then AQF(m) = \QF(n). (Alternation)
e If s =51¢sya--- then ¢ is the pending question in s g so. ( Well-Bracketing)
e If s =51 0%59p--- then o appears in "s1 08, ';
if s = s1pS90- - then p appears in sy psoa. (Visibility)
We write P4 to denote the set of plays in A.

We are going to model terms-in-context I' = M : 0 as sets of plays in [I" I 6] subject to
specific conditions.

Definition 3.3. A (knowing) strategy o on a prearena A is a non-empty prefix-closed
set of plays from A satisfying the first two conditions below. A strategy is innocent if, in
addition, the third condition holds.

e If even-length s € o and sm € P4 then sm € 0. (O-Closure)
e If even-length smq, sma € o then my = mq. (Determinacy)
o If sym, s9 € o with odd-length s1,s2 and "s1' = "s9 ' then sem € o. (Innocence)

We write o : A to denote that o is a strategy on A.

Note, in particular, that every strategy o : A contains the empty sequence € as well as
the elements of 14, the latter being the 1-move plays in A. Moreover, in the last condition
above, the move m in sgm points at the same move it points inside s;m: by visibility and
the fact that s; and s have the same view, this is always possible.

In previous work it has been shown that knowing strategies yield a fully abstract se-
mantics for RML in the following senseil.

Theorem 3.4 ([2]). Two RML-terms are RML-equivalent if and only if their interpretations
contain the same complete playdl.

Moreover, as an immediate consequence of the full abstraction result of [8], we have that
innocent strategies (quotiented by the intrinsic preorder) yield full abstraction for PCF*.
What remains open is the model for the intermediate language, 1Ay, which requires one to
identify a family of strategies between the innocent and knowing ones. This is the problem
examined in the next section. We address it in two steps.

3Perhaps it is worth noting that the presentation of the model in [2] is in a different setting (we follow
g g
Honda-Yoshida call-by-value games, while [2] applies the family construction on call-by-name games) which,
nonetheless, is equivalent to the one presented above.
4A play is called complete if each question in that play has been answered.
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e First we introduce a category of strategies that are equipped with explicit stores for reg-
istering private variables. We show that this category, of so-called innocent S-strategies,
indeed models block allocation: terms of |1Ag, translate into innocent S-strategies (Propo-
sition 25]) and, moreover, in a complete manner (Propositions 53] and [£.7]).

e The strategies capturing lAq,y, called block-innocent strategies, are then defined by delet-
ing stores from innocent S-strategies.

4. GAMES WITH STORES AND THE MODEL OF [Apy

We shall now extend the framework to allow moves to be decorated with stores that contain
name-integer pairs. This extension will be necessary for capturing block-allocated storage.
The names should be viewed as semantic analogues of locations. The stores will be used for
carrying the values of private, block-allocated variables.

4.1. Names and stores in games. When employing such moves-with-store, we are not
interested in what exactly the names are, but we would like to know how they relate to
names that have already been in play. Hence, the objects of study are rather the induced
equivalence classes with respect to name-invariance, and all ensuing constructions and rea-
soning need to be compatible with it. This overhead can be dealt with robustly using the
language of nominal set theory [6]. Let us fix a countably infinite set A, the set of names,
the elements of which we shall denote by «, 8 and variants. Consider the group PERM(A)
of finite permutations of A.

Definition 4.1. A strong nominal set [0, 25] is a set equipped with a group action(]
of PERM(A) such that each of its elements has finite strong support. That is to say, for
any x € X, there exists a finite set v(x) C A, called the support of x, such that, for all
permutations 7, (Va € v(z).m(a) = ) <= 7 -z =2x.

Intuitively, v(z) is the set of names “involved” in x. For example, the set A# of finite
lists of distinct atoms with permutations acting elementwise is a strong nominal set. If X
and Y are strong nominal sets, then so is their cartesian product X x Y (with permutations
acting componentwise) and their disjoint union X Y. Name-invariance in a strong nominal
set X is represented by the relation: x ~ 2’ if there exists 7 such that x = 7 - 2.

We define a strong nominal set of stores, the elements of which are finite sequences of
name-integer pairs. Formally,

2T 2= €| (i) X

where ¢ € Z and a € A\ v(X). We view stores as finite functions from names to integers,
though their domains are lists rather than sets. Thus, we define the domain of a store
to be the list of names obtained by applying the first projection to all of its elements. In
particular, v(dom (X)) = v(X). If o € v(X) then we write X'(«) for the unique ¢ such that
(c,7) is an element of X. For stores X, T we write:

Y <T for dom (X) C dom (T,
Y <x T for dom(X) Cx dom (T,

A group action of PERM(A) on X is a function _-_ : PERM(A) x X — X such that, for all z € X
and m,7" € PERM(A), 7+ (n' -z) = (mron’') -z and id - = x, where id is the identity permutation.
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where X € {p, s}, and C,C,, T denote the subsequence, prefix and suffix relations respec-
tively. Note that X' <x T <x X implies dom (X)) = dom (T") but not X' = 7. Finally, let
us write X'\ T for X restricted to v(X) \ v(T).

An S-mowve (or move-with-store) in a prearena A is a pair consisting of a move and a
store. We typically write S-moves as m>,n’, 0, p’,¢>,a’. The first projection function
is viewed as store erasure and denoted by erase(_). Note that moves contain no names and
therefore, for any m*, v(m*) = v(X) = v(dom (X)). A justified S-sequence in A is a
sequence of S-moves equipped with justifiers, so that its erasure is a justified sequence. The
notions of O-view and P-view are extended to S-sequences in the obvious manner. We say

that a name « s closed in s if there are no open questions in s containing a.

Definition 4.2. A justified S-sequence s in a prearena A is called an S-play if it satisfies
the following conditions, for all @ € A.

o If s = - then X' = e. (Init)

e Ifs=---0"-pl.. then ¥ <, T. If Aa(p) = PA then T <,, X too. (Just-P)
oIfs:u-pE‘-f\T - then2§ T <, X. (Just-0)

o If s =s10"¢h - then X\ T <, EandZ\(Z\T)ngand

(a) if @« € v(T\ X)) then a ¢ v(s10%),

(b) if a € (X \ T) then « is closed in sjo0™.

(Prev—PQ)
e Ifs=---p¥s'o" .. and a € (W(T)Nv(X))\ v(s') then T(a) = ¥(a). (Val-0)
We write SP 4 for the set of S-plays in A.

Let us remark that, as stores have strong support, the set of S-plays SP 4 is a strong
nominal set. The conditions we impose on S-plays reflect the restrictions pertaining to
block-allocation of variables. In particular, given a move m, all block-allocated variables
present at m are carried over to every move n justified by m. In addition, only P is allowed
to allocate/deallocate such variables, or change their values.

Just-P. All variables allocated at o survive in p. If p is an answer then, in fact, the
subsequence from o to p represents a whole sub-block, with p closing the sub-block. Thus,
o and p must have the same private variables.

Just-0. Each O-move inherits its private variables from its justifier move. Put otherwise,
a block does not extend beyond the current P-view and we only store variables that are
created by and are private to P (so T cannot be larger that ).

Prev-P(. P-questions can open or close private variables and thus alter the domain of the
store. This process must obey the nesting of variables, as reflected in the order of names
in stores. Therefore, variables are closed by removing their corresponding names from the
right end of the store: X'\ T <; X. On the other hand, variables/names that survive
comprise the left end of the new store: X'\ (X'\T) <, T.

In addition, any names that are added in the store must be fresh for the whole sequence
(they represent fresh private variables). A final condition disallows variables to be closed if
their block still contains open questions.
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Val-0. Since variables are private to P, it is not possible for O to change their value: at
each O-move ol the value of each o € dom (T) is the same as that of the last P-move p*
such that a € dom (X).

The above is a minimal collection of rules that we need to impose for block allocation.
From them we can extract further properties for S-plays, whose proofs are delegated to
Appendix [Al

Lemma 4.3. The following properties hold for S-plays s.
e lfs=---m*ah--- then X\ T <, ¥ and ¥\ (X \T) <, T and
(a) if & € v(T') then a € v(X),
(b) if « € v(X'\ T) then « is closed in S<al-
(Prev-PA)
e For any «, we have "s' = 515953, where
— a ¢ v(s1) Uv(sz) and Ym* € s9. a € v(X),
— if s9 # € then its first element is the move introducing « in s.
(Block form)
o If s = 5707pT 5o with a € v(X) \ v(T) then a ¢ v(s). (Close) L]

We now move on to strategies for block allocation.

Definition 4.4. An S-strategy o on an arena A is a non-empty prefix-closed set of S-plays

from A satisfying the first three of the following conditions. An S-strategy is innocent if

it also satisfies the last condition.

o If s ~ s €0 then s’ € 0. (Nominal Closure)

e If even-length s € 0 and sm*> € SP4 then sm* € o. (O-Closure)

o If even-length smlzl, stEQ € o then smlz1 ~ sm222. (Determinacy)

o If sym™", s9 € o with s1, $9 odd-length and "s; ' = "s9 ' then there exists som>2 € o with
Csym*1 7 ~ Tsom>2 7. (Innocence)

We write o : A to denote that o is an S-strategy on A.

Observe how S-strategies are defined in the same manner as ordinary strategies but
follow some additional conditions due to their involving of stores and names.

Example 4.5. For any base type 3, consider the prearena [var — ] — [A] given below,
where we have indexed moves and type constructors to indicate provenance. We use read
and write(i) (i € Z) to refer to the question-moves from [var], and ¢ (i € Z) and ok for the
corresponding answers.

[var — 8] — [4] q‘o ~

= ([var] = [81) = 6] ar
= ([var] =1 [8]) —o [5] / | a1

read  write(7)

7 ok

ao

Let us define the S-strategy cellg : [var — ] — [5] as the S-strategy containing all even-
length prefixes of S-plays of the following form (where we use the Kleene star for move
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repetition).

q0 a1 @,0) <read(°"0) 0(0"0)) Write(i)(a’o) ok (1) (read(‘“) i(‘“))

Note that, although the cell strategy is typically non-innocent, it is innocent in our frame-
work, where private variables are explicit in game moves (in their stores).

Example 4.6. Let us consider the prearena [unit — int] — unit, depicted as on the left
below. Had we used sets instead of lists for representing stores, the following “S-strategy”
(right below), which represents incorrect overlap of scopes (o and [ are in scope of one
another, but at the same time have different scopes), would have been valid (and innocent).

d m ;
| @050 ) (@0 (BD) g (@)

q1

q1
N .
i @0).(8.0) Y, (@01 (BD)-, (5.0)

q0 41 1 q1

However, the above is not a valid S-strategy in our language setting. Intuitively, it would
correspond to a term that determines the scope of its variables on the fly, depending on the
value (0 or 1) received after memory allocation.

4.2. Composing S-plays. We next define composition of S-plays, following the approach
of [8,25]. Let us introduce some notation on stores. For a sequence of S-moves s and stores
X, T, we write X[s], X[T'] and ¥ + T for the stores defined by: e[s] = ¢[T] £ ¢, e + T 2T
and

a, T'(a)) = s]) ifs=simTsshNaev v(s
((a,i)::E)[s]é{a’T( ) (S i s = sumTsy Aa € o(T) \ v(s2)

,1) i (X[s]) otherwise
o s ) (@, T()) = (X[T]) ifacv(T)
(e d) =2 2)IT) = { a,i) = (X[T] otherwise

)
a, i) = (X4+T) faé¢v(T)
undefined otherwise

(i) = D)+ T & {

Moreover, we write st(s) for the store of the final S-move in s. For instance, by Prev-PQ
and Prev-PA, if o*p? are consecutive inside an S-play then 7= X[T]\ (X \T) + (T \ X).

It will also be convenient to introduce the following store-constructor. For stores
Eo, El, Zg we define

(X0, X1, 52) 2 So[)\ (1 \ 2a) + (o \ 1)

Considering X'y, X5 as consecutive, the constructor first updates Xy with values from X,
removes those names that have been dropped in Y5 and then adds those that have been
introduced in it.
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Definition 4.7. Let A, B,C be arenas and s € SP4_,p,t € SPp_,c. We say that s,t are
compatible, written s < t, if erase(s) | B = erase(t) | B and v(s) Nv(t) = &. In such a case,
we define their interaction, s||t, and their miz, s-t, recursively as follows,

elle 2 e ceese

smA t T

smy ||t 2 (s t)m’y sn mf(P)-téi)(snT-t,T,Z)

>

sy -t = Zs||t]

smB-th T

sm3 |[tmy £ (s||t)m sn mg( )-th L2 ®(snT 1, T, %)
smg( )-tn mB é ®(s-tn?, T, %)
s||tmg £ (s || t)ymg, srimé setnT mC(P L2 P(s-tn, T, %)

5. tmc 2 3s|t]

where justification pointers in s || ¢ are inherited from s and ¢, and Y is the store of m 4 /C(0)'8
justifier in s || ¢. Note that s«t is the store of the last S-move in s | ¢. The composite of s
and ¢ is
s;t = (s)|t) | AC.
We moreover let
SInt(A,B,C) 2 {s||t|s€ SPa,p At € SPp,cNs =<t}

be the set of S-interaction sequences of A, B,C.
Example 4.8. Let us demonstrate how to compose S-plays from the following strategies:

o2 [F Az =1z +1;lx:var = int] : 1 — ([var] = Z)

T2 [f :var — intF (newxin fz) + newxin fz : int] : (Jvar] = Z) — Z

We depict the two prearenas below (compared to Example [1.5] in the prearena on the right
we have replaced ¢ and a with concrete moves * and i € 7).

*0
\, /

*0 *0

*1 *1
. ™~

S T e
read write(7) read write(7)

| | | |
i ok i ok
The S-strategy o is given by even-length prefixes of S-plays of the form:

0 *(, *1 read ¢ write(i+1) ok read j ji %1 read ¢’ write(i’+1) ok read j"j] ---

where the read’s and write’s point to the last %1 on their left (and each other missing pointer
is assumed to point to the next move on the left). On the other hand, the elements of 7 are
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even-length prefixes of S-plays with the following pattern:
*() *gap) (read(o"o) 0(‘”’0))* write(i) (@9 ok(®?) (read(a’i) i(a’i)>*--- j1(@k)

0 (read(o‘,’o) 0(‘1/’0))* write(i')@"0) ok(@¥) (read(a,’i/) i(a,’i/))*"' 31 G40

Observe that an S-play s € o can only be composed with a ¢t € 7 if it satisfies the read-write
discipline of variables: each read move must be answered by the last write value, apart of
the initial read that should be answered by 0. Moreover, s must feature at most two moves
x1. We therefore consider the following S-plays s =< t.

s = o *(, *1 read 0 write(1) ok read 1 1; *; read O write(1) ok read 1 1,
t = ) %1 (@0) read@®) (-0 write(1)(@9) k(@) read(@1) 11 1, (D)
110 read@ 9 (@0 write(1)@0) ok(®D) read(@1) 101 1, (") 9
By composing, we obtain:
sllt = o ) %1% read(@0) o(@0) write(1)(®9) ok(®1) read(@1) 11 1, (@)
%10 read @ 9) 0(@0) write(1)(@"0) ok(@'1) read(@ 1) 1(@1) 1,(a"1) 9
and s;t = g 2p.
As a side-note, let us observe that, had we considered a slightly different strategy to
compose S-plays from o with:

7 & [f :var = intF newzin fz + fx :int] : ([var] = Z) — Z
we would only be able to compose variants of s and t¢:
s’ = xq *{ *1 read 0 write(1) ok read 1 11 *; read 1 write(2) ok read 2 2;
t' = %l % (@0 read@® (>0 write(1)@? ok(®1) read(@) 1(1) 1, (1)
*1(0{,1) read(avl) 0(a71) erte(2)(a71) Ok(avz) read(avz) 2(&,2) 21(a72) 30
and thus obtain s';t' = *q 3.
Given an interaction sequence u and a move m of u, we call m a generalised P-mowve
if it is a P-move in AB or in BC (by which we mean a P-move in A - B or B — C
respectively). We call m an external O-move if it is an O-move in AC. The notions
of P-view and O-view extend to interaction sequences as follows. Let p be a generalised

P-move and o be an external O-move.

A
To'=o0

(1>

LE] €
A A
Cup™ 1 & Ty p> Luo™ 5 2 Luso”
“ T A
CumT = 0¥ T2 Ty mT o™ cumT T Y 0 2 LuamTp*

Observe that if 4 ends in a P-move in AB (resp. BC') then cuis = 1u [ ABJ (Lu | BC).
We now show that play-composition is well-defined. The result follows from the next two
lemmas. The first one is standard, while the proof of the second one is given in Appendix[Al

Lemma 4.9 (Zipper Lemma [8]). If s € SP4,p, t € SPp,c and s < t then either
s|[B=t=¢ orsendsin A and ¢t in B (with a P-move in BC), or s ends in B (with a
P-move in AB) and t in C, or both s and ¢ end in B (with the same move).
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Lemma 4.10. Suppose s € SP4,p,t € SPp_,c, s <t and p a generalised P-move.

(1) If s ||t = un®p* then v(X\ T)Nv(un?) = 2.

(2) For any «, "s||t7 is in block-form: "s ||t = ujugug where a appears in every move of
ug, a ¢ v(uy) Uv(uz) and if ug # € then its first move introduces « in s || ¢.

(3) Ifs||t= unTp and a € v(T'\ ¥) then «a is closed in un”.

(4) If st =---nT"-.m¥ then T <, X. If m is an answer then ¥ <, T

(5) Iszt:uln p> Uz andaGV(T\E) then o ¢ v(usg).

(6) If s||t = um™ with m an O-move in AC' then, for any a € v(X), the last appearance
of a in uw occurs in AC.

(7) If s||t = um® and s = sm* or t = t/m> then X’ < ¥ and Y[¥'] = ¥. Moreover,
X[st(s)] = X[st(t)] = 2.

(8) If s||t = unTp® then T\ (T'\ X) <, Y and T\ ¥ <, T

Proposition 4.11 (Compositionality). S-play composition is well defined, that is, if s €
SP4_.p,t € SPp_c and s <t then s;t € SP4_¢.

Proof. We need to verify the 5 conditions of Definition Init is straightforward. Just-
P follows from part (d) of the Lemma HI0 Just-O follows directly from the definition
of interaction sequences. Prev-PQ follows from parts (a,c,h) Lemma [£I0l Finally, Val-O
follows from part (f) of Lemma 10l and the definition of interaction sequences. O

4.3. Associativity. We next show that composition of S-plays is associative. We first

extend interactions to triples of S-plays. For s € SPs_,p,t € SPp_c,r € SPc_p with

(s;t) <r, s =< (t;r) and v(s) Nv(r) = &, we define s ||t | r and s-t-r as follows,
ellelle=e €ecee ¢

ete
sm [ t]r & (st rymy" sl mipyeter & ®(sn’ oter, T, 3)
smf(o)-t-réf)[s-t-r]

x !
smB tmg o7

smy || tmy || 2 (s|t|r)m snng(P) -tmg(o) cr 2 ®(sn’ oter, T, Y)
smgéo) -tnng(P) cr 2 ®(setnlor, T, %)
s|ltmE || rmE 2 (s || t] ryms™e” mE T M py 1m0y 2 B(setn” o1, T, X))

(
s-th(O) rnTmC(P L P(s-t-rn?, T, %)
(

P
sltlrmp 2 (s|t]rymsy "D st meD(P

||>

Sete rmD(O

where X is the store of the move justifying mf(o) and m?, D(O) respectively.
The next lemma proves a form of associativity in ® that will be used in the proof of
the next proposition. Its proof is delegated to Appendix [Al

Lemma 4.12. Let Xy, X5, X3, X4, X5 be stores such that, for any «,
(1) acev(Xs\ Xy) = ad¢v(X))Ur(X) Ur(Xs),

(2) acv(X)Nu(Xy) = acv(Xy).

Then, ®(X1, Yo, (X3, Xy, X5)) = B(P(X1, X2, X3), X, Xs).
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Proposition 4.13 (Associativity). If s1 € SPa,4,,520 € SPa, 4, and s3 € SP A, 4,
with s1; 89 < s3 and s1 < ss; s3 then:
e (s1352);83 = (51 52 53) [ ArAs = s1; (525 83),
o P((s1;89)+53,5t(s1;82),81°82) = S1+82+53 = ®(s1+(52;3),st(s2;53),52+53).
Proof. By induction on |s1 || s2 || s3|. The base case is trivial. We examine the following
inductive cases; the rest are similar.

H .
— (slmfl;SQ);s;), = ((31;32);33)771% = (s1|s2 || s;;)mf; I A1 Ay with X = (slmfl;SQ)-s;),.
Moreover, as st(slmfl; S9) = slmil - 59 and using Lemma ET0(g),

®((s1;59m7,); 83, 5t(s1m%,; 82), s1mY, +82) = X[sym, - s0) = X\

We still need to show that X/ = 31m§1 «s9+53. If my, is an O-move this is straightforward.
If a P-move and, say, s; = sjn’ then X’ = ®((s1;52)+s3,5t(s1;52), ®(51+52,T, %)) and
31m§1 +59+83 = P(s1+592+53,T,%) H P (P((s1;52)+53,st(s1;82),81+82),T,%). These are
equal since they satisfy the hypotheses of Lemma [4.12] Moreover,

H
s1my s (sa583) = (515 (s2383))m%. = (s1] s2 || s3)m%, | A1y

with £ = sym «(s2;s3). Note that st(s;s3) = s2+s3, so it suffices to show that X" =
31m§1 +59+53. If my, an O-move then this is straightforward, otherwise

X' = ®(s1+(s2;83), T, %) & P(s1+59+83,T,%) = slmfl ©59+53.

IH
— (s1mil;som2)iss = (s1;0);s3 = (s1ls2lls3) [ AvAs = (symig} || sam? || s3) | A1y

Assume WLOG that m 4, is a P-move in Aj Ag, so st(sg; s3) = s2+s3, and suppose 51 = s’lnT.

Then,
@((slmi;; 32m§§) .53, st(slmi; : Szmij), slmfé . szm%)
= ®((s1;82)+3,st(s1;52), ®(s1+52, T, 21))
IH

Slmfé -ngfj e53 = P(s189+53, T, 21) = ®(P((s1;52)«83,5t(s1;52),81+52), T, X1)

and equality follows from Lemma [£.121 Moreover,
3 Xa. Xa. Yo _ 3 Xa. Yo
P(s1miy) « (s2my2; 83),st(s2miyl; s3), samiy? « s3) = (s1my) + (82475 83))[s2m,7 * 53]

Im.[ATI0(g)
= Slmi;'(SQmiz;Sg) = B(s1+(52;83), T, 21)

H
Slmfé -ngfj e83 = P(s189+83, T, 21) = ®(P(s1+(82;83),5t(s2;53),82+53), T, X1)

— B((s1 (59 53))[s0+ 53], T, 1) "8 B« (591 85), T, 21)

as required. ]



BLOCK STRUCTURE VS SCOPE EXTRUSION 17

4.4. The categories S and S;j,,. We next show that S-strategies and arenas form a cate-
gory, which we call S, while innocent S-strategies form a wide subcategory of S. We start
this section with a lemma on strong nominal sets. Recall that, for a nominal set X and
z,7 € X, we write x ~ 2’ if there exists a permutation 7 such that z = 7 - 2/.

Lemma 4.14 (Strong Support Lemma [25]). Let X be a strong nominal set and let
TiyYiy %4 S X with V(yl) N V(Zi) g V(xi)7 fOI' 1= 172 Then7 (‘Tlayl) ~ (3327?42) and
(1, 21) ~ (22, 22) imply (21,91, 21) ~ (2,72, 22). O

We proceed to show compositionality of S-strategies. The interaction of S-strategies
0:A— Band 7:B — C is defined by:

ot {s||t|s€conteTAs=t}
First, some lemmas for determinacy.

Lemma 4.15. If s; || t1, 50|/ t2 € SInt(A, B,C) then s;||t; = sa ||tz implies s; = s2 and
t1 = to. Consequently, if sq || t] ~ sg || t2 then (s1,t1) ~ (s2,t2).

Proof. The former part of the claim is shown by straightforward induction on the length
of the interactions. For the latter part, if sq||t1 ~ so| t2 then there is some 7 such that
s1||t1 =m-(sa]|te) = (m - s2)||(7 - t2). Hence, by the former part, (s1,t1) = (7 - s9,7 - t2),
from which we obtain (s1,t1) ~ (s2,t2). Il

Lemma 4.16. If 0 : A — B, 7: B — C are S-strategies and uymy*, ugmy> € o || 7 then
u1 ~ ug and my a generalised P-move imply ulmlz L u2m222.

Proof. Let us assume that ulmfl = s;|[ti = (sh]t) mZEZ Then, by the previous lemma,

(s),th) ~ (sh,t5). If, say, my is a P-move in AB then my is also a P-move in AB and s ~ sg,
by Zipper Lemma and determinacy of o, so (s}, mfl) ~ (sh, mQEQ), where s; = ngZE’ Since
v(t))nN I/(mZEZ) = @, we can apply the Strong Support Lemma to obtain ulmlz1 ~ U2m222.D

Lemma 4.17. Let 0 : A — B, 7 : B — C be S-strategies and u1,ug € o || 7 with |u;| < |ug].
Then, u; [ AC = uy [ AC implies u; ~C,, us.

Proof. By induction on |uj|. The base case is trivial. Now suppose u; = u’lmlzl, and let
ug = uhul with ufy, being the greatest prefix of ug such that v} [ AC = u}, | AC. Then, by
IH, v} ~C, ufy. If my a generalised P-move then, by previous lemma, u; ~C, ug. If m; an
external O-move then v ends in a P-move in AC and, by u| [ AC =), | AC and Zipper
Lemma, v}, must end in the same move. Thus, u; [ AC ~ uy | AC implies u3 ~Cp ug. [

Now some lemmas for innocence. We say that a move m in an interaction sequence
s € SInt(A, B,C) is a generalised O-move if it is an O-move in AB or BC.

Lemma 4.18. If 51,50 € SPa_,p, t1,t2 € SPp_,c and s; || t; end in a generalised O-move
in component X,

(1) if X = AB then '_(81 ” tl) f AB = '—(82 H tg) f AB7 — '_81—| = '_82—',

(2) if X = BC then '—(81 H tl) f BC = '—(82 H tg) f BC" — '_tl—' = '_tg—'.

Proof. We show (a) by induction on |s1| > 1, and (b) is proved similarly. The base case is
obvious. If s; = sin’ts{m™>! with m an O-move in AB justified by n then sy = shn’2sym>2
and, by TH, 7|7 = "s,7. We need to show that T3 = T5 and X} = Y, while we know that
the stores of the corresponding moves in s; || t; are equal, say X] = X} and T = T5. We
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have that 7] = ®(st((s; || ti)<nTz{)’ st(s}),T;), hence T} \ st(s}) = To \ st(sh). By IH we have
that st(s)) = st(s}), soif @ € v(T1)Nv(st(s))) then, by LemmaLI0(g), o € v(T7) N (st(s)))
so o € v(Ty)Nu(st(sh)), .. o € v(Ta) N (st(sh)), and viceversa. Moreover, T;(a) = T/ () for
each such «, thus 7} = T,. This also implies that v(X) = v(X5) and so, by Lemma [£.10(g),
Y= 2. L]

Lemma 4.19. If 0 : A — B, 7: B — C are innocent S-strategies then, if uym*>',us € o|| 7
with u; ending in a generalised O-move and "uy ' ~ "uy ' then there exists ugm>2 € o |k
such that Tuym1 7 ~ Tugm27.

Proof. Suppose u; ends in an O-move in A—the other cases are shown similarly. Then,
uym> = sym>1 || t1 and ug = sg ||ty for some relevant S-plays of o, 7. Moreover, "u;

Tug 7 implies, by Lemmal I8, that "s; 7 ~ "sy 7 and thus, by innocence, there exists som>2 €
o such that s;m>1 ~ sym>2. In fact, we can pick a X! such that som>2 =< to. Let
som>2 ||ty = upm™? € o || 7. We have that (Tu;”,"s17) ~ (Tup 7, s27) and ("s;7,m>1) ~
(Ts37,m>2) and, moreover, v("u; 1) N I/(m z) Cv("s; ") for ¢ = 1,2 thus, by Strong Support
Lemma, (Tu;™, I—31—',77121) ~ (’_u{', sy l,m ) This implies that Tu;m>1 7 ~ Tugm>27. [J

Lemma 4.20. Let 0 : A — B, 7 : B — C be innocent S-strategies and let uj,us € o || 7
with ["u1 7] < |Tug7|. Then, "u; [ AC™ ="Tuy [ AC™ implies "uy ' ~C) Tug ™.

Proof. Let us write u; for s;||t;. We argue by induction on |"u;7| + |Tug”|. The base
cases are obvious. Now let u; = u{m>! with m a B-move. We have that |u}| < |uz| and
Tuf | ACT = Tug [ AC™ so, by IH, "uj™ ~C, "us™. In particular, ug = u’2m222 " with

[Py

. b5/ . =
ub '~ "u) 7 so, by Lemma FL.T9] there exists ubmi? € o|| 7 with "u; ™ ~ Tufym]?7. Using
El
Lemma EI6], "ub my? ~ Tubmy? ~ Tuy .

The case of m being a P-move in AC is proved along the same lines. On the other hand,

if m is an O-move in AC justified by n then u; = ’U17”LTU m* and uy = vgnTU’ mEvg and,
by IH, "o1n™7 = 7 Twuen 7. In particular, = fixes dom (T') and therefore 7 - mE = m?>,
vlnT_'mE =7 - (Twen® 'm*>). O

Proposition 4.21. If 06 : A - B, 7 : B — C are S-strategies then o;7 : A — C is an
S-strategy. If o and 7 are innocent, so is o; 7.

Proof. Prefix closure and nominal closure are easy to establish by noting that they hold at
the level of interactions, for o || 7. For O-closure, suppose v € ;7 and vm* € SP4_.c with,
say, m an O-move in A. Then, v = s;t for some s € o, t € 7 with s ending in a P-move in
A. Moreover, we can construct a (unique) store X’ such that sm> € SPa_,p, by means of
the O-Just and O-Val conditions. Thus, sm* € o and vm® € o;7.

For determinacy, suppose even-length vmiEi € o;7 and vmiEi = s;;t; with s;,t; not both
ending in B, for i = 1,2. Let SZHtl = (s ’||t’) ~i and suppose WLOG that |s] ||| <
|sh || 5] Then by Lemmam sh |ty ~C, sb || th and therefore, by LemmalLT0] sq || t1 ~C,
s || t2. Tn particular, vmi" ~ vms>2.

For innocence, let fulmlzl,vg e o; 7 with "v; "= "Tvy ! being of odd length, and Ulmlzl,UQ €
o || 7 such that fulmlz1 = ulml [ AC, va = up | AC. By LemmalL.20)] either "us ' ~C)p "uy ™
or "up ' ~Cp, Tug M and Tuy T ¢ Tug ™. In the latter case, by Lemmata .19 and .16l we obtain
rulmlzl_' ~LC, Tug, contradicting "vy ' = "wp . In the former case, let us assume usy is of
maximum length such that ug | AC = vy and [Tug | < |"wy7|. Then, by Lemma [A.19]
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there exists U2m222 € o || 7 such that either rumez_' ~C, "y ' or rumez_' ~ '_ulmlzl_'.
The former case contradicts maximality of ug, while the latter implies vngEQ € o;7 and

X X
'_Ulml 17 rv2m2 27, H

We proceed to construct a category of arenas and S-strategies. For each arena A, the
identity S-strategy id4 : A — A is the copycat S-strategy:

ida={s€8SPs,a |3 sC,s’ANs' A =5TA}
where by A; and A, we denote the LHS and RHS arena A of A — A respectively.

Proposition 4.22. Let 0; : A; — A;;1 for i = 1,2,3. Then, oy;ida,,, = ida,;0; = 0; and
o1; (025 03) = (01;02); 03.

Proof. Composition with identities is standard. For associativity, if s1; (s2;83) € 01; (02; 03)
then there are s; ~ s; such that v(sj) N (¥(si,) U v(siy) Uw(s),) Uw(s;,)) = @, for
any distinct 4q,49,73. These S-plays satisfy the hypotheses of Proposition £I3], hence
shi(shy sh) = (s);85); 85 € (01;02);03. Moreover, since v(sg,sh) Nv(ss,s) = &, s; ~ s
imply (s2,s3) ~ (sh, s5) and therefore so;s3 ~ sh;s5. Since v(sq,s)) Nv(se;s3, sh;s5) = 0,
we have s1;(s2;83) ~ s);(sh; sh), hence s1;(s2;53) € (01;02);03. Other direction proved
dually. L]

We can now define our categories of games with stores. In the following definition we
also make use of the observation that identity S-strategies are innocent.

Definition 4.23. Let S be the category whose objects are arenas and, for each pair of
arenas A, B, the morphisms are given by S(A,B) = {0 : A — B | 0 an S-strategy }. Let
Sinn be the wide subcategory of S of innocent S-strategies.

4.5. The model of IA,,. We next construct the model of 1Az, in Siyn. An innocent
S-strategy o is specified by its view-function, viewf (o), defined as follows.

viewf(o) £ {757 | s € 0 Aeven(|s|) As # €}
Conversely, a preplay is defined exactly like a (non-empty) S-play only that it does not
necessarily satisfy the Val-O condition. Let us write PP 4 for the set of preplays of A.
Obviously, SP4 € PP 4. Moreover, if s € SP 4 then "s' € PP 4.

For instance, the cell strategy of Example can be described as the least innocent
S-strategy whose view-function contains the following preplays.

g0 o @ 0y (@) g QOK\qlmad(a’l) i) QOK\qlme(j)(a’l) ok(7)

We next make formal the connection between view-functions and innocent S-strategies.
A view-function f on A is a subset of PP 4 satisfying:

o If s € f then |s| is even and "s™ = s. (View)

o If sn”m* € f and s # € then s € f. (Even-Prefiz Closure)

o If s ~s e fthen s € f. (Nominal Closure)

o If smy', smy” € f then smy' ~ smy2. (Determinacy)
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From a view-function f we can derive an innocent S-strategy strat(f) by the following
procedure. We set strat(f) = | J.., strat;(f), where

f
f

(IS
2 {sm* € SP4 | s € straty(f)}
2 {sm* € SP4 | s € stratgi 1 (f) ATsm> 7 € f}

strat2i+1( )
strat2i+2( )
and strato(f) £ {e}.

Lemma 4.24. If o, f are an innocent S-strategy and a view-function respectively then
viewf (o), strat(o) are a view-function and an innocent S-strategy respectively. Moreover,
strat(viewf (o)) = o and viewf(strat(f)) = f. O

We can show that Sy, exhibits the same kind of categorical structure as that obtained
in [§] (in the context of call-by-value PCF), which can be employed to model call-by-value
higher-order computation with recursion. In particular, let us call an S-strategy o : A — B
total if for all 14 € I there is iqip € 0. We write ann for the wide subcategory of Sinn
containing total innocent S-strategies.

For innocent S-strategies 0 : A — B and 7: A — C, we define their left pairing to be
(o, 7); = strat(f), where f is the view-function:

f = {s€PPy,pgc | s€viewf(o) AN s (BRC)=c¢}
U{ias182 € PPaopgc | Jip.iasiip € viewf(o) A ig89 € viewf(7) }
U{iasis2(ip,ic)s € PPApac | iasiips € viewf(o) A igs2ic € viewf(T) }
U{iasis2(ip,ic)s € PPapec | iasiip € viewf(o) A igsqics € viewf(T) }
We can show that left pairing yields a product in S, with the usual projections:
m:ARB > A={s€ SPagpsal|l|s| <1}U{(ia,iB)ias € SPagp—a | iaias €ida}
and dually for m9. Moreover, for every A, B, C, there is a bijection
A:Sum(A® B,C) S 8L (A, B=C)
natural in A, C. In particular, for each innocent 0 : A ® B — C, A(o) = strat(f), where
f={iaxips € PPop=c | (ia,ip)s € viewf(o) } .
The inverse of A is defined is an analogous manner. We set evy p = A=Y (ida=p).
Thus, the functional part of IAc,, can be interpreted in S;n, using the same constructions
as in [8]. Assignment, dereferencing and mkvar can in turn be modelled using the relevant

(store-free) innocent strategies of [2]. Finally, the denotation of new xin M is obtained by
using cellg of Example Let us write [ - -Js for the resultant semantic map.

Proposition 4.25. For any |Ag,,-term I' = M : 6, [I'F M : 0]s is an innocent S-strategy.
Proof. We present here the (inductive) constructions pertaining to variables,

o [CFnewzinM : 8]s = [[] 225 rar] = 18] <2 19]

o [T M:=N : unit]g = [r] sm2Nsh, 7 1y gz %1

e [PHIM:intls=[] 2™ 1 722 15201 %7

e [I' = mkvar(M,N) : var]s = [I] (s [NIsh, [var]

and refer to [8] for the functional constructions and the treatment of fixpoints. []
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Our model of |Aq,y, based on innocent S-strategies, is closely related to one based on
knowing strategies. First observe that by erasing storage annotations in an innocent S-
strategy o one obtains a knowing strategy (determinacy follows from the fact that stores
in O-moves are uniquely determined). We shall refer to that knowing strategy by erase(o).
Next note that the (simpler) fully abstract model of RML from [2], based on knowing
strategies, also yields a model of |A,,. Let us write [- - -] for this knowing-strategy semantics
(cast in the Honda-Yoshida setting). Then we have:

Lemma 4.26. For any IAp,-term ' M : 0, [I' = M : 0] = erase([T' - M : 0]g).

4.6. Block-innocent strategies.

Definition 4.27. A (knowing) strategy o : A is block-innocent if o = erase(c’) for some
innocent S-strategy o’.

Example 4.28. Let us revisit the two plays from the Introduction. The first one indeed
comes from an innocent S-strategy (we reveal the stores below).

g g@0 @) @) Ny @) g(e?) a’q/()\q 0

For the second one to become innocent (in the setting with stores), a store with variable «,
say, would need to be introduced in the second move, to justify the different responses in
moves 4 and 6. Then o must also occur in the seventh move by JusT-O, but it must not
occur in the eighth move by JusT-P (the PA clause). Hence, it will not be present in the
ninth move by JusT-O. Consequently, the last move is bound to break either PREV-PQ(a)
(if it contains «) or JusT-P (if it does not).

q qam a?

1 2 3 4 5 6 7 8 9 10

The knowledge that strategies determined by A, are block-innocent will be crucial in es-
tablishing a series of results in the following sections, where we shall galvanise the correspon-
dence by investigating full abstraction (Corollary [6.3]) and universality (Proposition [5.7)).

5. FINITARY DEFINABILITY AND UNIVERSALITY

In this section we demonstrate that the game model of [A,, is complete when restricted to
finitary or recursively presentable innocent S-strategies. That is, every appropriately typed
strategy of that kind is the denotation of some IAc,, term. Although finitary innocent S-
strategies are subsumed by recursively presentable ones, the method of proving completeness
in the latter case is much more involved and we therefore prove the two results separately.
The two completeness results are called finitary definability and universality respectively.
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5.1. Finitary definability. We first formulate a decomposition lemma for innocent S-
strategies which subsequently allows us to show the two results. The decomposition of
innocent S-strategies follows the argument for call-by-value PCF [8] except for the case
in which the strategy replies to Opponent’s (unique) initial move with a question that
introduces a new name (case 8 in the lemma below). Let us examine this case more closely,
assuming « to be the first variable from the non-empty store. In order to decompose the
S-strategy, say o, consider any P-view s in which a occurs in the second move g;=. It turns
out that s must be of the form ¢ ¢>s,s’, where a move m* from s contains « if, and only
if, it is qfa or in s,. In addition, no justification pointers connect s’ to qfa Sa, because
of the (Just-0) and (Close) conditions. This separation can be applied to decompose the
view-function of o. The s, segments, put together as a single S-strategy, can subsequently
be dealt with in the style of factorisation arguments, which remove « from moves at the
cost of an additional var-component. Finally, to relate s,’s to the suitable s’ one can use
numerical codes for ¢5s,. These ideas lie at the heart of the following result.

We fix a generic notation [_] for coding functions from enumerable sets to w. For
example, [i,j| encodes the pair (i, j) as a number. There is an inherent abuse of notation in
our coding notation which, nevertheless, we overlook for typographical economy. Moreover,
we denote sequences 01, - -- ,0, (where n may be left implicit) as §. In such cases, we may

write ég (i < j) for subsequences 6;, 6,41, ,0;.
Lemma 5.1 (Decomposition Lemma (DL)). Let 61,...,0,,,0 be types of lAg,. Each
innocent S-strategy o : [01] ® - -+ ® [0n] — [0] can be decomposed as follows.

1. If 04,...,0,, = glm ,int,§$+2 with none of 61,..., 60, being int then:
o ={(F" i, Tpii0) s | (F{", Qo) s € i)
- =~ id@iRid mm' - o
where 7 £ [0 ] [ o] = [0 [ © 2@ [B045] > [4]

e If none of #4,...,6,, is int then one of the following is the case.
— %a € o0, in which case either:

2. 0 = unit and o = [0] N} (the unique total S-strategy into 1),
3. §=int,i € Z and o = [0] - Z (the unique total S-strategy into Z playing i),
4. § = var and o = (01, 09) where 0; 2 o;7;,
5.5 =06 — 06" and 0 = A(0’) where o/ = A~(0), that is:
o 0] ® [6] — [6"] £ strat{(*,qs') s | Faqs's € viewf(o)}
6. ¥q € o with ¢ played in some 6; = var, in which case o = ¢’ where
o [0, Telnle(l=2)0Z=1)— [
is obtained from ¢ by simply internally permuting and re-associating its initial moves.

7. ¥q € o with ¢ played in some 6; = 6] — 6/, in which case

= (A(o”),m1,07) id®ev; ev
o = [0] ———— ([6/1 = [d]) ® ([6:] = [67])  [6] —— [4]
where, taking a to be ¢ (seen as an answer):
o 0] — [0]] £ strat({¥a} U {¥aq]s | ¥qq]s € viewf(c) A q] € M[[gl/]]})

" [0] @ [0]] — [0] £ strat{(*,q)s | ¥qa]'s € viewf(c) A q] = a
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8. ¥¢~ € o with dom (X) = a---, in which case

o = [6] 2, (fvar] - 2) 2 [6] <% z © [7] < [4]
where:
o [var] ® [0] — Z £ strat( {ip(smT) | smT € viewf(o) A a € v(T)}
U{(s)[s] | sm” € viewf(o) Aa € v(st(s) \ T)})
(0@ T g) £ oTread” i h(s)
Y(p' T s) £ write(i)T ok pTi(s)
" Z.® [0] — [0] & strat{([s],%) mTt | smTt € viewf(c) A € v(st(s) \ T)}

Proof. Cases 1-T are the standard ones that also occur for call-by-value PCF [8]. Case 8
is the most interesting one. Here we exploit the fact that, once « occurs in the second
move of a P-view, it appears continuously (in the P-view) until it is dropped by Proponent.
Moreover, after o has been dropped, no move will ever have a justification pointer to a
move containing « (because of Just-O and Close). The o’ strategy tracks the behaviour of
o until « is dropped, at which point it returns the code of the current P-view. ¢” in turn
will take a code of such a P-view and will continue the play, as o would. Additionally, « is
factored out in o’ through an extra [var] arena, as in the factorisation argument of [3]. []

Definition 5.2. We call an innocent S-strategy o finitary if its view-function is finite
modulo name-permutation, that is, if the set

O(viewf(o)) ={{m-s | m € PERM} | s € viewf(s) }

is finite. Accordingly, we call a block-innocent strategy finitary if the underlying innocent
S-strategy is finitary.

Proposition 5.3 (Finitary definability). Let 61, ...,0,,, 0 be types of |A,,. For any finitary
innocent S-strategy o : [61]®- - -®[0,,] — [J] there exists aterm zq : 61,..., 2y, : O B M : 5
such that o =[xy : 01,..., 20 : O E M]s.

Proof. We rely on the decomposition lemma to reduce the suitably calculated size of the
strategy. The right measure is obtained by combining the size of the view-function quo-
tiented by name-permutation and the maximum number of names occurring in a single
P-view. It then suffices to establish that in each case the reconstruction of the original
strategy can be supported by the syntax. For the first seven cases we can proceed as
in [§]. For the eighth case, let y:var,I' b M’ :int and = :int,[' = M” : ¢ be the terms
obtained by IH for ¢’ and ¢” respectively. Then, in order to account for o, one can take
let x = (newyin M’) in M". O

5.2. Universality. We now proceed with the universality result. In the rest of this section
we closely follow the presentation of [I]; the reader is referred thereto for a more detailed ex-
position of the background material. Let us fix an enumeration of partial recursive functions
such that ¢, is the n-th partial recursive function.

The universality result concerns innocent S-strategies. Recall that S-strategies and their
view-functions are saturated under name-permutations and, in fact, view-functions only
become functions after nominal quotienting. To represent them we introduce an encoding
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scheme that is not dependent on names. Let us define a function eff which converts S-plays
to plays in which moves are attached with lists of integers:

eff(s0™) £ eff(s)0™(>) | eff(sm™pT) £ eff(sm™)p2(THIT\T

Thus, from an O-move o> we only keep the values stored in X, whereas in a P-move p’

we keep the values of T" and a number indicating how many of the names of T" are freshly
introduced. Because of the conditions on stores that S-plays satisfy, eff maps two S-plays to
the same encoding if, and only if, they are nominally equivalent. In the sequel we assume
that S-plays are given using the encoding above.

For the rest of the section we assume that PP 4 is recursively enumerable, which is
clearly the case for denotable prearenas.

Definition 5.4. A subset of PP, (for instance, a strategy or a view-function) will be
called recursively presentable if it is a recursively enumerable subset of PP 4. A block-
innocent strategy will be called recursively presentable if the underlying innocent S-strategy
is recursively presentable.

It follows that an innocent S-strategy o is recursively presentable if, and only if, its
view-function is. We therefore encode an innocent S-strategy o by [o], where the latter
is the index n such that viewf(o) = ¢, (with ¢, seen as a partial function from codes of
P-views of S-plays to codes of P-moves).

We want to show that any recursively presentable innocent S-strategy is definable by
an lAcpy-term. The result will be proved by constructing a term that accepts the code of
a given strategy, examines its initial behaviour, mimics it and, after a subsequent O-move,
is ready to explore the relevant component of the decomposition. Observe that if we start
from a strategy on [0y, - ,0 - 6] the decomposition will lead us to consider strategies on
[67,--- .0, - 0], where each 0, (as well as ¢) is a subtype of some 6; or §. Since the given
strategy will in general be infinite, repeated applications of the Decomposition Lemma will
mean that [ is unbounded. To keep track of the current component we will thus need to
be able to represent unbounded lists of variables whose types are subtypes of 8,--- , 0%, 6.
This issue is tackled next.

List contexts. We say that a set of types T is closed if whenever § € T and § is a
subtype of € then § € T. For the rest of this section let us fix a closed finite set of types
T and an ordering of T, say T = Ty, T1,...,T,, such that Ty = unit, T} = int, T, = var,
T3 = unit — int and Ty = int — unit.

For each i, we encode lists of type T; as products int X (int — T;). In particular, we use
the notation

z: List(T;),THFM: 6
as a shorthand for
Zvintg, 2B iint > T, T M6

Thus, z” represents the length of the represented list. For each 1 < i < 2z, the value of the
i-th element in the list is represented by z%i. The list can be shortened by simply ‘reducing’
zl'. For example, for a term z : List(T};), T' = M : § we can form

z: List(T;), Tk let 22 = 2F—1in M : 6.

Note that, although the notation seems to suggest differently, the above is unrelated to
variable assignment: it stands for (Az".M)(zl'—1). A finer removal of a list element is
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executed as follows. For a term z : List(T;), ' - M : 0 and an index j, we define the term
z : List(T;), I' - remove (z,7) in M :§
to be
z: List(Ty), T F (A2 AR M) (2F=1) (M. if 2 < jthen 2Tz else 27 (x41)) : 6.
A list can be extended as follows. For terms z : List(T;), I' = M : 6, N : T; and an index j
we define the term
z: List(T;), I' Finsert (z,7,N) in M : 6
to be:
z: List(T;), T F (AP AR M) (22 +1) (. if o < jthen 2Bz elseif z = jthen N else 2% (z—1)) : §
Let us use the shorthands
let z =cons N z in M let 2 =snocz N in M

for insert (z,1, N) in M and insert (z,zr+1, N) in M respectively (that is, Hextend inserts
at the head of lists and Textend at the tail).
We can define an (effective) indexing function indx which, for any sequence (possibly

with repetitions) 6,...,60,, of types from T, returns a pair of numbers (i,7) such that
0., = T; and there are j occurrences of T; in 01,...,0,.
Suppose now we have such a sequence 6 and a term zq : List(Tp), 21 : List(T1), ..., 2, :

List(7},) = M : 6. We can de-index M with respect to 0, obtaining the term 1 : 01, ..., 2y, :
0., | deindx M : 6§, defined as

deindx M = let z = L in (let z;,, = consxy, 2, in (... (let 2, = consxy 2, in M))),
where
let z=Lin N 2let 25 =028 = z.Qin (... (let 22 = 0,22 = \z.Q in N))

and, for each 1 < ¢ < m, 6; = Tj,. Note that the extensions above are executed from left to
right so, in particular, z1 will be related to zllf 1.

Universal terms. Given a closed set of types T, the way we prove universality is by
constructing for each 0 € T a wniversal term zy : List(Tp), ..., 2y, : List(T,) = Fy5 : int = §
such that, for every sequence 61, ...,60,, from T and recursively presentable S-strategy o :
[1] @ - @ [6m] — 9],
o = [deindx (Fs[o])]s -

We first need to make sure that we can move inside the Decomposition Lemma effectively,
i.e. that the passage from the code of the original strategy to the code of the components
is effective and that the case which applies can also be computed from the index of the
original strategy. Here is such a recursive version of the Decomposition Lemma (for types
inT).
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Lemma 5.5. There are partial recursive functions
DH:w—wand B:wXw—w
such that, for any 61,...,60,,,0 € T and recursively presentable S-strategy o : [01] ® -+ ®
[0m] — [4],
i if o falls within the i-th case of DL
Dlo] = .
1 otherwise

[1:] if o and 7; are related as in first case of DL

B([O:IJ) = {

L otherwise

i if 0,7 are related as in third case of DL

[[o1], [o2]] if 0,01, 09 are related as in fourth case of DL

[o'] if 0,0’ are related as in fifth case of DL
Hio] = [i, [0]] if 0,[6,], 0" are related as in sixth case of DL

and indx(0y, ...,0;) = (2,1)

[i1,12, [0"],[6"]] if o,[6)],0", 0" are related as in seventh case of DL
and indx(01, ..., 6;) = (i1,1i2)

[To'], [e"]] if 0,0', 0" are related as in eighth case of DL

Proof. We assume that the type of o is represented in [o] and can be effectively decoded by
D, B and H. D[o] returns 1 if any of the 6;’s is int, otherwise it applies ¢, to the unique
initial move of [f] and returns the number corresponding to the result. For B, given [o],1,
membership in 7; is checked as follows. For any (P-view) S-play s, we add 4 to its initial
move and check whether the resulting S-play is a member of o. Thus we obtain ¢,, such
that s — ¢y (s, [o],4) is the characteristic function of 7;. By an application of the S-m-n
theorem we obtain [7;]. For H we argue along the same lines. L]

Since (call-by-value) PCF is Turing complete, there are closed PCF-terms D,H :int—
int and B : int — int — int that represent each of the above functions with plays of
the form gxn f(n) or gxm=n f(m,n). The terms will be used inside the universal term,
which will be constructed by mutual recursion (there are standard techniques to recast such
definitions in PCF). Let us write § = Ty) — 1) whenever 0 € T is of arrow type (so
Lr:T —{0,...,n}).
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Definition 5.6. For each § € T' we define terms
2o : List(Tp), ..., 2zn : List(T,) F Fs : int — &
by mutual recursion as follows.
Fs 2 MEMif 2F £ 0 then let 2 = 251 in remove (21,1) in F5(Bkz)
else case (D k) of

2 : skip

3: Hk

4: let ki, ko] = Hk in mkvar(Funit—int k1, Fint—unit k2)
5: Aylio) et 21(5) = snoc zy(5) Y in Fr, 5 (H k)

6: let [i,k] = Hk in

let z3 = snoc z3 Azt 1(28%) in
let 2z = snoc z4 Az'™. (24%) := 1z in remove (zy,7) in F5k
7 let fil,ig,kl,kﬂ = HFk in case 11 of
1: ...

7o let Zp(T;) = SNOC Zp(Ty) (sz i2)(Fﬂ(Tj)k1) in Fsko

n: ...
8: let [ki, ko] = Hk in
let z; = cons (new xinlet z4 = consx z4 in Fint k1) 21 in Fs ko

otherwise :

The construction of Fj follows closely the decomposition of o according to the Decomposi-
tion Lemma. In particular, on receiving [o], the term decides, using the functions B and
D of Lemma 5.5 to which branch of DL o can be matched. Some branches decompose o
into further strategies, in which case Fy will recursively call some Fj to simulate the rest
of the strategy. The use of lists in contexts guarantees that such a call is indeed recursive:
F is only parameterised by the output type &, and each such ¢’ is in T

Proposition 5.7 (Universality). For every 6i,...,60,,,0 € T and recursively presentable
innocent S-strategy o : [61] ® - ® [0pn] — [0], o = [deindx (F5[o])]s -
Proof. Suppose Fjs receives [o] in its input k, where o : [61] ® -+ ® [0,,] — [6]. Then
if 2L £ 0 then let 2 = 21 in remove (21,1) in F3(Bkx)

recognizes the first branch of the DL. Recall that 77 = int, so z; : List(int), and therefore
zlL # 0 holds iff there is some 6; = int. If this is so, then Fj needs to return a term
corresponding to the strategy instantiated with the leftmost element in the list 2;. This is
achieved by first applying B to k, (21*1) to obtain [7;] and applying Fj to it.

If £ = 0, Fs will call D on [0, which will return the number of the case from DL (2-8)

that applies to o. Subsequently, Fs will proceed to a case analysis. Below we examine two
cases in detail.
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5: 0 is the currying of o/, so Fj should return ‘Ay. F'[¢o'(y)]". Now, o' is I, [o'], ie.
Fr,, 6)(ﬁ k), where 6 = Tys) = T,.5). In order to preserve typability, we need to add

the abstracted variable to the context of Fr, (fl k), which is what Textend z;(5) withy
achieves.

8: o introduces some fresh name and decomposes to ¢’,¢” as in the Decomposition Lemma.
Hence, Fs should return ‘let y = (new zin F'[o’(x)]) in F[o”(y)]’, which is exactly what
the code achieves.

The other cases are similar. ]

Remark 5.8. It is worth noting that the universality result for innocent S-strategies implies
an analogous result for innocent strategies and PCF. Thanks to call-by-value, the result is
actually sharper than the universality results of [Il, [10], which had to be proved “up to
observational equivalence”. This was due to the fact that partial recursive functions could
not always be represented in the canonical way (i.e. by terms for which the corresponding
strategy contained plays of the form ggn f(n)). This is no longer the case under the call-
by-value regime, where each partially recursive function f can be coded by a term whose
denotation will be the strategy based on plays of the shape n f(n).

6. FROM OMNISCIENCE TO INNOCENCE

In Section @ we introduced the three languages: PCF', IAg, and RML, interpreted re-
spectively by innocent, block-innocent and knowing strategies. Let A be a prearena. We
write Z4, B4 and K4 for the corresponding classes of (store-free) strategies in A. Obvi-
ously, Ty C By C 4. Next we shall study type-theoretic conditions under which one kind
of strategy collapses to another. Thanks to universality results, this corresponds to the
existence of an equivalent program in a weaker language.

Theorem 6.1. Let A= [61,--- ,0, -6 —0']. Then B4 C Ka.

Proof. Observe that there exist moves qg, ag, q1,a1 such that gy Fa a9 F4 g1 F4 a1 and
consider o = { €, qoap, goapqia1 }, i.e. o has no response at gpapqiaiqi. Then o € Ky \
Ba. It is worth remarking that a strategy of the above kind denotes the RML-term F
let v = ref in Az""t.(if lvthen Qelse v := v + 1) : unit — unit. O

Theorem [6.1] confirms that, in general, block structure restricts expressivity. However,
the next result shows this not to be the case for open terms of base type.

Theorem 6.2. Let A=[01,--- ,0, B]. Then By = K4.

Proof. Observe that any knowing strategy for A becomes block-innocent if in the second-
move P introduces a store with one variable that keeps track of the history of play (this
is reminiscent of the factorization arguments in game semantics). The variable should be
removed from the store by P only when he plays an answer to the initial question. L]
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By universality, we can conclude that each RML-term of base type is equivalent to an
IAcpy-term. Since contexts used for testing equivalence are exactly of this kind, we obtain the
following corollaries. The first one amounts to saying that RML is a conservative extension
of 1Ag,y. The second one states that block-structured contexts suffice to distinguish terms
that might use scope extrusion.

Corollary 6.3. For any IAcp,-terms I' = My, Ms : 6 and RML-terms I' = Ny, Ny : 0:
o I' = My Zrm Mo if, and only if, I' = My =ja,,, Ma;
o I'= Ny =gmi Vg if, and only if, I' = Ny =Zja,,, No.
U]

Now we investigate the boundary between block structure and lack of state.

Lemma 6.4. Let A be a prearena such that each question enables an answer B The
following conditions are equivalent.

(1) Ba CTa.

(2) No O-question is enabled by a P-question: m b4 go implies Ag(m) =
(3) Store content of O-questions is trivial: sqg € SP 4 implies dom X' = ().

Proof.

(1 = 2) We prove the contrapositive. Assume that there exists a P-question ¢p and an
O-question go such that gp 4 go. Let s be a chain of hereditary enablers of gp
(starting from an initial move) augmented with pointers from non-initial moves to
the respective preceding moves. Then

PA.

—~ Tz o)D) Tz 1)

s q](g:c,O) qgc,O) aI(D:c,O) qgc,l) q](gx,l)
defines a block-innocent strategy that is not innocent.

(2 = 3) Suppose no P-question enables an O-question in A and let sqg € SP,. Then
the sequence of hereditary justifiers of go in s, in order of their occurrence in s,
must have the form (goap)*. Consequently, none of the stores involved can be
non-empty, so X must be empty too.

(3= 1) We observe that s1pXPs90%° € SP 4, where p justifies o, implies X, = X,. Note
that, in presence of block innocence, this implies innocence because the store con-
tent of O-moves can be reconstructed uniquely from the P-view. Thus, it suffices
to prove our observation correct.

— If 0 is a question, we simply use our assumption: then we must have X, = () and,
because dom X, = dom X,,, we can conclude X,, = 0.

— If 0 is an answer then p must be a question. We claim that no store in ss can
contain variables from dom X, = dom X,,. Suppose this is not the case and there
is such an occurrence. Then the earliest such occurrence must be part of an O-
move. This move cannot be a question due to our assumption, so it is an answer
move. By the bracketing condition, this must be an answer that an earlier P-
question played after p. Moreover, the store accompanying that question must
also contain a variable from dom X, = dom X, contradicting our choice of the
earliest occurrence. L]

6A1l denotable prearenas enjoy this property.
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Thanks to the following lemma we will be able to determine precisely at which types block-
innocence implies innocence.

Lemma 6.5. [0, --,0, b 0] satisfies condition 2. of Lemma iff ord(6;) < 1 (i =
1,-+-,n)and ord(0) < 2.

Consequently, second-order A, -terms always have purely functional equivalents. Fi-
nally, we can pinpoint the types at which strategies are bound to be innocent: it suffices to
combine the previous findings.

Theorem 6.6. Let A= [01,--- ,0, F0]. Then Ka =TZ4 ifford(0;) <1 (i=1,---,n) and
ord(#) = 0.

In the next section we demonstrate that the gap in expressivity between K4 and B
also bears practical consequences. The undecidable equivalence problem for second-order
finitary RML becomes decidable in second-order finitary 1A, (as well as at some third-order

types).

7. DECIDABILITY OF A FINITARY FRACMENT OF Ay,

In order to prove program equivalence decidable, we restrict the base datatype of integers
to the finite segment {0,--- , N } (N > 0) and replace recursive definitions (Y(M)) with
looping (while M do N). Let us call the resultant language |1A.,. Our decidability result will
hold for a subset IA%Jr of 1A, in which type order is restricted. IA%Jr will reside inside
the third-order fragment of IA; and contain its second-order fragment. Note that the
second-order fragment of similarly restricted RML is known be undecidable (even without
loops) [15].

The decidability of program equivalence in IA%Jr will be shown by translating terms to
regular languages representing the corresponding block-innocent strategies. We stress that
we are not going to work with the induced S-plays. Nevertheless, the translation will rely
crucially on insights gleaned from the semantics with explicit stores. In particular, we shall
take advantage of the uniformity inherent in block innocence to represent only subsets of
the strategies in order to overcome technical problems presented by pointers. We discuss
the issue next.

7.1. Pointer-related issues. Pointers from answer-moves need not be represented at all,
because they are uniquely reconstructible through the well-bracketing condition. However,
this need not apply to pointers from questions. The most obvious way to represent them
is to decorate moves with integers that encode the distance from the target in some way.
Unfortunately, there are scenarios in which the distance can grow arbitrarily.

Consider, for instance, the prearena A = [0+ 61 — ... — 0 — (]. Due to the presence
of the k arrows on the right-hand side we obtain chains of enablers qo - ag -+ F g - ag,
where ¢ is initial and each ¢; (i = 1,--- , k) is initial in [6;]. We shall call the moves spinal.
Observe that plays in A can have the following shape

qo---aopq1---ai1qi---a1qi - a1G2

and any of the occurrences of a; could be used to justify g9, thus creating several different
options for justifying ¢». If we consider S-plays for A, Definition implies that none of the
moves ¢;, a; will ever carry a non-empty store. Consequently, whenever a play of the above
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kind comes from a block-innocent strategy, its behaviour in the ¢ - - - a1 segments will not
depend on that in the other g; - - - a; segments. Thus, in order to explore exhaustively the
range of behaviours offered by a block-innocent strategy (so as to compare them reliably),
it suffices to restrict the number of ¢1’s to 1. Next, under the assumption that ¢; occurs
only once, one can repeat the same argument for ¢o to conclude that a single occurrence
of g9 will suffice, and so on. Altogether this yields the following lemma. Note that, due
to Visibility, insisting on the presence of a unique copy of ¢1,--- , g; in a play amounts to
asking that each ¢; be preceded by a;_;.

Lemma 7.1. Call a play spinal if each spinal question ¢; (0 < i < k) occurring in it is
the immediate successor of a;—1. Let P}’ be the set of spinal plays of A. Let 0,7 : A be
block-innocent strategies. Then o N Pjp =7N Pjp implies o0 = 7. L]

Hence, for the purpose of checking program equivalence, it suffices to compare the
induced sets of spinal complete plays. Moreover, the pointer-related problems discussed
above will not arise.

Now that we have dealt with one challenge, let us introduce another one, which cannot
be overcome so easily. Consider the prearena [(6; — 02 — 03) — 64 F 6] and the enabling
sequence qo - q1 - g2 - ag - g3 it contains. Now consider the plays qoq1(g2az2)’q3, where
j > 0. Again, to represent the pointer from ¢3 to one of the j occurrences of as, one
would need an unbounded number of indices. This time it is not sufficient to restrict j
to 1, because the behaviour need not be uniform after each go (this is because in the
setting with stores a non-empty store can be introduced as soon as in the second move
q1). To see that the concern is real, consider the term f : (unit — unit — unit) — unit
new xin f(Ay“Mt. .. A\zU"t ...} : unit, where (---) contain some code inspecting and chang-
ing the value of x.

This leads us to introduce IA?;r via a type system that will not generate the configu-
ration just discussed. Another restriction is to omit third-order types in the context, as
they lead beyond the realm of regular languages (cf. f: ((unit — unit) — unit) — unit F
f(AgUnit=unit g()). Since var leads to identical problems as unit — unit, we restrict its use
accordingly.

7.2. 1AF

Definition 7.2. IA%Jr consists of 1A:-terms whose typing derivations rely solely on typing
judgments of the shape 1 : ctypeq, - ,x, : ctype, = M : ttype, where ctype and ttype are
defined by the grammar below.

ctype = B | var | B — ctype | var— ctype | (8 — B) — ctype
ttype = B | var | ctype — ttype

A lot of pointers from questions become uniquely determined in strategies representing
IA%Jr terms, namely, all pointers from any O-questions and all pointers from P-questions to
O-questions.

Lemma 7.3. Let A = [ctypey,--- , ctype,, b ttype] and s1, sy be spinal plays of A that are
equal after all pointers from O-questions and all pointers from P-questions to O-questions
have been erased. Then s; = ss.
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Proof. Observe that whenever a P-question is enabled by an O-question in the prearenas
under consideration, the O-question must be spinal. Hence, because both s; and s, are
spinal, all such O-questions will occur only once, so pointers from P-questions to O-questions
are uniquely reconstructible.

Now let us consider O-questions. Observe that, due to restrictions on the type system
of IA%", whenever an O-question is justified by a P-answer, both will be spinal. Hence only
one copy of each can occur in a spinal position, making pointer reconstruction unambiguous.
Finally, we tackle the case of O-questions justified by P-questions.

e If ¢ comes from a type of the context then, due to the shape of types involved, any
sequence of hereditary enablers of ¢ must be of the form ¢'qja] - - gja’q}, g, where ¢
is initial and each of the moves listed enables the following one. If a move m enables ¢
hereditarily, let us define its degree as the distance from the initial move in the sequence
above (this definition is independent of the actual choice of the chain of enablers; the
degree of ¢} is 2¢ — 1, that of a is 2i).

By induction on move-degree we show that in any O-view only one move of a given
degree can be present, if at all. By visibility this makes pointer reconstruction unambigu-
ous.

— By definition of a play ¢’ can occur in an O-view only once. Whenever ¢} is present in
an O-view, it must preceded by an initial move, so its position in an O-view is uniquely
determined (always second).

— Since ¢, occurs only once in an O-view, so does a} (questions can be answered only
once). Hence, ¢/ 11 can also occur only once, because each occurrence must be preceded
by al,.

Consequently, any move of degree 25 + 1 (q; 4+1) can only occur once in an O-view and

thus the pointer from ¢ can be reconstructed uniquely.

e If g originated from the type on the right-hand side of the typing judgment, we can repeat
the reasoning above. The only difference is that the sequences of enablers are now of the
form

SV o1
doQo * -+ qrakq 9101 - - - 44595419
where ¢;,a; (i = 0,--- ,k) are spinal. Then the base case of the induction (¢’) follows
from the fact that we are dealing with spinal plays. L]

Thus, the only pointers that need to be accounted for are those from P-questions to O-
answers. Here is the simplest scenario illustrating that they can be ambiguous. Consider
the terms

£ unit — unit — unit F let g1 = f() in (let g2 = f() in g;()) : unit

where ¢ = 1,2. They lead to the following plays, respectively for ¢ = 1 and ¢ = 2, which are
equal up to pointers from P-questions to O-answers.

@ @ al ¢@”ar @ @ 0 ar @ ar @

Remark 7.4. In the conference version of the paper [17] we suggested that justification
pointers of the above kind be represented with numerical indices encoding the target of the
pointer inside the current P-view. More precisely, one could enumerate (starting from 0) all
question-enabling O-answers in the P-view. Then pointers from P-questions to O-answers
could be encoded by decorating the P-question with the index of the O-answer. The plays
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above could then be coded as qoqia1q1a1q) and qogiai1qiaiqs respectively. Unfortunately,
there exists terms that generate plays where such indices would be unbounded, such as

let g1 = f() in (whileh()dolet go = f() in g2());91() : unit

where f : unit — unit — unit and A : unit — int. Because the number of loop iterations is
unrestricted, the number needed to represent the justification pointer corresponding to the
rightmost occurrence of g;() cannot be bounded. Consequently, the representation scheme
proposed in [I7] would lead to an infinite alphabet. Next we show that this problem can
be overcome, though.

The above-mentioned defect can be patched with the help of a different representation
scheme based on annotating targets and sources of justification pointers, with o and e re-
spectively. We shall use the same two symbols for each pointer. This can lead to ambiguities
if many pointers are represented at the same time in a single string. However, to avoid that,
we are going to use multiple strings to represent a single play. More precisely, these will
be strings corresponding to the underlying sequence of moves in which each pointer may or
may not be represented, i.e. plays featuring n pointers from P-questions to O-answers will
be represented by 2" encoded strings. For example, to represent

P .
qgo 41 a1 g1 41 g2 a2 g2
we shall use the following four strings

40 g1 @1 G1 a1 G2 A2 G2 4o g1 g1 a1 g3 a2 g2

90 q1 a1 G147 g2 a2 G5 40 q1 a7 147 g3 a2 g5
Note that the last string represents pointers ambiguously, though the second and third
strings identify them uniquely. We could have achieved the same effect using strings in
which only one pointer is represented [9] but, from the technical point of view, it is easier
to include all possible pointer /no-pointer combinations.

7.3. Regular-language interpretation. In order to translate |A.-terms into regular lan-
guages representing their game semantics, we we restrict our translation to terms in a
canonical shape, to be defined next. Any IA;-term can be converted effectively to such a
form and the conversion preserves denotation.

The canonical forms are defined by the following grammar. We use types as superscripts,
whenever we want to highlight the type of an identifier (u,v,x,y,z range over identifier
names). Note that the only identifiers in canonical form are those of base type, represented
by z? below.

Cu= () ]i]|a® | 2@y’ | ifrPthenCelseC | 2V :=¢" | 12¥ | A2?.C |
mkvar(Az"t.C, \y™.C) | newz"*" inC | whileCdoC | let 2 =C in C |
let z = zy” in C | let 2 = z mkvar(Au“"t.C, \™.C) in C | let 2 = z(A\z?.C) in C

Lemma 7.5. Let I' - M : 0 be an |A:-term. There is an |Ay-term I' = N : § in canonical
form, effectively constructible from M, such that [I' - M] = [I' + N]J.

Proof. N can be obtained via a series of n-expansions, S-reductions and commuting conver-
sions involving let and if. We present a detailed argument in Appendix [Bl []
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A useful feature of the canonical form is that the problems with pointers can be related
to the syntactic shape: they concern references to let-bound identifiers 2% such that 6 is
not a base type (i.e. # = var or 6 is a function type). Below we state our representability
theorem for IA%JF—terms. The definition of Ay, is actually too generous, as we shall only
need o, e to decorate P-questions enabled by O-answers.

Proposition 7.6. Suppose' - M : 0 is an IA%JF—term. Let App = My+(Max{o,e}), where
A = [T F 0]. Let Crr-ar be the set of non-empty spinal complete plays from [I' - M : 6].
Then Crips can be represented as a regular language over a finite subset of Ajpy.

Proof. Crypr can be decomposed as ), I (7 Cll;,_ a)- Obviously Crypy is regular if, and only
if, any C, ,, is regular (i € I4). Hence, it suffices to show that Cl,_,, is regular for any
relevant i.

As already discussed, the regular-language representations, which we shall also refer to
by CIZQF ar» Will consist of plays in which individual pointers may or may not be represented.
However, because all possibilities are covered, this will yield a faithful representation of the
induced complete plays. We proceed by induction on the structure of canonical forms. Let
ip range over Ifrj.

* Cri =
Crm =J
® Cézgc’]ﬁxl—)x B «7

(H“szky) o
® CF ,xintyintFxdy T J o k

(7' 7-796) (Z Jr) -\ 0
® Crl;c intHif 2 then M else Mo — CPZFMM»)’ where h(j) = { 1

C(Zr‘v*xv]y)
[ x:varyintkx i=y

o O, = readi (S o)
C;‘l;mkvar(Am“"'t M7y Ayt Mz) (E + read Cﬁ‘ll;c;f;ﬁ + Z =0 erte( )Cé“;/;—]%JQ [Ok/*])

CFFA o = *(€+ Zz‘elm Cl(f;i}cv[[ v/ Ma))

*

S,

Vol
co

= write(J);0ky*

Cwnew cinM = (Cl(fl;:ﬁ N C')[e/m,] where, writing || for the shuffle operator on strings,
C=(A\ (Mparg)z)™ Il ((read, 0:) Zwrlte ke (ready jz)*)%)

and A’ is the finite alphabet used to represent F, x:vark M.

The substitution [m/,/m,] highlights the fact that the moves associated with = have to be
bijectively relabelled, because the copy of # moved from the left- to the right-hand side of
the context. [e/m;] stands for erasure of all moves associated with x. Obviously, these
(homomorphic) operations preserve regularity. Note that the clause for Az’ M is correct
because we consider spinal plays only.

For I' = M : B we sometimes refer to components determined by the following decom-

position.
7 _ i 7.7 y
Crramp = Z (Cri 4)
S
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The components C%F,_M can be extracted from C’FF,_ M5 by applying operations preserving

regularity (intersection, erasure), so the latter is regular iff each of the former is.
® Chiwhile MdoN = (Zﬁ'v:l Criar Cll“FH*v)* Cﬁ%
® Clitet of=t in N = Ejelm Clﬂﬁ/[(fl(f‘;ﬂf\;

The remaining cases are those of let-bindings of the form let x = z(---) in ---. First we
explain some notation used throughout. Consider the following context I',z : ¢/ — 6,z : 0.
We shall refer to moves contributed by z : 8 with m,. If we want to range solely over O- or P-
moves from the component, we use o, and p, respectively. Moreover, we use m. 4,0, 2, Pz
to refer to copies of my, 05, p, in the z : 8/ — 0 component. The most common operation
performed using this notation will be the relabelling of m, to m. ;. If § is a function type,
then there is a unique P-question ¢, enabled by the initial move *,. Whenever we have a
separate substitution rule for ¢, the rule for m, or p, will not apply to ¢,. In most cases we
will want to substitute g, , or ¢, for ¢;. In the latter case, ¢ , stands for ¢, , annotated
to represent the source of a pointer to a source move represented by *3 .

First we tackle cases where the bound value is of function type, i.e. those related to
possibly ambiguous pointer reconstruction. Note that we include plays with and without
pointer representations.

el z:— (6 —by),y:BHletz=zyin N givenT',z,y,x:0; =02 F N

(ir*z,Jy) T o (ir 2,0y *%e) [ e
Tz, yFlet - in - = Jz *z,m CF,z,y,xl—N [Qz7m/q1‘7 mz,x/mx]

+ e ke OOy 0 e M a/a])

eI, z2: (81— fa) = (61 = 03) F let = 2(\y**.M) in N given T',z,y: 3, F M: S, and
I'z,z:0, >0, F N

Cﬁl;:]zez ein . — 4z ' *z,x Cél,l;,;lz—}v)[qz,mcl/qgw pz,mcl/pma Oz,x/ox]

(h"y*m*z)

+ q: c’ *zx CF’Z7Z‘|—N [Qz,mcl/qgcy pz,mcl/pma Oz,x/ox]
where ' = (Ziel[[ﬁl]] 1y (Zjelmﬂ C#;:;?ZZ\Z)J]Z))*
o ',z :var — (01 — 63) b let z = z mkvar(Au"™*. My, \v'"™.My) in N given T', z,u = M, as
well as 'z, v My and I', 2z, 2 : 01 — 02 - N

Ol i = 0% O 1024C us PoaC' oy 05,0/04]

t 42 Ckan O [020C! o P2oC [P 0:.0/04),

where C' = (read, (Z;V:O Clglrzz,i]*\;l)y J2) + Z;V:o write(7). Clglrzz,i]]\flz)* ok,)*
To understand the second formula (the third case is analogous) observe that, after %, , has
been played, plays for let --- in --- are plays from NN interleaved with possible detours to
AzP1.M: such a detour can be triggered by i, from () each time the second move (g,) is
O-visible. Moreover, provided ¢, is O-visible, such a detour can also take place between ¢,
and x, ;. The following auxiliary lemma will help us analyze when detours can occur.

Lemma 7.7. Let A be a prearena, s € P4 be non-empty and P, — the set of P-moves
enabled by the initial move of s. Let s’ be a prefix of s containing at least two moves. Then
the O-view of s’ contains exactly one move from P;.
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Proof. Any non-initial move must be either in P; or hereditarily enabled by a move from F;.
By visibility the O-view of s’ any prefix of s must thus contain a move from P;. Because
moves from P; are enabled by the initial move, they are always the second moves in O-views.
Hence, no two moves from P; can occur in the same O-view. L]

Let us apply the lemma to the denotation of M. Because 35 is a base type it follows
that at any time non-trivial O-views will contain a move from I" enabled by the initial move
or the answer from (5 (which completes the play). Returning to the play for let --- in ---|
this means that during a detour the second move g, will be hidden from O-view until the
detour is completed, i.e. a single detour has to be completed before the next one begins.
Hence, C’ has the form (---)*.

Also by the lemma above, once the play after %, , progresses, the second move g, will be
O-visible if, and only if, g, , (which %, , enables) is. Thus detours will be possible exactly
after P plays a P-move hereditarily justified by x. ., which corresponds to P playing a
P-move hereditarily justified by ¢, in N (hence the substitutions p, ,C'/p, restricted to
P-moves). A special case is then that of g, , which, as a question enabled by an answer,
should be represented both with and without a pointer.

The above three cases cover all scenarios (that can arise in IA%JF) in which z’s type is of
the form 6 — (6, — 62). The cases where z : # — var are analogous except that one needs
to use ¢, to range over read,,write(0),, - - ,write(/V), rather than the single move enabled
by *,. It remains to consider cases of z : @ — 3. The bound values are of base type, so no
new pointer indices need to be introduced.

el 2:8 —=By:B Flete=zyinNgivenI',z,y,x: 3+ N
(7' 7*27.7 _ i 7*27.] 7k1)
CFI; yl—le?i in jz Z k F;’@‘ y"yN )
kEI[[B]]
o, 2: (81— fa) = Brletx =20y M)in NgivenT,z,y: 1+ M:BoandT,z,z: F
(' 7*2) — ( 7*27k:v
CFZ,I;I—Iet in — 4z C'( Z k CFZFZ N )
kEI[[B]]
where €' = (Zief[[m]] & (Zjef[wzﬂ Cﬁl,rz’,;ill\zmjz))*
o I',z:var — B let 2 = z mkvar(Au“"t. My, A" My) in N given I', z,u - My, T, z,v = My

and I',z,z W N
(i 7*2) (2 ,*27k:v
CF,FzHet in — 4z c'( Z k CFI,; N )
kGI[[B]]
where C' = (read, (Z;-V:o CIQFZ’ZZF’]*\}BJ Jz) + ZJ o write(j) CIQFZ:ZH]\Z* ok, )*. (]

Theorem 7.8. Program equivalence of IAO -terms is decidable.

We remark that adding dynamic memory allocation in the form of ref to IA%JF, or its
second-order sublanguage, results in undecidability [15]. Hence, at second order, block
structure is “strictly weaker” than scope extrusion.
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8. SUMMARY

In this paper we have introduced the notion of block-innocence that has been linked with
call-by-value Idealized Algol in a sequence of results. Thanks to the faithfulness of block-
innocence, we could investigate the interplay between type theory, functional computation
and stateful computation with block structure and dynamic allocation respectively. We
have also shown a new decidability result for a carefully designed fragment of [Ag,. Its
extension to product types poses no particular difficulty. In fact, it suffices to follow the way
we have tackled the var type, which is itself a product type. The result thus extends those
from [7] and is a step forward towards a full classification of decidable fragments of |Acpy:
the language IA%Jr we considered features all second-order types and some third-order types,
while finitary IAcp, is known to be undecidable at order 5 [I4]. Interestingly, IAg;r features
restrictions that are compatible with the use of higher-order types in PASCAL [12], in which
procedure parameters cannot be procedures with procedure parameters. An interesting
topic for future work would be to characterise the uniformity inherent in block-innocence
in more abstract, possibly category-theoretic, terms.
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APPENDIX

APPENDIX A. S-PLAYS
In this section we use the term “move” and “S-move” interchangeably.

Lemma A.1 (Prev-PA). If s =---m*ak--- is an S-play then, for any a,
(a) if & € v(T) then a € v(X),

(b) if @ € v(X\ T') then « is closed in S<al-

Moreover, T' <, X' and therefore X'\ (X' \T) <, T and X'\ T <, X.

—
Proof. Let s = s qOEOSQ al ... As qOEO is the pending-Q in slqOZOSQ, we have that s is in

fact of the form:
T Ny 2w
1 Yy T 7T

Yoy 3 Th
Slqo ql "'al q2 "'a2 qj ---aj a

For (a), by Just-P we have that o € v(Xp) and therefore « is not closed in slmozo s9. Hence,
by Prev-PQ(b), a € v(T1) and thus, by Just-O, o € v(X). Repeating this argument j
times we obtain a € v(X};), i.e. a € v(X).

For (b), let « € v(X) = v(X;) be open in s_,r. We claim that then o € v(Xy) and therefore
a € v(T) by Just-P. We have that o € v(7}), by Just-O. Moreover, since there are no open

j
Prev-PQ(a), o € dom (¥;_1). Applying this argument j times we obtain a € v(Xy).

. LTy 2, . .
questions in ¢;” ---a;”, we have that « is open in S<qlis 80 @ € V(S<q}"j) and thus, by
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Finally, we show by induction that Xy <, X, for all 0 < i < j. For the inductive step, we
have that 2\ (X \ Tit1) <p Tit1 <p Yit1. By IH, Xy <, ;. Moreover, if o € v(X;\ Tj41)
then a ¢ v(Xy), by Prev-PQ(b), so Xy <, X \ (X \ Tit1), .. Yo <p Xig1. Thus, T <,
Yo <p Xy =2 ]

Lemma A.2 (Block Form). If s is an S-play then "s7 is in block-form: for any «, we have
s = 518983, where

e o ¢ v(s;)Ur(s3) and Ym™ € sq9. a € v(X),

e if s9 # € then its first element is the move introducing « in s.

Proof. We do induction on |s|, with the cases of |s| < 1 being trivial. If s = s’0* then, by
IH, "s7 = s"pTo*, some s”p’ in block-form, and v(T) = v(X), which imply that "s7 is
in block-form. If s = s’p> then "s7 = "s'p> with "s'7 = s1s9s3 in block-form by IH. If
a ¢ dom (X)) then OK. Otherwise, if o does not appear in the last move in $1s9s3 then, by
Prev, p* in fact introduces « in s and therefore "s7 has block-form. ]

Lemma A.3. Let s = s10”p’ 53 be an S-play with a € v(X)\v(T). Then, for any s C,, so,
a ¢ v(Lsio¥plshl).

Proof. We do induction on |s)|. For the base case, by the previous lemma we have that
Ts10~ 7 has block-form; in particular, it ends in a block of moves which contains the move
introducing « in s, and all moves in the block contain « in their stores. Hence, since
the justifier of p7, say o>, occurs in "s;0” 7 and a ¢ v(X’) (by Just and the fact that
o ¢ v(T)), we have that o/>" occurs in s before the move introducing « in it and therefore
a ¢ v(Lsi0”pTl). Now, if sh = s4o’> then we need to show that a ¢ v(Lsjo™p!slh0'>")
given by IH that a ¢ v(Lsj0*p?sh1), which immediately follows from Just and Visibility.
Finally, if s, = s4p'"" then, by TH, « ¢ v(s4) and therefore, by Prev, o ¢ v(T"). Let p'T" be
justified by some o>
IH. Otherwise, arguing as before, o
a ¢ v(LsiopTshp™ ).

[]
Corollary A.4 (Close). If s = s10”p” s3 is an S-play with a € v(X)\ v(T) then a ¢ v(s2).
(]

"in s. If o'* occurs in s4 then our argument follows directly from the

! . . .
/2" oceurs in s before the introduction of o and therefore

Proof of Lemma[{.10. For (a), assuming WLOG p is a P-move in AB and taking s =
s'nT'p*’, by definition of the interaction and Prev we have that if o € v(X \ T) then
a e v(X'\T), hence o ¢ v(s'n™") and therefore o ¢ v(unT).

For (b), we do induction on |s||¢|, base case is trivial. Now, if s|[t = up® with p a
generalised P-move then st = Tup* and, by TH, "u™ has block form, say wjusus. If
a ¢ v(X) then OK. Otherwise, if o does not appear in the last move of "u” then p* is in
fact the move introducing « in s || ¢, so OK. Otherwise, uz = € and therefore "s || ¢7 in block
form. If s ||t = uo’ with o an O-move in AC then "s ||t = u/o’ for some v’ in block-form,
and the last move in «’ has domain dom (7). This implies that s || ¢ is in block-form.

For (c), assuming WLOG p is a P-move in AB and taking s = ¢’ nT'p*' by definition of the
interaction we have o € v(T"\ X’) so, by Prev, a is closed in s nT’. Now suppose « is open
in un”, that is, there is an open question qu1 in un® with a € v(Xy). Then, if qOZO is the
pending question of un’ then a € v(Xy): "un’ 7 has block-form, by (b), and qOZO appears
in it, thus if @ ¢ v(%p) then ¢;° would precede the move introducing o in un” and hence

0

it would precede qlz ! too. As the interaction ends in an O-move in AB, qOZ is the pending
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question of un” | AB. Let 9 o be the move in s corresponding to q - Qo 0

. . /
question in s'nT and therefore 1t appears in "s'nT’ 7. Moreover, since « is closed in s'n

is the pendlng
nT

a ¢ v(X]), which means that qo occurs in "s'n”’ 7 before the move introducing « in s. But
then « §é v(Xy), a contradiction.
For (d), we do induction on |s| ¢/, the base case being trivial. If m* is an O-move in
AC then the claim is obvious. So assume WLOG m?* is a P-move in AB and consider
Ts||t | AB7s,,r, and take two consecutive moves mlz 222 in it, and assume mQE2 be a P-
move in AB. Then these are consecutive also in s|/¢ | AB and hence, by switching, also
in s|t. Let « € v(X;\ X3). By definition of interaction, this dropping of « happens in s
. . DA ¥4 . T 534 E’ B
too, at the respective consecutive moves mj 'my?, assuming s = ---n* ---mj;'my”*---m~ .
We can see that, as "s7 is in block-form, a ¢ v(X’) and therefore, by Just, « gé v(T").
More than that, n”" occurs in s before the move introducing « in s, thus o ¢ v(T'). We
therefore have Xy \ (27 \ X2) <, X3 and v(X; \ X3) Nv(T) = @. On the other hand,
if m222 is an O-move in AB then mlz1 is its justifier and therefore, by IH, ¥ <, Y.
Thus, for every move m”*" in "s|/t | AB7,r, we have T <, X" and hence T <, X.
Finally, if m* is an answer then, since "s ||t | AB™ satisfies well-bracketing, we have that
Ts||t | AB7s,r = nTogtalt - quja;frjmzﬂl with dom (X;) = dom (T;) for each 1 <1i < j

. i Z’ T’ X T! / .
by TH. Assuming s. v = nTog "+ ay' -+ q;7 - a/m™1, if a € v(Zip1 \ T) for some

i then o € v(X!,; \ T/) and therefore o ¢ v(T}}) = v(X%,1). But the latter implies that
acv(T),\ ¥, ) for some i <i' < j and therefore o ¢ v(¥yy1). Thus, v(X\T) =

For (e), we replay the proof of lemma [A3] that is, we show that, for every u) T, ug,
a ¢ v(unTp¥ul.). We do induction on |u)|. For the base case, by (b) we have that
TuynT 7 has block-form; in particular, it ends in a block of moves which contains the move
introducing « in u, and all moves in the block contain « in their stores. Hence, since
the justifier of p~, say n'T", occurs in "uyn? " and a ¢ v(T”) (by (d) and the fact that
o ¢ v(X)), we have that n/”" occurs in u before the move introducing « in it and therefore

a ¢ vicunTp* ). NOW, if u, = u0" (an O-move in AC) then we need to show that
a ¢ v(cuymTp¥ul oo™ given by IH that o ¢ v(Luym?p*u} ), which immediately follows

from Visibility. Finally, if u}, = ujp/>" (a generalised P-move) then, by TH, o ¢ v(u4) and

therefore, by (a), a ¢ v(X'). Let ¥ be justified by some m/T” in u. If m'T" occurs in u”
) y ) p J y 2

then our argument follows directly from the TH. Otherwise, arguing as before, m'T" occurs

in u before the introduction of a and therefore o ¢ v(Luym” p™ulp'™' J).

For (f), suppose a appears in a B-move n’ of u. By (e), and because « reappears in m*, we
have that « also appears in the move following n” in w. Applying this reasoning repeatedly,
we obtain that « appears in u | AC' after n”.

For (g), we do induction on |s| |, the base case being trivial. Now assume s = s'm> . If
m is an O-move then X’ < X follows from (d) and from the IH applied to the subsequence
ending in the justifier of m*. Moreover, if o € v(%’) then X’'(«) is determined by the last
appearance of « in &', say n? . By IH, the corresponding move of s’ ||t has store T', with
T(a) = T'(c). But then, by inspection of the definition of interaction, any move in s|| ¢
occurring after n” does not change the value of o, hence ¥(a) = T'(a) = X'(). If m is a

P-move preceded by n?" then, using the IH, we have
T = P\ (T )+ (F\T) < (sn® 0[]\ (T &) + (\T) = 5.



BLOCK STRUCTURE VS SCOPE EXTRUSION 41

From the above, and using again the IH, we obtain also that X[Y'] = X. Moreover, if
a € v(st(t)) then, by IH, if the last B-move of s||t has store X'p then Yp(a) = st(t)(«)
and the value of a cannot be changed by subsequent A-moves. Hence, if o € v(X) then
Y(a) = st(t)(«). The case of t = t'm> is treated dually.

For (h), the last two moves come from the same sequence, say s, so let s = s’ nT'p¥' . We
have that

T\ X = (sn™ )\ ((sn™ 0[]\ (T \ X') + (Z'\ T"))
— (s o)\ ((sn™ B[]\ (T ) = (T'\ ) s 1]
where the last equality holds because T\ X' < T' < T = sn™" +t, by (g). Hence, T\ (T\ %) =
T\(T'\Y") <, X. We still need to show that 7"\ X" <, T'. Let a1, ap be consecutive names

in dom (T') such that ag € v(T"\ X’). Then, the point of introduction of as in un’ does not
precede that of al,}/say\qlz '. Now, by (c), aais closed in un” so, using also (b), the latter

has the form u’qlE1 e aflpquEZ e agz g il afj . Thus, by (d), the point of introduction
of as has to be one of the qiE"’s. This implies that a1,as € v(s) and therefore oy, ay are
consecutive also in 7”. But then oy € v(T"\ X’) implies ag € v(T"\ X’) too. ]
Proof of lemma[{.13 Let us write X;; for X; \ X;. Then, the LHS is:
L=2X1[®(X3, X4, 25)]\ (X2\ ®(X3, Xy, X5)) + (X3, Xy, X5) \ 2o
= X1[P(X3, X4, Ts)] \ (X2 \ (Z3[25] \ Zias + Xsa)) + (X3[25] \ Zias + sa) \ X2
= 21[® (X3, Xg, Xs)] \ (X2 \ (X3 \ Zus)) + (X3[X5] \ Xas) \ Yo + Xy
where the last equality holds because of (a). The first constituent above is:
Ly = 2y [Z3[25] \ Zas + Tsa] \ (X2 \ (X5 )\ Zas)) = 21 [Zs[Ts5] \ Zias] \ (T2 \ (X3 \ Zs))
On the other hand, the RHS is:
R = ®(X1, X, X3)[Xs] \ Yz + Tsa = (X1[ 23] \ Doz + D32)[X5] \ Xas + Xsa
= ((Z1[2Z5] \ X23) \ Xas5)[Xs] + (X352 \ Xu5)[X5] + Xsa
= ((Z1[Z5] \ Z3) \ Zus)[Z5] + (Za[25] \ Zas) \ 22 + Ty
The first constituent above is:
Ry = ((Z1[Z5\ Zgs] \ Tas) \ Zias)[ 5] = ((Z1[25[Zs] \ Zas] \ Tag) \ a5 ) [ X5]
= (Z1[Z5][25] \ Zas] \ Za3) \ Zus

For the last equality, let a by in the domain of the resulting store. Then a € v(X5) N (X1),
sLaev(Xy) Nu(Xy), soa € v(Xs) by (b). Moreover, a ¢ v(Xa3), . a € v(X3). Now, let
us write X' for X1[X3[X5] \ Xy5]. We need to show that

TN (22 \ (T \ Z5)) = (Z\ (X2 \ X5)) \ X5
and, in fact, it suffices to show that these stores, say X, and X have the same domain.
By elementary computation,
ceacyXp)iff (acev(X)ANadv(d))V(iaev(X)ANaecv(Xs) Aa ¢ v(Xys)),
e acy(XB)iff (a cv(D)Aa ¢ v(E)Aa ¢ v(Es))V(acv(D)Aa € v(E3)Aa & v(Xy3)).
But note now that a € v(X) A a ¢ v(X5) implies that o ¢ v(Xy), by (b), so a ¢ v(Xy5). [
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APPENDIX B. PROOF OF LEMMA
We prove two auxiliary results first, which are special cases of Lemma

Lemma B.1. Any identifier 2? satisfies Lemma [7.5] Moreover, the canonical form is of the
form A\y?.C when 6 = 6; — 6 and of the shape mkvar(\y“"t.C, \2".C) if § = var.

Proof. Induction with respect to type structure. If § is a base type, 2% is already in canonical
form. ¥ can be converted to one using the rule
int

2" — mkvar(Au'™.x :=u, A" 1)

For 0 = 6, — 69 we use the rule
291702 5 A0 et 0% = 220 inw
and appeal to the inductive hypothesis for 2/ and v?2. ]

Lemma B.2. Suppose C;,C5 are canonical forms. Then let ¢ = C; in Cs, if typable,
satisfies Lemma

Proof. Induction with respect to type structure. If 6 is a base type, the term is already
in canonical form. If 6 is not a base type, C; can take one of the following three shapes:
mkvar(Az4"t.C, A\y™™.C), )\azfl.(C, if 2% thenCelseC or let --- in C.

We first focus on the first two of them to which the remaining two cases will be reduced
later.

e Suppose 7 = mkvar(Az{"t.Cy1, \ziM*.C). Then § = var. Since Cy is in canonical
form, y can only occur in it as part of a canonical subterm of the form y¥® :=2""t or
ly. Hence, after substitution for y, we will obtain non-canonical subterms of the shape

mkvar(Az§"t.C11, AziMt.C12) := 2z and !(mkvar(Azy"t.Cyq, Azilt.C12)). Using the rules

!mkvar(Au““it.Dl,)\vi“t.Dg) — D1[()/u]
mkvar(Au""t. Dy, A\o'™.Ds) := 2z — Ds[z/v]

we can easily convert them (and thus the whole term) to canonical form.

e Suppose (7 = )\x(fl.Cg and § = 6 — 05. Let us substitute Cy for the rightmost
occurrence of y in Cy. This will create a non-canonical subterm in Cs of the form
let 22 = (Az?1.C5)Cy in C5 = let 22 = (let 29" = €y in C3) in Cs5. By inductive
hypothesis for 61, let a:(fl = (4 in C3 can be converted to canonical form, say, Cg. Con-
sequently, the non-canonical subterm let z%2 = (/\xfl.C’g)CZl in C5 can be transformed
into the form let %2 = Cg in Cs, which — by inductive hypothesis for 5 — can also be
converted to canonical form. Thus, we have shown how to recover canonical forms after
substitution for the rightmost occurrence of y. Because of the choice of the rightmost
occurrence, the transformation does not involve terms containing other occurrences of v,
so it will also decrease their overall number in Cy by one. Consequently, by repeated
substitution for rightmost occurrences one can eventually arrive at a canonical form for
let y¥ = (Az?.C3) in Cs.

For the remaining two cases it suffices to take advantage of the following conversions before

referring to the two cases above.

let y = (if zthen Dy else Dy) in E — if zthen (let y = Dy in E)else (let y = Dy in E)
lety=(letx=DinE)inF — letx=Din(lety=FEin F) O
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Now we are ready to prove Lemma by induction on term structure. The base cases of
(), i are trivial. That of 2 follows from Lemma [B.1l

The following inductive cases follow directly from the inductive hypothesis: new xin M,
Az’ M, while M do M. The cases of M; @ My and if M then N else Ny are only slightly more
difficult. After invoking the inductive hypothesis one needs to apply the rules given below.
Note that in this case all the let-bindings are of base type.

Di® Dy — let x = D in (Iet y = Dy in (l‘@y))
if D then Dy else Dy — let = D in (if z then D; else Dy)

For !M and M := N we take advantage of the fact that a canonical form of type var can only
take three shapes: mkvar(Az""t.C, A\y"t.C), if 2% then Celse C or let --- in C. An appeal to
the inductive hypothesis for M and N and the conversions given below will then yield the
canonical forms for M and M :=N.
Imkvar(Au“"t. Dy, M\o'".Dy) — D1[()/u]
mkvar(Aut"t. Dy, AWM. Do) := E — let 2™ = F in Dy[z/v]
I(if 2 then Dy else Dy) — if x then!D else ! Dy
(if x then Dy else Dy) := D — if x then (D; := D)else (Dg:= D)
leex=DinE) — letz=D in!E
(letx=DinE):=F — letz =D in (E:=F)

To convert mkvar(M, N) to canonical form we observe that a canonical form of function
type can take the following shapes: Az?.C, if 28 then CelseC or let --- in C. Hence, by
appealing to the inductive hypothesis and then repeately applying the rules below we will
arrive at a canonical form.

mkvar(if « then Dy else Dy, E) — if = then mkvar(D1, E) else mkvar(Dy, E)
mkvar(let x = M in D, E) — let x = M in mkvar(D, E)
mkvar(Aut"t D, if z then Ej else Ey) — if x then mkvar(A\ut"t.D, E) else mkvar(Au“"t. D, Ey)
mkvar(\u"t D, let x = M in E) — let x = M in mkvar(Au"t.D, )

Finally, we handle application M N. First we apply the inductive hypothesis to both
terms. Then we use the rules below to reveal the A-abstraction inside the canonical form of

M.
(if x then Dy else Do) E — if wthen (D1 E) else (D2 E)

(letx =D in E)F — let x =D in (EF)

Now it suffices to be able to deal with terms of the form (Az?.C;)Cy = let = Cy in Cy,
and this is exactly what Lemma does.

All our transformation preserve denotations: the proofs are simple exercises in the use
of Moggi’s monadic approach [13] to modelling call-by-value languages (the store-free game
model is an instance of the monadic framework). L]
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