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ABSTRACT. We build a cartesian closed category, called Cho, based on event structures.
It allows an interpretation of higher-order stateful concurrent programs that is refined and
precise: on the one hand it is conservative with respect to standard Hyland-Ong games
when interpreting purely functional programs as innocent strategies, while on the other
hand it is much more expressive. The interpretation of programs constructs composition-
ally a representation of their execution that exhibits causal dependencies and remembers

the points of non-deterministic branching.

The construction is in two stages. First, we build a compact closed category Tcg.
It is a variant of Rideau and Winskel’s category CG, with the difference that games and
strategies in Tcg are equipped with symmetry to express that certain events are essentially
the same. This is analogous to the underlying category of AJM games enriching simple
games with an equivalence relations on plays. Building on this category, we construct the
cartesian closed category Cho as having as objects the standard arenas of Hyland-Ong
games, with strategies, represented by certain events structures, playing on games with

symmetry obtained as expanded forms of these arenas.

To illustrate and give an operational light on these constructions, we interpret (a close

variant of) Idealized Parallel Algol in Cho.

1. INTRODUCTION

In game semantics, computation is represented within a two-player game played between
the program and its execution environment — the program is often called Player and the
execution environment Opponent. The two players make moves corresponding to computa-
tional events: the program calling an external function is a Player move, and this function
returning is an Opponent move. Originally motivated by the very foundational quest of
understanding higher-order sequentiality [HO00, [AJMO00a], game semantics developed into

a rich subject, with a wide scope spanning logical aspects of computation, through the

1998 ACM Subject Classification: F.3.2.
Key words and phrases: Games, event structures, concurrency.

LOGICAL METHODS © Simon Castellan, Pierre Clairambault, and Glynn Winskel

IN COMPUTER SCIENCE DOI:10.2168/LMCS-??? Creative Commons



2 SIMON CASTELLAN, PIERRE CLAIRAMBAULT, AND GLYNN WINSKEL

Curry-Howard correspondence, to the conception of new decision algorithms for equiva-
lence or verification problems on higher-order programs.

Game semantics often plays one of the two following roles in the literature.

(1) A syntaz-free, compositional operational semantics. The strategy interpreting a
program is a syntax-free object — in essence it is a representation of the behaviour of the
program, with no information as to how this behaviour is written down in the syntax. In
particular, it abstracts cleanly from the bureaucratic aspects of the syntax and reduction
of the language under examination. It is by nature compositional, because the strategy
for a term is calculated by induction on its syntax tree, following the methodology of
denotational semantics. In particular, the application of one term to another is interpreted
as the composition of the corresponding strategies.

A compositional fine-grained description of the execution of higher-order programs is a
useful tool — for instance, it provides methodologies to study problems such as termination
or complexity in the abstract, in a syntax-free manner [CH10, [Clal5]. Such a representa-
tion is also key to further program analysis. It can provide an invariant for compilation
[Ghi0T7, [Sch14], or a compositional model construction on which to perform model-checking
[AGMOO04]. Even in the purely functional case, it was recently proposed by Jones et al
[BJ16] as a convenient closure-free way to compute the partial evaluation of a term.

Although historically the focus on game semantics has often been on the second role
mentioned below, a good part of its recent developments have been indeed as a syntax-
free, compositional operational semantics. In this direction, it is to be compared with
various similar frameworks. Normal form bisimulations [LLOT] are close relatives, as recently
emphasized by Levy and Staton [LS14]. Recent developments of the geometry of interaction
also pursue similar methods and objectives [HMHI14, [LEFVY15]. Finally, Hirschowitz and
collaborators have provided a very general framework in which one can give syntax-free
descriptions of different kinds of programs [HP12, [EHSIH].

(2) An observational classification of effects. Beyond the use of game semantics as an
operational semantics, the separation of the observable behaviour of a term from its syntax
allowed researchers to study computational features of programs in terms of the observations
that they permitted. One of the most acclaimed achievements of early game semantics is
the identification of conditions on strategies (visibility, innocence, well-bracketing) in the
context of Hyland-Ong games, that characterize, not syntactically but observationally, the
behaviour of programs having access to certain effects. Indeed, innocent well-bracketed
strategies are essentially purely functional programs [HO00]: relaxing innocence to visibility
captures the use of ground state [AM96] while removing well-bracketing captures control
operators [Lai97]. Finally, removing visibility captures terms that have access to higher-
order references [AHMO98]. This is known as the semantic cube or Abramsky cube.

Each combination of these conditions corresponds to a certain programming language,
for which the strategies have exactly the same observation power as programs. In many
cases the resulting model is fully abstract, without the need for a quotient. This allowed
researchers in game semantics, starting with Ghica and McCusker [GMO03], to give decision
procedures for observational equivalence of programs in certain programming languages
where the fully abstract games model is algorithmically presented [MWO08, [CHMO15].

Despite this impressive flexibility, each game semantics model comes with its limita-
tions. The notion of play, which is at the heart of any game semantics model, specifies the
observational power of the execution environment. Whereas the capabilities of Player can
be adjusted to a certain extent via conditions on strategies, this cannot be pushed further
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than what is wired into the model construction. For instance in Hyland and Ong’s original
model, plays are well-bracketed and visible for both players — it follows that we only observe
parts of programs visible to an evaluation context with no access to higher-order state and
control operators. Clearly that can be solved; for instance by allowing more general plays
as in [AHMO9§|. Then again, the whole model has to be rethought if one wishes to allow
Opponent to be concurrent. The same line of thought led Ghica and Tzevelekos to define
system-level game semantics |[GT12], in an effort to take as few assumptions as possible
as to the power of the execution environment. We advocate here another option, namely
causal models.

Causality. In causal game semantics, a program is not represented by an enumeration of all
its possible interactions with an Opponent of observational strength wired into the model.
Instead, it is represented by an abstract structure displaying information about the causal
choices behind the program’s actions. On the one hand, this means that the model is
more intensional and most likely further away from quotient-free full abstraction results.
On the other, the representation makes absolutely no assumption as to the computational
features available to the execution environment. This makes the model more modular, and
a finer representation: from the causal game semantics of a program, it is always possible
to recover — in an effective manner — the set of plays corresponding to an observation by
a certain kind of environment. The causal representation has other advantages. For in-
stance, as long advocated by Mellies, it allows us to get rid of artificialities in the standard
play-based composition mechanism for innocent strategies, making more explicit the fact
that it is relational (this is key to the full completeness results for fragments of linear logic
[AM99, [Mel05]). Furthermore, the importance of causal representations for programs has
been advocated in the past for various purposes, ranging from error diagnostics [BEHJ03]
to the study of reversible aspects of computation [CKV13]. Last but not least, causal rep-
resentations display the evolution of a concurrent system with partial orders rather than
interleavings (it is “¢ruly concurrent”). Such representations avoid the state explosion prob-
lem of interleaving-based ones [God96], leading to potential applications to the verification
of concurrent systems.

Contributions. Giving causal representations of the execution of programs is not a new
problem. Such models have been for various process languages, starting from CCS [Win86],
up to (recently) the full w-calculus [EHS15, [CKV15]. There seem to exist few developments
on truly concurrent semantics of concurrent languages with shared state, with the notable
exception of a Petri net semantics for a simple imperative programming language [HWOG].

In this paper, we give a general framework in which one can define such truly concurrent
models for higher-order concurrent languages, with various synchronization primitives. This
has the form of a cartesian closed category of arenas and concurrent strategies, which are
certain event structures. The approach is conservative over the category of Hyland-Ong
innocent strategies for PCF (and over the more recent work [T'O15] in the non-deterministic
case), in the sense that a pure term is interpreted as its forest of P-views. In this paper, we
develop this category in detail, and illustrate it by spelling out the interpretation of Idealized
Parallel Algol (IPA), a higher-order concurrent programming language with shared state
and semaphores as synchronization primitives. The methodology is that of game semantics,
which provides a well-rooted hope that any of the many languages that one can model in
game semantics could be given a truly concurrent representation in this framework as well.
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Outline. In Section 2] we give some basic ideas behind the formalization of game semantics
on top of event structures, and introduce the key issues that we will have to solve in order
to push these ideas to a fully-fledged games model. In particular, we will show that we
need to move to a setting of event structures with symmetry, in order to handle uniformity
of strategies with respect to replicated resources. In Section Bl we introduce our basic
framework of games with symmetry, called thin concurrent games. This yields a category
Tcg of uniform strategies. The category Tcg is further examined in the following two
sections: first, strategies are consider up to isomorphism, ignoring symmetry in the game:
in Section Ml we show that Tcg is compact closed up to isomorphism of strategies. Then we
introduce weak isomorphism, that relates strategies that play the same moves only up to
symmetry. In Section [f] we address the challenging task of proving that this is preserved by
composition — from Section [l we inherit the compact closure of T'cg up to weak isomorphism
also. Then, we apply T'cg. In Section[6, we use it to construct our cartesian closed category
Cho. Finally in Section [7, we illustrate Cho by describing the interpretation of TPA.

2. ARENAS, CONCURRENT STRATEGIES, AND UNIFORMITY

This section will stay at a mostly informal level, and is best read with some basic familiarity
with Hyland-Ong games. It should be understandable without fluency in event structures
or the games based on them, but the reader interested in learning the details of the model
should certainly start with [CCRW].

2.1. Preliminaries on Idealized Parallel Algol. Before presenting our game semantics,
we fix a syntax (inspired by [GMOS]) for Idealized Parallel Algol (IPA). It will not be exactly
the same language as in [GMO8| — notably, it lacks semaphores. We do not need them
because we do not aim to prove any full abstraction result in this paper; and the language
is mostly here to fix notations and for providing examples and illustrations. Indeed, the
focus on the paper is on the model construction rather than its applications, which will
come later in companion papers.
The types of IPA are the following.

A,B:=com|B|N|A— B|ref

The type com is a type of commands, which returns no useful value (if it returns at
all, it returns skip), but may perform read/write operations on the memory. The types N
and B are types for expressions that (if they return) return respectively a natural number
or a boolean. Finally, ref is the type for integer variables. Note that we consider active
expressions, i.e. the evaluation of a term of type B or N can trigger side effects.

Raw terms of IPA are described as follows.

M,N == x|MN | x.M|Y |
tt | ff | if M Ny Ny |
n |succ M | pred M | iszero M |
skip | M; N | M | N |
newref rin M | M := N |!M | mkvar
The first three lines describe the syntax of PCF [Plo77]. The fourth line describes
commands and combinators for them. Finally, the fifth line gives the combinators for
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I'-M:com ' N:com ' M:com I'-N:X I'- M :ref I'-N:N
I'-M]| N:com I'-M;N:X I'-M:=N:com

Ix:ref- M:X

I'-newrefzin M : X

I'-M:B I'-N;: X I'-M:N- com I'-N:N
I'-if M Ny Ny: X I' - mkvar M N : ref

FiGURE 1. Typing rules of IPA

manipulating variables. We include the so-called bad variable constructor [AM96], but it
will only play a very minor role in our development.

These terms are subject to mostly standard typing rules. We give most of them in Figure
0, omitting the standard rules for the A-calculus, the fixpoint combinator, and constants.
By convention, we use X to range over ground types: com,B,N. By abuse of notation, we
will also use N and B respectively for the sets of (total) natural numbers and booleans.

Although some of our typing rules seem restricted to output ground types, the full rules
can be derived as syntactic sugar. For instance, a version of if that eliminates to ref can
be obtained as:

I'-M:B I'= N, :ref
'+ mkvar (Az.if M (N7 :=2) (N2 :=x)) (if M !N IN;) : ref
It is an easy verification that the other rules can be generalized similarly.

The language can be equipped with standard (small-step) operational semantics, see
[GMOS] for details. We omit it here since it will play no role in the technical development.

2.2. Partial orders and conflicts for strategies. We now start introducing our seman-
tics. In the remainder of this section we introduce gradually the main ideas behind our
model, relying as much as possible on examples. Our starting point will the standard
Hyland-Ong innocent semantics for PCF, which we will use to motivate concurrent games
on event structures. This section will culminate on the issues of replication and uniformity,
which will prompt the developments of Sections Bl 4 and [El

2.2.1. Dialogue games. Hyland-Ong games formalize the intuition that a program is a strat-
egy having a dialogue with its execution environment. A possible dialogue on the type
B - B - B — B appears in Figure 2l The diagram is read from top to bottom. Each
move is either by Player or Opponent, and is either a Question or an Answer. Questions
correspond to variable calls, whereas Answers indicate a call terminating. The dashed lines
between moves (traditionally called justification pointers) convey information about thread
indexing; in this example they are redundant but become required at higher types — we will
see more on them later.

In natural language, this diagram would read: “The environment starts the evaluation
of a term of type B - B - B - B by interrogating its return type (-, Q). The evaluation
requires information on the first argument, so the term triggers its evaluation by playing
under the corresponding component of the type (+,Q). The evaluation of the argument
terminates with value tt (—,.A). Knowing that its first argument is tt, the term now needs



6 SIMON CASTELLAN, PIERRE CLAIRAMBAULT, AND GLYNN WINSKEL

~ - - -aq (- 9Q)
q e \ (+,9)
tt e l (-, A)
q | (+,9)
tt (A
tt (+,A4)

FIGURE 2. A dialogueon B—>B > B —> B

information on its second argument (+,Q). This argument returns tt (-,.A), and now
the term computes and returns tt at toplevel (+,A).” The reader should recognize here a
description of an execution of if.

In Hyland-Ong games, Sequential innocent strategies consist of sets of dialogues as
above, where Opponent moves are justified by the preceding one — such dialogues are known
as P-views. A strategy for a term of PCF contains several such dialogues, specifying the
term entirely. The full strategy for if contains in total four maximal P-views, displayed in
Figure Bl Such non-empty sets of P-views (satisfying further conditions: determinism and

BoBoB-B B-B-B-B

P (-,9) ////"jq (- 9)

R N R R
/s | ’

« o, 0 (a4 O ro B4

q/ l\ (+,Q) ‘q | (+7Q)

LI b G4

b (+.A) b (+A)

FIGURE 3. Maximal P-views for if

well-bracketing) are usually called well-bracketed innocent strategies. Because of their corre-
spondence with certain normal forms (PCF Bihm trees [Cur98]), they are the cornerstone
of Hyland-Ong games and of the full abstraction results they allowed.

2.2.2. Partially ordered dialogues. In Hyland-Ong games, every P-view is a total order,
meaning that the whole sequential innocent strategy is a tree. In our framework, we question
this premise. For instance, informally, the intuitive behaviour of the parallel composition
operation [|: com - com — com of TPA is most elegantly represented as in Figure [l

The diagram of Figure [d]is analogous to the previous ones, but is now partially ordered
rather than totally ordered. The relation — denotes immediate causality; it was unnecessary
before, as it coincided with chronological contiguity. The justification pointers remain — we
will see more on their precise nature later. Note that in the standard game semantics for
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_ — crun (-Q)
_ = \
runéﬁ// \\ (+,9)
|47 \47 !
done done /, (-, A)
I
done (+,A)

FIGURE 4. A partially ordered dialogue

IPA [GMO8], this partial order would be only implicit; and given by all the possible linear
orderings of the partial order above. Here instead, the partial order will be the first-class
object of interest. Strategies, in particular, will be partially ordered.

2.2.3. Non-determinism. Concurrent languages are, in general, non-deterministic. Note
that we do not mean non-deterministic in the sense that, as above, the execution admits
multiple distinct linear orderings. For us, non-determinism means that execution takes
irreconciliable routes, even up to permutation of independent events. We illustrate that by
the following two examples.

B com - com

-4 (_79) — =Trun (_7Q)

/ \ - — : \
tt/«w}lﬂ' (+,A) runM L (9

| ‘L \ ‘L !
done done (- A)

I
done (+,A)

FIGURE 5. Non-deterministic dialogues

In the above two diagrams, the wiggly line ~~ indicates immediate conflict. Two
moves/events related by immediate conflict are incompatible, and can never occur together
in an execution. Accordingly, the first example is a representation of our strategy for
the non-deterministic boolean, which answers either true or false. The second example
illustrates another key aspect of our model: we remember explicitly the point of non-
deterministic choice. Here, Player silently flips a coin. If the result is heads, they evaluate
the argument, then terminate. However, if the result is tails, they evaluate the argument,
then diverge. Typical play-based game semantics would forget the halting branch, which is
contained in the other. Instead, our model represents the two branches explicitly.

We now show how to make such diagrams formal.
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2.3. Prestrategies on arenas.

2.3.1. Ewent structures. Such a combination of causality and non-determinism is elegantly
expressed via Winskel’s event structures[Win86].

Definition 2.1. An event structure (es for short) is a tuple (E,<g,Cong) where E is a
set of events, <g is a partial order indicating causality and Cong is a set of finite subsets
of E, satisfying:

VeeE, [e]p ={e' e E|e <g e} is finite

Vee E, {e} € Cong

VX eCong, VY cY, Y e Cong

VX e Cong, Vee E, Ve'e X, e<pe’ = X u{e} e Cong

The set Cong of consistent subsets specifies which events can occur together in an
execution of the system. The states of an event structure E, called the (finite) configura-
tions, are those finite sets € F that are both consistent and down-closed (i.e. for all
e €x, for all ¢’ < e, then €’ € z) — the set of configurations on E is written ¢ (F), and is
partially ordered by inclusion. Configurations with a maximal element are called prime
configurations, they are those of the form [e] for e € E (note that we drop the F in [e]g
whenever, as above, this is clear from the context). We will use the notation [e) = [e] \ {e}.

We write 2—<c to mean that e ¢z and zu{e} € €(F). Finally, when drawing event struc-
tures as above, we do not represent the full partial order < but the immediate causality
generating it, defined as e — ¢’ whenever e < ¢/ and for any e < e” < ¢, either e = €’ or
e’ =¢’. We will often omit the subscripts in < or — when they are clear from the context.

In this paper, most of the event structures we consider (such as those in the previous
subsection) have a simpler consistency structure.

Definition 2.2. An event structure with binary conflict is a triple (F,<g, {r), where
<g is a partial order and fg is an irreflexive symmetric binary relation on E, such that:

Vee E, [e]g is finite
A 4
Vei fr €2, Vea <pey, €1 fp ey

It is easy to check that an event structure with binary conflict is an event structure,
with Cong = {X € Pr(E) | Ver,ez € X, =(e1 £ e2)}. On the other hand, not every event
structure can be described via a binary conflict (take e.g. three events with any subset of
cardinal less than two being consistent). The strategies in the cartesian closed category we
aim to build will only have binary conflict, and accordingly in Section [6] we will restrict
to event structures with binary conflict. In the meantime, some aspects of the theoretical
development are smoother when carried out with arbirary consistency.

In an event structure with binary conflict, we can trace back conflicts to their original
cause. For e; §i e2 we say that the conflict is minimal, written e ~~p €', iff for all " <e
we have —(e” §g €’) and for all €’ <€’ we have -(e fg €’). As above, we will often drop the
subscripts in § or ~~ when they are clear from the context. Following this notation, all the
diagrams of the previous subsection can be regarded as representations of event structures
with binary conflict (ignoring the dashed lines).
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2.3.2. Games and arenas. In game semantics, dialogues as in Subsection [2.2] obey the rules
of a game inherited from the type. In order to define it, let us first recall the following
notion from [CCRW].

Definition 2.3. An event structure with polarities (esp) is an event structure A along
with a polarity function
poly: A— {— +}
associating to any event a polarity, that is either — for Opponent or + for Player.
By a game, we simply mean an event structure with polarities.

Those games form the objects of the category CG of concurrent games of [CCRW].
However in this paper we are interested in reconstructing a version of Hyland-Ong games,
so we will eventually consider restricted games called arenas, imported from [HOQQ]. Since
we do not aim to prove full abstraction results in this paper, our arenas will not carry
Question/Answer labeling — and our strategies will not be assumed to be well-bracketed.

Definition 2.4. An arena is a conflict-free (all finite sets consistent) esp/game satisfying:

e Forest. if a1,a9 < a € A, then either aq < as or as < aj.
e Alternation. if a1 — ag, then pol(ay) # pol(az).
An arena A is negative if all its minimal events have negative polarity.

Arenas are close representations of types. Although formulated a bit differently, our
arenas are the same as in [HO00|] (with the exception of the absence of the Question/Answer
labeling).

Ezample 2.5. Leaving for later the general interpretation of types, we have:

[B] [com] [com — com]
q‘\ run Jyun _
, \ | - N
\ | / \
R done* run* done*
|
|
done™

Throughout this paper, we will often omit the semantic brackets on types when this
causes no confusion and simply refer to these arenas as B, com, etc.

By convention, we represent immediate causality in arenas by dashed lines - — -
rather than —. Events are annotated with their polarity and Question/Answer labeling. We
observe in the third example — and it will be a general fact once we give the formal definitions
— that each move in the arena [com — com] comes from a well-defined occurrence of a
base type com in com — com: run- and done* come from the output com, and run*
and done” come from the input com. As usual in game semantics, this is used in the
representation of dialogues (as in Subsection [2.2]): whenever possible, moves are placed
under the corresponding base type occurrence.
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2.3.3. Prestrategies. The dialogues of Subsection [2.2] and our notion of strategies (called
prestrategies for now — more conditions are to come), will be event structures labeled by
a game. In other words, a prestrategy will be an event stucture S along with a labeling
function ¢ : § - A associating to each event in S an image in the game. These labeling
functions need to satisfy conditions corresponding to the notion of map of event structures.

Definition 2.6. Let E, F' be event structures. A morphism (map) of event structures
f: E - Fis a function, satisfying:
e Preservation of configurations. For all x € € (F), fx € €(F),
e Local injectivity. For all e,e¢’ e x € €(F), if fe= fe' then e=¢.
Event structures and maps between then form a category &.
A prestrategy on a game A is a map of event structures o: S - A.

So a prestrategy o : S — A must only reach valid states of A, and behaves linearly: in
a configuration, each event of the game appears at most once. We note in passing that for
non-linear languages, this linearity assumption will be circumvented by creating duplicates
of events — more on that later.

If 0: 5 — A is a prestrategy, then S automatically inherits from A a polarity function
that we write polg : S — {—, +}, leaving the dependency on ¢ implicit. Of course, it would
be equivalent (as done in [RW1I1]) to require S to be explicitely equipped with polarities,
in a way preserved by o.

2.3.4. Representations of prestrategies. We will only draw prestrategies with binary conflict.
When drawing such a o : § - A as in Subsection 2.2] we only draw S (more precisely, with
immediate causality — and immediate conflict ~~), where each event is presented as its
image through A, and placed under the corresponding ground type occurrence in the type.
We use the dashed lines — — — to represent the relation on S induced by immediate
causality on A. For instance, the second diagram of Figure [0l is a representation of the map
of event structures below.

0:8 [com — com]

As the reader can see, this explicit map notation is a bit cumbersome. Its representation
as in Figure[flconveys the relevant information — the only thing lost is the “name” (si,...,sg)
of moves in S. More formally, it should be clear to the reader that such a representation
displays a finite prestrategy o : S - A adequately up to isomorphism of prestrategies:

Definition 2.7. Let 0: 5 > A and 7: T — A be prestrategies. A morphism from o to 7
is a map of event structures f: S — T such that 7o f =0.
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Accordingly, an isomorphism between o and 7 is given by (f,g), where f: S - T and
g:T — S are maps between ¢ and 7 such that go f =idg and fog =idp. We write o 2 7 to
mean that ¢ and 7 are isomorphic — in that case we might sometimes say that ¢ and 7 are
strongly isomorphic to emphasize the distinction with weak isomorphisms, to be defined
in Definition

2.4. Compositional structure. In order to obtain such representations of programs com-
positionally, the standard methodology of denotational semantics suggests to organize them
as a category. Rideau and Winskel [RW11] give the basic ingredients for the construction
of a (bi)category of games on event structures. We give here the main ideas and definitions,
but refer the reader to [CCRW] for a more in-depth discussion with proofs.

We start with the following simple definition.

Definition 2.8. The simple parallel composition E; | F5 of two event structures Ej
and Fs has:
e Events. The disjoint union {1} x Ey U {2} x E»,
e Causality. We have (i,e) <g, g, (j,¢) iff i = j and e <g, ¢/,
o Consistency. For X = {1} x X; w {2} x X5 (often written simply X; || X3) a finite
subset of E || E2, we have X € Cong, |, iff X1 € Cong, and X3 € Cong,.

The simple parallel composition of event structures with binary conflict still has bi-
nary conflict. If A and B are games, so is A || B, with polyz((1,a)) = poly(a) and

p01A|\B((27 b)) = polg(b).

In other words, the two event structures are put side by side, without any interaction.
If A is a game, then there is also its dual A*, defined as having the same events, causality,
consistency as A, but reversed polarity: poly.(a) = —poly(a). Both operations — || — and
(-)* are defined on all games, but preserve arenas.

2.4.1. Morphisms. Given games A and B, a prestrategy from A to B is a prestrategy:
oc:S—-A"| B

We will sometimes write o : A—= B to keep the S anonymous. The basic example of a
prestrategy from A to A is the copycat strategy.

Definition 2.9. Let A be a game. We define an event structure (C 4 as having:
e Events. Those of A* || A,
e Causality. The transitive closure of the relation:
{((1,a),(1,a")) |a<ar a'} U{((2,a),(2,a")) |a<aa’}u
{((1,a),(2,a)) [ pols(a) = +} u{((2,a),(1,a)) [ pola(a) = -}
e Consistency. For X a finite subset of (€4, we have X € Cone,, iff [X]a, € Congrja.

In particular, if A is an arena, then (€4 is conflict-free.
The copycat prestrategy is the identity function, which is a map of es:

ca:Cy—> A A
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Ezample 2.10. The copycat prestrategy from [com — com] to itself is:

[com - com]' | [com - com]

run® done*
\ (R
done

done*

Note that the partial order above is a tree, whose branches are exactly the P-views of
the usual corresponding copycat strategy in Hyland-Ong games.

2.4.2. Interaction. As usual in game semantics, composition is obtained by a two-step pro-
cess: parallel interaction, plus hiding. The main difficulty in defining the composition of
prestrategies is parallel interaction — we first explain how it is done on a closed interaction
between 0: S - A and 7: T — A*t. The interaction of ¢ and 7, written cAT: SAT — A,
will be a labeled event structure describing the behaviours accepted by both ¢ and 7.

Its construction is done in several stages. Firstly, its states should correspond to certain
pairings between matching states of o and states of 7, i.e. pairs (x,y) € €(S) x €(T) such
that ox = 7y. Note that in such a case, the local injectivity assumption on ¢ and 7
induces a bijection ¢, , between x and y — in fact matching pairs (z,y) are in one-to-one
correspondence with bijections ¢ : & ~ y between configurations of S and T such that for
all s ez, 7(ps) = os, indicating which events synchronise with each other. However, not
all such bijections represent valid states of the interaction, as ¢ and 7 might not agree on
the order in which to play events in x,y. This is addressed by requiring bijections to be
secured, as below.

Definition 2.11. Let 0: S - A and 7: T - A’ be prestrategies. A secured bijection
between x € € (S5) and y € € (T) is a bijection

pra=y

such that for all s € x we have 7 (¢s) = os, and which is secured, in the sense that the
reflexive transitive closure of

(s,t)a (s, t) = s<gs' vt<pt

is a partial order written <, on (the graph of) ¢, making (y,<,) a poset. We write %57
the set of secured bijections between o and 7.

Example 2.12. In the diagram below are represented two prestrategies ¢ on com | com,
and 7 on (com | com)*.

com | com (com | com)?t
run- run- run”

v +A/ L
done o . done

— .

run
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The dotted line is the only pair in the unique maximal secured bijection in %;7. The
maximum configurations of o and 7 are matching, but not in a secured way.

This gives a notion of state of the interaction, but we expected to build a labeled event
structure. Hence we wish to present %57 (up to isomorphism) as the set of configurations
of an event structure S AT. This is done via the prime construction. Say that a secured
bijection (¢,<,) is a prime when it has exactly one maximal element (s,,t,). In other
words, a prime secured bijection is the data of one synchronisation (sy,t,), plus a causally

valid history for it. We now form:

Definition 2.13. The event structure S AT is obtained as follows:
e FEvents. Prime secured bijections ¢ € %77
e Causal order. Inclusion of secured bijections.
e Consistency. For X a finite subset of %57
X € Congar iff UX € 57

There is a map of es o AT: SAT — A, given by (0 AT)p =05, =Tt,.

of prime secured bijections, we have

In passing, we note that if 0 : S > A and 7 : T —> A' have binary conflict (meaning
S and T have binary conflict), then so does o AT : SAT — A, with =(¢1 fsar @2) iff

1 U € B,77 — this easily boils down to the lemma below.

Lemma 2.14. Assume o, 7 have binary conflict, and let X be a finite subset of %;°7. Then
the two following statements are equivalent.

(1) We have uX € #5%

o,T)

(2) For all p, e X, ~(¢ f ).

Proof. (1) = (2). Obvious, since ¢ U is a down-closed subset of UX.

(2) = (1). First we note that for ¢, € #57, if p U is still a bijection between
configurations, then it is automatically in ;7 — indeed both ¢ and 1 are down-closed
sets in a common partial order of synchronised events. But then, we note that uX is a
bijection between configurations. Indeed, if (¢,d) € ¢ € X and (¢,d’) € ¢ € X then d = d’

since p U € BT L]

It will also be useful later to have a concrete understanding of how minimal conflict
arises in an interaction; hence we prove the following lemma.

Lemma 2.15. Let 0 : S > A and 7 : T - A' be prestrategies, and ¢ € #°¢. Then if

¢ x>y extends in 7 with (s1,t1) and (sg,t2) but o U {(s1,t1), (s2,t2)} ¢ %ffﬁ Then,
either x U {s1,s2} ¢ €(S) or yu{ti,ta} ¢€(T).
In particular, if S,T have binary conflict and ¢, ¢ are events in S AT such that ¢ ~~ 1,

then s, ~~ sy or t, ~~ ty.
Proof. If xu{sy,s2} € €(5), yu{t1,ta} € €(T), and s1, s2 and t1,t5 are distinct, then clearly
eu{(s1,t1), (s2,t2)} € 7. However if e.g. s1 = s9, then 71 = 7 ta, hence yu{ty,ta} ¢ €(T)
by local injectivity — and similarly if £; = to.

The second part of the statement follows easily. ]

In fact, what we have described above is the pullback construction in £. There are maps
of event structures:

H1:S/\T—>S HQIS/\T—>T
® = Sy w =ty
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making the following square commute, and a pullback (from Lemma 2.11 of [CCRW]):
SAT
i i
VN
S S T
g A T

We motivated the pullback by asking for an es whose configurations are secured bijec-
tions. And indeed, those are in a very close correspondence.

Proposition 2.16. For any x € € (S AT), we have ¢, = Uz : [Ijz ~ IIsx. Moreover, the
assignment:
C(SAT) — B
T = P
is an order-isormorhism (with both sets ordered by inclusion). Finally, there is a family of
order-isomorphisms:
Vg P

(sy,ty)

7R

T
(0
that is natural in z.

Proof. Direct extension of Lemma 2.9 in [CCRW]. O]

This allows us, when reasoning on configurations of a pullback, to manipulate directly
secured bijections rather than compatible sets of prime secured bijections. Likewise, when
reasoning on events of the pullback in an ambiant configuration, we can directly apply v and
reason on synchronised pairs. In the proofs, we will often use this proposition implicitely
and transfer silently between the different representations.

Finally, we are in position to define the parallel interaction of two prestrategies o : S —
At | Band 7:T — B* || C. We simply form the pullback:

(o[l C)n(AllT)

STUNE

We write T® S = (0 || C) A (A || 7) for the interaction, and 7@ o :T®S > A || B || C
for either side of the pullback square. Hence we get the interaction of ¢ and 7, 7 ® 0, as a
labeled event structure.

Ezample 2.17. Consider the following prestrategies o : S - [com — com] and 7 : T —
[com — com]* || [com] (note that to match the definition of interaction above, we can
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consider o : S — 1* || [com - com], where 1 is the empty arena).

o: [com - com] 7: [com - com]' | com
_ run’ _ run
e | e \
run” _ —run”
R4 | R 4 |
done” | _run” _ done” |
A 27 ™ 'S
done” done” done” done”

We display below a representation of the interaction:
7®0:T®S — (com - com) || com

We only display polarities for the moves in the right hand side com. Indeed events on
the left hand side (synchronised) part of the interaction have no well-defined polarity, as
the two strategies disagree on them.

T®o: (com - com) [ com

We leave it to the reader to check that each event in this diagram corresponds uniquely
to a configuration in S || com and a matching configuration in 7" such that the induced
bijection is secured.

2.4.3. Hiding. Once we have performed the interaction, it is fairly simple to obtain the
composition by ignoring the synchronised events, i.e. those that map to B. This is an
instance of the following projection operation.

Definition 2.18. Let F be an event structure, and V ¢ E a set of events of E. The
projection of E to V, written F | V, has components:

o Fvents. V.
o Causality. The order <g restricted to V.
e (Consistency. The sets X € Cong such that X c V.

This gives an event structure — it is clear that a hiding of an event structure with binary
conflict still has binary conflict. Note as well the unique witness property reminiscent of that
used in studying the composition of deterministic strategies in standard game semantics:
for any x € €(E | V), there exists a unique [z]p ={e e E|3e' ex, e<pe'} € €(E) such
that [z]g NV =z, and whose maximal events are those of x.

Finally, we define composition. From ¢:S - A* || B and 7: T — B* || C, first compute
the interaction T® o : T ®S — A || B || C. Then, set V€T &S to comprise all p e T & S
such that (1®0)pe B. Writing To S=T®S |V, the composition of o and 7 is:

TOo : TS - AY|C
p = (T8®0)p
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From the fact that interaction and hiding preserve binary conflict, it follows that for
c:8—>At||Band 7:T > B* || C,if S,T, A,C have binary conflict, then so does T ® S.

Ezample 2.19. Consider the interaction of Example 217l After hiding, the resulting com-
position is:
com
_run’
V' N
done” done”

Note that the conflict between the two maximal events, although it was inherited in the
interaction, becomes minimal after projection as its original cause has been hidden away.

Composition is associative up to isomorphism [CCRW]. However, copycat is not neutral
for composition with respect to prestrategies — it is only the case for strategies (see [CCRW]
for details):

Definition 2.20. A prestrategy o :S — A on a game A is a strategy if it is:

e Receptive. For all x € €(95), if aa:ic, then there exists a unique s € S such that

z—2c and o s = a.
e Courteous. If s1 —g s9 and pol(s1) = + or pol(sy) = —, then 051 —4 0 s9.

Putting everything together, we get [CCRWI:

Theorem 2.21. There is a compact closed category CG of games and strategies up to
isomorphism.

2.5. Interpreting programs and replication. The category CG is a general framework
for composing concurrent strategies. We can rely on it to build a model of an affine variant
of IPA: that involves restricting to negative arenas, and interpreting function space in IPA
via the usual arrow arena construction. We refrain from giving the details here, since we will
give them in the non-affine case later on. However, before going on to handling replication,
we will give examples in the affine case and try to convey further intuition as to what the
model computes. Then we will present the expanded arenas used to handle replication, and
we will introduce the issue of uniformity.

2.5.1. Concurrent strategies and view functions. As the reader familiar with Hyland-Ong
games may have noticed, our examples before showed how to represent as concurrent strate-
gies, view functions rather than expanded strategies — or, in Curien’s terminology [Cur98],
meager rather than fat innocent strategies. And indeed, in our framework it is the case
that a pure program will be interpreted directly as its view function, never constructing the
full set of plays. For illustration, the interpretation of the affine pure program:

AfBreom ¢ ¢t (B - com) - com
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will be the strategy:
(B -com) - com

_ run
T
_ run
A 4 |
q ~ done” /
Iy ~Sa
ttt done”

which the reader can match against the tree of P-views for the corresponding Hyland-Ong
innocent strategy. The composition of such strategies is computed directly using pullbacks
in £, never constructing the expanded plays. In other words, we never work with full
Hyland-Ong strategies, but always with their causal representations: the view functions.

But the usual strategies for stateful programs [AM96] are not generalizations of meager
innocent strategies, but of fat ones: the behaviour of programs must be observed not only
on P-views but on general plays. Hence, the reader may wonder if evading them causes
us to lose that ability. Fortunately it is not the case, and strategies for stateful programs
can be represented causally just as innocent strategies. For instance, consider the following
example.

Ezample 2.22. Consider the following term of TA.
newref b in \f€OM7M f (b:=tt); b: (com - com) - B

Following (the affine variant of) the interpretation of Section [7] the corresponding strategy
is:

(com - com) - B
- q
// N
+/ / \
_ _— run / \
P _ |$ / \
_ - / \
run done | \
7 ~N
S
done” cceor done’ o st

The done™ to the left is duplicated, witnessing the two outcomes of the race in the mem-
ory that happens if the argument does not respect the evaluation stack, and concurrently
returns done™ and asks for its argument. The reader familiar with the game semantics for
Idealized Algol [AMO96] can check that taking the set of (well-bracketed) alternating linear
orderings of configurations of this event structure yields the expected set of plays.

2.5.2. Replication. But so far, we have only seen affine programs and strategies, i.e. that
call each resource at most once. As it stands, the local injectivity condition in Definition
forbids us from having two compatible events corresponding to the same move in the
game. It is natural to consider dropping it, but then we lose access to the nice structural
properties of £ (such as pullbacks). It is unclear to us how one would do about defining
composition of strategies in such a setting, let alone proving that it forms a category; in
particular if one insists of remembering the point of non-deterministic branching.
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Instead, our solution takes inspiration from AJM games [AJMOOb] and from the re-
construction of HO games in [HHMOT] : we explicitly duplicate moves in arenas. Rather
than playing directly on an arena A, our strategies will play in !A, a variant of A where all
events have been duplicated a countably infinite amount of times, in depth. More formally,
we define:

Definition 2.23. Let A be an arena, and a € A. An indexing function for a is a function:
a:la] »w

which associates, to a and its dependencies, a copy index. From « : [a] - w, we write
Ibla = a for its label, and ind @ = a (bl «) for the copy index of a.

Indexing functions will be the events of !A. Tts full structure will be:

Definition 2.24. From an arena A, we build a new arena !A, comprising:
e FEvents. indexing functions «: [a] = w,
e Causal order. for a:[a] - w and B : [b] - w, we have a <14 (3 iff a <4 b and for all
a' <sa, a(a")=p(d).
e Polarity. For ave 1A, pol,4(a) = pol4(Iblav).

Moves in ! A have a rather complex structure. However, note that just as A — which was
required to be an arena rather than a general game — A is a forest. For each o : [a] — w,
either a is minimal and then so is «, or there is a unique a’ —4 a — in which case the
restriction of « to [a'] gives a unique o’ such that o —4 «. In other words, « is entirely
determined by the data of Ibla = a, inda = a(a), and its immediate predecessor o/, called
its justifier just(«). Using this decomposition inductively, we can unambiguously draw
configurations of !4 by annotating each event by its copy index, and its justifier.

Example 2.25. The following is a representation of a configuration of !B:
s Ve

N N

/ \ /
! ! w2 S

where, for instance, the two events labeled ! respectively denote {q ~ 0,tt — 1} and
{ar 3.t~ 1}

Using the additional space granted by !A, we can now represent programs evaluating
their arguments multiple times. For instance, a valid strategy o : S - ![(B - B) —» B — B]
for the term A f2~B2B. f (f z) could contain, for i, j € w and injective function (-, -) : w? - w,

a configuration:

- - ==aq
+,0 - - /
- 4q -7
_-A/ e
q7] V4 /
+,7+1 /
~q’ ,
A/
-k
q /
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This diagram exploits the representation introduced just above for configurations of
IA: each event is specified through its label and copy index. The full strategy o would
comprise such configurations for all 4, j € w. For each positive event, o must provide a copy
index — this choice must be made globally, in a way that avoids collisions to maintain local
injectivity of o.

2.5.3. Uniformity. Using the composition mechanism introduced before, one may define an
interpretation of terms of IPA as concurrent strategies on expanded arenas. However, as
observed above, such strategies not only carry information about the events they play and
their causal history, but also the data of specific copy indices that seem largely irrelevant
— e.g., as above, the choice of an injection (—,-). In fact, for reasons familiar from AJM
games [AJMOOD], strategies will not satisfy the laws of cartesian closed categories unless we
consider them up to their specific choice of copy indices. Let us observe that on an example.

Ezample 2.26. Consider the term M to be f : B - B - B - Mz fzaz : B - B. Its
interpretation could contain:

B~ B - B] +![B ~ B

_ q+,i
K
q77j1 q77j2

4 /
[ VAR
+,2J1 +,2j2+1

q q

Because of the contraction, the Opponent events of indices j; and jo corresponding to
different events in the arena trigger Player events corresponding to the same event in the
arena. To ensure local injectivity, we exploit that the functions 2n and 2n + 1 have disjoint
codomain.

Likewise, consider two terms, with chosen configurations of their strategies:

AByB.a] = B> B -B] [MByB.y] : ![B- B - B]
_-q _q
q+,0/A/ q+,0X
Then we have:
[M]o [ eByB.2] : ![B- B] [M]o[\By®.y] : ![B- B]
_q _q
/-4 x
q+,0 q+,1

But these are required to be the same by the laws of cartesian closed categories, since we
have (Af. M) (Axy.x) =5 (Af. M) (Azy.y). However, they are not isomorphic as strategies
on !A.

In order to solve this mismatch, we first need to formalize what it means for two
configurations of !A to be the same up to the choice of copy indices.
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Definition 2.27. Let z,y € €(!A). A reindexing iso between x and y is an order-
isomorphism:
0:xzy
which preserves labels: for all a € x, Ibla =1bl (0 o).
A reindexing iso 6 : x @ y is positive iff it preserves the copy index of negative events,
i.e. for all @™ € z, inda = ind (# ). Negative reindexing isos are defined dually.

Intuitively, two configurations of €’ (1A) related by a reindexing iso are distinct specific
representations of one thick subtree of A in the sense of Boudes [Bou09|, i.e. a subtree
of the arena with duplicated sub-arenas. Two strategies are to be identified iff they are
isomorphic, with the commuting triangle to !4 being weakened to a commutation up to
reindexing iso — in fact, it turns out to be simpler to strengthen that to positive reindexing
isos. Altogether:

Definition 2.28. Let 0: S - A, 7:T — ! A be two strategies. A weak morphism from
o to Tis f: S5 — T, such that the triangle

commutes up to positive symmetry, in the sense that for all x € €(.5), the set:

{(os,7(fs))|sex}
is a positive reindexing iso. If f: S - T, g: T — S are two weak morphisms such that
go f=idg and fog=idp, we say that (f,g) is a weak isomorphism, and write o ~ 7 to
mean that o and 7 are weakly isomorphic.

The two strategies of Example are weakly isomorphic. And in fact, a consequence
of the developments of this paper is that the natural interpretation of terms + M : A of PCF
as strategies on ! A hinted at here is sound and computationally adequate (it is reasonable to
expect the same statement for IPA to be true as well, but it does not follow from the results
in this paper). However, proving it bumps into a significant difficulty: without further
contraints on strategies, weak isomorphism is not a congruence. Indeed, strategies can
behave differently depending on Opponent’s choice of copy indices. For instance, composing
the two weakly isomorphic strategies [M] @ [Ax®y®. 2] and [M] @ [A2®yB.y] of Example
with

[ B - B] +[B -~ B]

q

yields, in the one hand, a strategy that calls its argument, and on the other, one that
does not. Clearly, they are not weakly isomorphic. This is because the strategy above is
not uniform: its behaviour not only depends on Opponent’s moves, but also on their copy
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index. A useful analogy is that of a program that looks up the address where it is loaded
in memory, and uses that information to specify its behaviour.

In AJM games [AJMO0b], uniformity is ensured by equipping games with an equivalence
relation on plays not unlike our reindexing isomorphisms, and then requiring strategies to
satisfy closure properties with respect to it. Here, since our strategies have considerably
more structure than sets of plays, the endeavour proved considerably more subtle. One
solution, presented in [CCW14], was analogous to the AJM games of [BDERI7|: require
strategies to be saturated, and to play non-deterministically all available copy indices. The
next section develops the dual approach, already used in [CCW15], that we call thin con-
current games. It is reminiscent of Mellies’ notion of strategies bi-invariant under group
actions [Mel03] in the setting of asynchronous games.

3. THIN CONCURRENT GAMES

In order to enforce uniformity, as in [CCW14], we equip event structures with a sort of
equivalence relation between configurations, which is proof relevant in the sense that two
configurations may be related in several different ways. Following [Win07], the resulting
structure is called event structures with symmetry. In [Win07, [CCW14], event structures
with symmetry are defined as certain spans of open maps — instead, here we mainly use
their more concrete presentation as isomorphism families: certain sets of bijections, such
as the set of reindexing isos between configurations of !A.

Isomorphism families plays two important roles in the construction of the framework:

e Adjoined to games, they express “equivalent configurations” of a game, allowing us
to switch to a coarser equivalence on strategies (weak isomorphism). They give an
abstraction of reindexing isos for games not necessarily of the form !A.

e Adjoined to strategies, they are used as witnesses of uniformity. Unlike in AJM
games, in our development such witnesses are not unique — uniformity is not a
property of strategies but a part of their structure.

In this section, we construct a category Tcg” (which will be proved compact closed
in Section M) of uniform strategies up to isomorphism, where both games and strategies
are equipped with an isomorphism family. This category generalizes the category CG of
[RW11l I[CCRW] to deal with uniformity, in the same way that AJM games [AJMO00b] extend
simple games [Hyl97]. For now we focus on the issue of extending composition in the
presence of symmetry: we keep comparing strategies up to isomorphism. The issue of
relaxing the equivalence relation (from isomorphism to weak isomorphism) is addressed
later (in Section [), to make the presentation more accessible.

In Section B.1] we define isomorphism families and event structures with symmetry,
and study their properties. In Section [B.2] we develop a notion of games equipped with
isomorphism families, generalizing the situation of !A, and introduce a notion of uniform
strategies. In Section 3.3l we explain how these notions interact with the composition of
strategies developed in [RW11l, [CCRW].

3.1. Isomorphism families and symmetry. Isomorphism families extend the partial
equivalence relation on plays in AJM games to event structures, in a “proof relevant” way.
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Definition 3.1 (Isomorphism families and event structures with symmetry). Let A be an
event structure and A be a set of bijections between configurations of A. Then, A is an
isomorphism family on A if it satisfies:
e (Groupoid) The set A contains all identity bijections, and is stable under composition
and inverse of bijections.
e (Restriction) For every bijection 0 : z ~ y € A and z’ € €(A) such that 2’ € , then
the restriction 6 } 2’ of 0 to & is in A. In particular, 6z’ € €(A).
e (Extension) For every bijection 6 : z ~ y € A and every extension z € z’ € € (A),
there exists a (non-necessarily unique) y € y' € ¥(A) and an extension 6 ¢ §’ such
that 0': 2’ ~ 9y € A
In this case the pair A= (A, A) is called an event structure with symmetry (ess).
We will use S, T, A, B, ... to range over event structures with symmetry. If A additionally
has polarities and bijections in A preserve them, we say that A is an event structure
with symmetry and polarities (essp).
An isomorphism family on a game A is an isomorphism family A on the underlying
event structure such that all bijections in A preserve polarities.

The definition above does not explictly mention that the bijections need to be order-
isomorphisms. It is actually a consequence of the (Restriction) axiom:

Lemma 3.2. Let A be an ess and 6 : z ~ y € A. Then, 6 is an order-isomorphism.

Proof. Let s < s' € x. Applying the restriction axiom to #~! and the configuration [#s'] C y,
it entails that §-[#s'] is a configuration so it is in particular down-closed. As s’ € §-[0s'],
it follows that s € #1[#s']. This directly implies s < 05’ as 0s € [0s']. L]

Since 0 : z ~ y € A is an order-isomorphism, we will denote it via 6 : z = y to indicate
that it preserves and reflects the (implicit, inherited from <,4) ordering on z and y.
Instead of O:x 2y € A, we will also often use the more compact notation 6 : z = 1 Y; and we
will refer to 6 as a symmetry between x and y.

Given a bijection 6, we write dom# and codom € for its domain and codomain respec-
tively. The existence of a symmetry 6 between two configurations x and y of A ensures that
x and y have isomorphic pasts and bisimilar futures. Another remark is that the axiom
(Extension) is equivalent to its one-step counterpart:

Lemma 3.3 (One-step extension). Let A be an event structure and A be a family of
bijections. The family A satisfies the (Extension) axiom if and only if for all #: x =3 y and

a € A such that z—c , there exists a’ € A such that 8 U {(a,a’)} € A. (In particular y—c )

Proof. Straightforward by induction. L]

3.1.1. Constructing event structures with symmetry. We construct some ess of interest.
Firstly, expanded arenas and reindexing isos are ess.

Proposition 3.4. Let A be an arena. Recall the expanded arena ! A (Definition 2.24]) whose
events are indexing functions « : [a] = N with a € A. The sets |A of reindexing isos (see
Definition 2.27]), [A_ of negative reindexing isos, and A, of positive reindexing isos, are
isomorphism families on !A.
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Proof. The (Groupoid) axiom is easy to check for these three families. The (Restriction)
axiom follows from all the 6 being order-isomorphisms.

We check the (Extension) axiom for the first family using LemmaB.3l Let 6 : = y and
a:[a] - N an extension of z. Recall from the discussion below Definition [2.24] that events in
lA are entirely determined by their label, their justifier (immediate causal dependency), and
copy index. Define o’ = just . We set the extension of 6 to be («,3), where 3 is set to be
the unique event of !A with justifier 6(a’), label a and copy index some fresh k not reached
in y yet (or at the very least, not reached by events with label a justified by 6(«a')). This
yields 8 U {(a, B)} an order-isomorphism between configurations of !A, preserving labels.

If6:x =, Y and « : [a] - N is a positive extension of x, the same reasoning applies.
If it is a negative extension, then the unique possible extension of 6 is (a, 8) where 8 has
justifier #(just &) and copy index ind . Such 8 cannot be in y already: indeed, its pre-image
through 6 would be an event with label a, justifier just @ and copy index ind a — so would
be «, absurd since « ¢ 2. The reasoning for [A_ is dual. []

Event structures with symmetry support all the basic operations on event structures.

Definition 3.5. Let A and B be ess. We build their simple parallel composition as
(A || B,A | B) where A || B is the set of bijections of the form 6 || 02 : z || y ~ 2 || v where
z, 2" € G(A),y,y €€ (B), 0 € A,05 ¢ B and 0, | 0 is defined as (i,a) ~ (i,0;(a)).

If A is a game equipped with symmetry, its dual A* has the same isomorphism family
A on the arena A*.

3.1.2. Morphisms. In the setting without symmetry, morphisms of event structures played
a central role, providing in particular an adequate notion of labeling functions for strategies
0:5 — A. In our new setting with symmetry, we will also need to consider a corresponding
notion of morphisms.

Definition 3.6. Let A, B be event structures with symmetry. A map of event structures
[+ A— B preserves symmetry iff for all § : z =5 y, the bijection f60 = {(fa, fa') | (a,a’) €
0} is in B.
In that case, f is a map of event stuctures with symmetry, written f: A4 - B.
Event structures with symmetry and their maps form a category written &£.. In &.,

morphisms can be compared up to symmetry, abstracting away from the comparison of
morphisms up to the choice of copy indices of the previous section.

Definition 3.7. Let f,g: A — B be maps of event structures with symmetry. They are
symmetric (written f ~z g) when for all x € ¥(A), the bijection {(fs,gs)|sex} isin B.

We will now define our games and strategies as certain event structures with symmetry.
3.2. Games with symmetry and uniform strategies. In this subsection, we define our

notions of game with symmetry and uniform strategy, and show that copycat provides one
example of such a strategy.
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3.2.1. Thin concurrent games. As observed in Definition 2.27] the expanded arena !A has
three natural isomorphism families |4, A, ,A_. The positive symmetry on !4 will be used
to compare strategies up to positive copy indices. By duality, the negative symmetry is
needed to compare counter-strategies. The whole symmetry appears naturally when we
want to make a strategy interact against a counter-strategy.

In our effort to abstract away from exanded arenas, our notion of game with symmetry
will also feature three isomorphism families analogous to 4, 1A, [A_:

Definition 3.8. A thin concurrent game (tcg) is an essp A (so A is an esp / a game)
with two additional isomorphism families A_ and A, on A such that:

(a) The families A, and A_ are subsets of A,

(b) If @€ A, n A_ then 6 is an identity bijection,

(c)If@eA andhc 0" e Athen e A,

(d) f@e A, and fc* 0" e A then 0’ ¢ A,.
where 6 ¢~ 6 (resp. 6 c* 6') means that 6 € 6" such that "\ 0 only contains pairs of negative
(resp. positive) events. The triple (A, A_, A,) will be often written simply A to ease the
notation.

The key example of a thin concurrent game is given by expanded arenas.
Proposition 3.9. Let A be an arena. Then, (!4, A 1A_, !71+) is a thin concurrent game.
Proof. Straightforward verification. L]

In fact, all the thin concurrent games involved in the construction of our cartesian
closed category (in Section [6]) will be expanded arenas, or isomorphic to expanded arenas.
However, the issues of symmetry and uniformity are best addressed in the slightly more
abstract setting of thin concurrent games.

Given a tcg A, we will write A_ for the event structure with symmetry (A, A_) and A,
for (A, A,). We now generalize to tcgs the usual operations on arenas.

Definition 3.10. Given a tcg (A, A_, A,), its dual is
(A7 Z—7Z+)l = (Ala Z—%—y*’z—)

Note that the two additional isomorphism families are swapped. o
Likewise, the simple parallel composition of (A, A_,A,) and (B,B_,B,) is per-
formed componentwise:

(A7A:7;{+) | (Bagﬂng) = (Al Bv‘?{* | B/ﬂ;{v‘ | §+)

where parallel composition of sets of bijections is defined as in Definition

3.2.2. Properties of tcgs. The definition of tcgs above has a few interesting consequences
that will be useful later on. First of all, we introduce the property that gives its name to
thin concurrent games: thinness is a minimality condition on the isomorphism family of
an essp. It restricts positive extensions, which — as we will see later — ensures that some
positive extensions of the symmetry are uniquely determined, which will be key in Section
to ensure that weak isomorphism is preserved under composition.

We define:
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Definition 3.11. An essp A is thin if for all z € €(A), for all id, c* 6 € 4, then 0 = id,
for some x Cy e €(A).

Indeed, the axioms of tcgs entail that their sub-symmetries are thin:

Lemma 3.12. If A is a tcg, then A_ and (A, )* are thin.

Proof. The two cases are dual; we only detail the first. Since id, € A, it follows from (d)
that 6 € A,, so 6 € A, n A_, hence the conclusion follows by (b). U]

We will also use the following fact: bijections in the isomorphism family of a tcg can
be uniquely factored into a negative and a positive part.

Lemma 3.13 (Decomposition lemma). Let A be a tcg. The following function is an order-
isomorphism:

A7 XA Z+ — A"

(67,07) A
Wherg;l: xA A, ={(67,0%) e A_x A, | codom@* = dom @~} is ordered by pairwise inclusion
and A is ordered by inclusion.

Proof. The map is clearly well defined because A_ and A, are included in A.
Injectivity. Assume we have 0 = 07 007 = 05 065 : x 27 y. In other words we have the
following commutative square:

& ¢
\f;\v" %{):/?»/
22
By using groupoid laws we get that 87 o (63)71 = (67) L ofy:21 22 ¢€ A_n A, hence both
are equal to the identity: z; = 29, 67 =65 and 0] =6;.
Surjectivity. By induction on 6 € A we build a preimage. If 6 is empty then (@, @) is
0F 0~
suitable. Assume we have the decomposition of 6 : x 23y into x = i, 721 yand 0 extends

to 0" : 2’ = ¢/ by a pair of fixed polarity, say positive. We use the extension axiom on 6~ to
get 0 c 0 :2 =5 y'. It follows that 0% c (9"") 1o : 2’ =1 2’ is a positive extension of
6* so it must belong to A, by the properties of tcgs. Hence 8’ = 6~ o ((6")_1 o 9’) provides
the required decomposition.

Monotonicity and monotonicity of the inverse. Clearly, the function is monotonic. We
prove that so is its inverse. Assume 6_o 60, ¢ 0’ o f,. We write 0_0 0, : z = 1y and
9’ 06, : 2" 23y in particular we have x ¢ ' and y € y'. But then restricting ), to x yields
0"z = 1, #» and restricting 0" to z yields 0" : z 25 y, where 0" 0 0 is the restriction of
0" 00’ to x, i.e. B_o0,. By injectivity (proved above), 6_ = 6" and 6, = 6. Thus, 6_ c 6"
and 6, c 6. L]
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As an aside, an interesting consequence of this lemma is that the commutative diagram
(A {id, |z € F(A)})

— T

(A, A)) (A, A)

\/

A

is a both a pullback and a pushout in E.. In particular, this means that A is uniquely
determined from A_ and A,.

3.2.3. Uniform strategies. Given a tcg A, we would like to define when a strategy o : S - A
on A is uniform.

Drawing inspiration from AJM games, a natural condition that comes to mind is to say
that any configurations z,y € ¥ (S) mapping to symmetric configurations of the game (i.e.
there exists 6 : ox 23 oy) have similar futures. For instance, if x extends by s € S, then
there exists s’ € S such that y extends by s', and O u {(os,0s")} oz U{os} 2oyu{os'} is
in A. However, in our setting this definition is too naive.

Ezxample 3.14. Consider the strategy o represented below, extending with copy indices that
of Figure Bl

[com - com]
_ — —run”*
- - - \
_ _ \
run™? ~~ run*! |
1 & |
77.]‘ 77k |
done done
\ I
done™*

Such a strategy is definable with the help of an operation + for a non-deterministic
choice (definable in TPA), for instance with the term Az®™.(x; L) +x. There is a reindexing
iso between configurations {run™* run*? done 7} and {run™* run®' done *} of the
tcg ![com - com], however only the latter can be extended by a move with label done™.

This example shows that in the presence of explicit non-deterministic branching in-
formation, it is not because two configurations have a symmetric image in the game that
they should be considered equivalent. To circumvent this problem, we let strategies specify
themselves which configurations should be equivalent by equipping the event structure .S
with a symmetry S. We ask however that if 8 € S, then o = {(cs,05") | (s,s') € 0} must
be in A, hence turning o into a map of ess S - A. Note that in what follows, whenever
we speak of a map of ess 0 : S - A with A a tcg, we mean that the symmetries in S are
transported to A rather than to one of the sub-symmetries A, or A_.

Nothing so far prevents a strategy to specify that the only equivalent configurations are
those which are equal. To force the symmetry on strategies to be non-trivial (thus enforcing
a genuine notion of uniformity), we introduce the notion of ~-receptivity.
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3.2.4. Pre-~-strategies. To make sure that o : S - A includes enough bijections in S, we
ask that it must be receptive to Opponent extensions of the symmetry (without necessarily
being receptive as in Definition 220, or courteous). Although it will only come into play in
Section [0 we also require from the start that o should be thin (Definition B.IT]).

Definition 3.15. If A is a tcg, a map of ess 0 : § - A is ~-receptive iff for all 6 : 1 2z x9,

for all xlic and aazg—an such that 00 u{(os1,a2)} € A, there is a unique sy such that
0 59 = az, and we have § U {(s1,52)} € S.

A pre-~-strategy is a ~-receptive map of ess o : § - A such that S is thin (with
polarities imported from A).

From ~-receptivity follows the uniqueness part of receptivity, but not the existence. A
pre-~-strategy o : & — A which is additionally receptive is called strong-receptive. It
is then receptive at the level of the symmetry: for all  : x 2z y, for all extension o6 u
{(a7,a3)} € A, there are unique s,s9 € S such that os; = a; and 8 U {(s1,52)} € S. In
this paper, most of the concrete pre-~-strategies we will be interested in will actually be
strong-receptive — with the exception of the strategy used in Section [7.3] to handle state.

The following example illustrates how ~-receptivity ensures uniformity:

Ezxample 3.16. Recall the non-uniform strategy from Section
] B - B] + ![B - B]

q

Assume now there is an isomorphism family S on this event structure S such that the
labelling map o : S = ![B — B]* || |[B — B] is ~-receptive.

By ~-receptivity (since the identity on {q",q"°} must be in §), we must have that
the bijection {q=?,q*%,q %} =z {q%, q*?,q '} is in S. However, only the left hand side
part can be extended by q*°, absurd.

In the construction of the category Tcg™, pre-~-strategies will play a role similar to that
played by prestrategies in the construction of CG: they support a notion of composition,
which will however not yet yield a category. Beyond the motivation of ~-receptivity as a way
to guarantee uniformity, it is also crucial to define composition: indeed, for o : S - A* || B
and 7: 7T — B' || C plain maps of ess, one cannot even define their interaction in general,
since €. does not have all pullbacks (see Appendix [A.T]).

Before we go on, let us mention in passing the following lemma, which shows that
in checking ~-receptivity for a map of ess it is enough to look at extensions of identity
symmetries.

Lemma 3.17. Let A be a tcg and 0 : S - A be a map of ess. Then, o is ~-receptive iff

for all x € €(S) and xic, for all idy . UN{(U s1,a2)} € A, there exists a unique s9 such that
0 S = ag, and we have id, U {(s1,s2)} € S.
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Proof. only if. Particular case of the definition of ~-receptivity.

S a ~
if. Assume 6 : 1 2g w9, :E1—1C and 0’:172—2c such that 00 u {(0s1,a2)} € A. By

(

b ,)
(Extension), there is s such that 6 2 Since o is a map of ess, we must have o6 U
{(0s1,051)} € A as well. By (Groupoid), it follows that idos, U {(0s],a2)} € A. By
hypothesis, we get a unique sy such that o sy = ag, satisfying id,, U {(s],s2)} € S. And
finally, by (Groupoid) again, 6 U {(s1,s2)} € S. O

3.2.5. Copycat. As a key example, we show how the copycat strategy presented in Definition
can be equipped with a symmetry, and made into a pre-~-strategy.
Recall that the copycat strategy on game A is a labeled event structure:

ca: @y At | A

where (©4 has the same events as A || A, but additional immediate causal links from
negative events on one side to matching positive events on the other side. Consequently,
configurations x € €((C 4) decompose as x = x1 || 22 € €(A* || A).

The following definition is forced by the requirement that the map €4 should be a map
of ess, and that each symmetry should be an order-iso.

Definition 3.18. Let A be a tcg. Given z =1 || 22 € €(C4), y =y1 || y2 € €(C4), the
set of symmetries between x and y (written € 3) comprises any bijection 6 = 6y || f3 such

that 6,605 € A, and which is an order-iso (for the order on x,y induced by <g,).

This definition makes good intuitive sense. However, to reason on such symmetries,
it will be convenient to rely on a more high-level characterisation that does not explicitly
require an order-isomorphism. To introduce it, recall first from [CCRW] that configurations
x € €(C4) are exactly those 1 || x2 € € (A || A) such that (with polarity as in A || A):

To 2 T1NXT2 ct X

Furthermore, it is observed in [Winl3, [CCRW] that this relation between z9 and x; is a
partial order called the “Scott order”, written 3 S4 x1. This order is of crucial importance
in the construction and study of the bicategory CG.

If A is a tcg, we now observe the following.

Proposition 3.19. The set (C 7 is equivalently defined as comprising the bijections of the
form
01 |1 02 : 21 || w2 >z 791 Il w2

satisfying the further condition that for all a € x1 N xo, we have 01(a) = 62(a).

In other words, (€ 7 comprises the bijections 61 || 62 € At [ A such that 632~ 6, N6y Ct
01, i.e.

92 c i 91

This justifies the notation (C 7, as this agrees with the description of configurations of

copycat via the Scott order.

Proof. Take 0 =61 || 02:21 || z2 291 || yo.

If @ is an order-isomorphism, then take a € x1 N x2. Assume without loss of generality
that poly(a) = +, so that we have (1,a) — (2,a) in © 4. But then since 6 is an order-iso,
it preserves immediate causal dependency, therefore (1,61 a) — (2,02a). But since these
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two events are in different components of A* || A, this necessarily means that 61 a = 65 a as
required (using e.g. the characterisation of immediate causality of copycat in Lemma 3.3 of
[CCRW]).

Reciprocally, assume that for all a € 1 N z9,01a = f3a. Using again Lemma 3.3 of
[CCRW], it is immediate that 6 preserves immediate causal links. The same reasoning
applies to 671 (it is easy to show that the hypothesis is stable under inverse), so it reflects
immediate causal links as well; and is an order-iso. ]

We now check the axioms for isomorphism families.

Lemma 3.20. The family (3 satisfies the axioms (Groupoid) and (Restriction) of isomor-
phism families.

Proof. Immediate from Definition [3.18l L]

We prove the extension axiom separately. Although we will show it holds in tcgs, it
fails in general for copycat on event structures with polarity and symmetry without further
conditions — the interested reader can find a counter-example in Appendix [A.3]

In order to establish it for tcgs, we show that the isomorphism family on tcgs automat-
ically satisfies a technical condition called race-preservation.

Lemma 3.21. Let A be a tcg. Then A is race-preserving, in the sense that for any 6 : =1,
for any 0 ¢ 0y : 21 25y and 0 €~ 0o : 23 =7 yo, if 21 and 23 are compatible (z1 Uz € €(A)),
then so are 61 and 6y: 01 U6y € A as well.
Proof. We first prove that A, and A_ are race-preserving. Let 6 : z i, v with a positive
extension 67 : 1 = and a negative extension 65 : 9 =71, Y2 with 27 Uxg € € (A).

Using (Extension) of A, twice to 6; and 6, we get to the following picture:

91:%1U£2§g+y1 95!%1U£2§g+y£
bl +UI
01:2127, ni O2: 2227 Yo
xS (:/
91x32+ Yy

By the (Groupoid) axiom on A,, we have id, € 0} o 857" : ¢ ~7, Y- By (Restriction), we
build ¢ = 6] o 95_1 ' y9. By construction, we have id, €~ ¢ € A, so ¢ = id,, by Lemma
It follows that 9 C 0, hence 0] = 61 U 6, as required. A dual reasoning shows that A_ s
race-preserving as well.

Now, we deduce the result for A, using the decomposition of Lemma Assume
6 =60 00" has extensions § € 0; and 6 S~ 0y, with decompositions 67 o §] and 65 o 65. By
monotonicity of the decomposition, we have 8% c* 61, 6" ¢~ 65, 6~ c* 07 and 6~ c 6;. By
race-preservation of A, it follows first that NSNS A, , and then by race-preservation of
A_ it follows that 67U € A_. Thus (07 U3 )o (07 UB3) = (67 007)u(H3007) = 0;Ub € A.[]

From that, we finally deduce the following.
Proposition 3.22. Let A be a tcg. Then, writing ©4 = (€4, 3), the map
cr: @y A A

is a pre-~-strategy.
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Proof. By Lemma [3.20l we already know that (€ ; satisfies all axioms for an isomorphism
family except for (Extension), which we establish now.
27
Let 01 || 02:2 || y 2c; 2" || ¥ Assume e.g. z || y(—ac) There are two cases:

e If poly(a) = —, then by (Extension) for A* || A we have 6; || 620y || 05 ¢ A+ || A
whose domain is z || y U {a}. Its codomain is 2’ || ¥’ U{a’}. Since pol,(a) = —, we
cannot have a’ € ' — indeed 2’ 2% 2’ Ny’ ¢ 3’, so we would have a’ € 3y’ as well,
absurd. So we have ' n(y' u{d'}) =2'ny’ ct 2’, and 2’ n (v u{d'}) =2’ ny' ¢~
y' € y' u{a'}, which establishes that z’ || (y' u{a'}) e €(C4).

Likewise we have 61 n 6}, = 61 n 6, hence we still have 6; n 0 c* 61 but also
61 n 65 ™ 6 ™ 65, therefore 6, || 65 € ©5.
e If poly(a) = + is positive then a € z as well. Thus, [a) € x ny. Therefore, we have
(zny)u{a} e€(A), and (zny)u{a} cx. Define 6] =6, | (xny)u{a}. We have:
91 o* 01Ny c Oy
By construction, the domains of 8] (which is (z ny)u{a}) and the domain of 65
(which is y) are compatible, so by Lemma[3:2T] 0 = 6] ufs € A, and by construction
its domain is y U {a}. To sum up, we have:
01 o* 01 095 c Qé
Hence 6 || 05 € @z provides the required extension.
We have established that (€7 is an isomorphism family. It is obvious that €4 : © 4 —
At || A preserves symmetry. It remains finally to show that it is ~-receptive, for which
we apply Lemma BI7 Assume z || y € €(C4) can be extended by (2,a7) in ©4 and by
(2,b7) in A* || A (in which case it is immediate that it is a valid extension in © 4 as well),
such that: o
id, || (i, U{(a,b)}) € A* || A
We need to check that this is a valid extension in (€ 3 as well. By the characterisation of

Proposition B.19], we only have to check that id, ¢ = (idyu{(a,b)}) c for each c e zn(yu{a}),
but in fact we must have ¢ € z ny. Indeed, we cannot have a € x, as by x 2* x ny ¢~ y and

poly(a) = — that would imply a € y as well, absurd. So the verification is obvious.
Finally, that copycat is thin is an immediate consequence of Lemma [3.12] and the
characterisation of symmetries in copycat of Proposition [3.19 ]

We have a notion of pre-~-strategy that — as we have seen — enforces some notion of
uniformity, and includes the copycat strategies. We will now extend to the presence of
symmetry the composition operation presented in Section [2

3.3. Composition of pre-~-strategies. In order to define the composition of pre-~-
strategies, the first step is to define their interaction. As for the plain concurrent games
described in Section 2] the interaction of pre-~-strategies will be adequately formulated as
a pullback.

The category £. has no pullbacks in general — the reader can find a proof of this in
Appendix [A. Tl We will start by showing that however, thanks to ~-receptivity, pullbacks
involved in interactions of pre-~-strategies do exist.
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3.3.1. Interaction. As in Section [2] we start by describing a closed interaction between ~-
receptive maps of essps 0: S - A and 7: T - A* (where A is a tcg). We construct the
pullback of their underlying map of event structures o A7:SAT — A. Throughout this
section we will reuse the same notations as in Section [2] for operations on strategies.

First, we notice that bijections on configurations of the (plain) pullback induce bijections
on their projections:

Lemma 3.23. Let 0 : S > A and 7 : T - A be maps of event structures. Let 0 : w ~ z
be a bijection, where w,z € €(S AT). There are (unique) bijections fg : II; w ~ II; z and
O : Iy w ~ Il z satisfying II; o § = g o II; and Ily 0 6 = 61 o II,. Moreover, the mapping
0 — (0g,07) is monotonic w.r.t. inclusion.

Proof. We only define g, the definition of 67 is similar. By local injectivity, II; defines a
bijection w =~ IMjw and z =~ IT;z. With this remark, g is simply defined as IT; 0 oI}, The
equation and uniqueness are by definition, and monotonicity is obvious. L]

Define S AT to contain those bijections 0 : w ¥ z such that Og : IIyw = Iz € S
and O : Ilyw = Ilyz € T. Bearing in mind the correspondence between configurations of
S AT and secured bijections x ~ y, there is an order-isomorphism between those bijections
0 € SAT and commutative squares between secured bijections z ~ y and 2’ ~ ¢/ (ordered by
componentwise union):

g T
r = or = TY = Y
021z 72l
ag T
2 2 ox = 7_y/ T y/

This definition indeed yields a pullback in &..:

Lemma 3.24. Let 0: S > Aand 7: T - A be ~-receptive maps of ess. The set SAT is
an isomorphism family on S AT and the ess (SAT,S AT) is a pullback in £. of o and T,
written SAT.

Proof. The (Groupoid) and (Restriction) axioms are direct consequences of the correspond-
ing conditions for S and T.

(Extension). Let 6 :w =g 7 2. Assume w can be extended by an event e e S AT to w'.
Write s =Ilje and t = [Ize, and assume eg. os is positive in A. We then have the following
picture:

I w’ & (crT)w ~ Ty w'
Miw 2(oan)wi Iyw

052llz 72l

le

RQ

(oaT)z 2 Tz

We first use the extension property on g as le—sc : fg extends by (s,s’). Since 0fg = 70,
this means that 707 extends by (os,0s’) which is negative in A*. By ~-receptivity of 7, it
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follows that 67 extends by (¢,t") with 7t = 0s and 7t' = os’. The picture is now:

I w' ~ (onT)w ~ Ty w'

Miw 2(oam)wi Ihw
iz 05z 0721 2l
o T /
iz =(on7)z = Ihw
s’ - ~
e ~N
¥ ~x
21 ~ 021 =TZ9 ~ z2

The obtained bijection ¢ : z; ~ z5 is secured by construction, so as observed in Definition
2.1 its graph is ordered by <, compatible with both <g and <7. Therefore restricting ¢
to the causal history of (s',t") yields e’ = [(s',t")], a prime secured bijection, i.e. an event

¢/ € S AT such that z—c2'. Finally, U {(e,¢’)} € S AT because 6g U {(s,s')} € § and
Oru{(t,t'")}eT.

If os is negative the reasoning is dual: we use first the extension on 7 and then ~-
receptivity of o.

It is a pullback. Clearly the maps Iy : SAT — S and Il : SAT — T preserve symmetry:
they map 60 to 6g and 0 respectively. We only need to check the universal property. Assume
we have two morphisms of ess p: X - S and ¥ : X - T such that the square commutes:

2
NS

Because S AT is a pullback in &£ there is a map of event structures (p,9) : X - SAT
making the two triangles commute, which is unique in €. This uniqueness lifts to £. as
the forgetful functor €. — £ is faithful. To conclude we need only to prove that (¢,1))
preserves symmetry and is thus a morphism in £.. Let 6 : v =2 y. It is transported to a

bijection (p,1) 0 : (p,1)x = (p,9)y such that ({¢,1)0)s = p0 and ({p,)0)r =0, thus

(p,)0 €S A T by definition. ]

<

SDS/\

\‘[

3.3.2. Hiding and composition. Given two pre-~-strategies 0:S - A* || Band 7: T - B* ||
C, we now wish to define their composition.

Firstly, as in the plain case in Section 2.4] we form the interaction pullback; exploiting
Lemma[3.24 and the fact that o || C*: S || C* > At | B||[Ctand A || 7: A || T - A B+ | C
are ~-receptive maps of essps. So we can form the interaction pullback and associated map:

(@1 CHAANT):(SICIAANIT)>AlIBIC

written T®@0: T &S - Al B| C.
Ignoring symmetry, recall from Section Pl that T@ o :T ® S - A* || C is then obtained
using the projection (Definition 2.I8): given V={pe S®T | (t1®0c)p¢ B} weset T® S =
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Te®S | V,and 7 ® 0 to be the corresponding restriction of 7 ® 0. We now extend this
operation in the presence of symmetry.

Lemma 3.25. Let £ be an ess and V ¢ F closed under symmetry, in the sense that for all
0:x 25y, for all ee Vnz, we have fe € V as well. Then, defining

E\V={0:x~y|o,yeC(ELV), 30t cE, 0 :[2]p 25 [y]e}

we have that E } V is an isomorphism family, making £ | V = (E |V, E } V) into an event
structure with symmetry.

Proof. As usual the axiom (Groupoid) is clear. In this proof we abbreviate [z]g to [z] for
xe€(E | V) for clarity reasons.

(Restriction) Let 0 :z~y e E |V, and zg € €(E | V) such that z¢ € z. By definition
there is # ¢ 0" : [x] 2z [y]. We have [xo] ¢ [x]. Therefore, by (Restriction) on E we have
00 < 0" with 6], : [zo]2zy). Since V is closed under symmetry, 05 n V2 : 2o~ yinV is still a
bijection, which by definition is in E | V. Tt is clear by construction that 7/ %a VZcoe.

(Bxtension) Let 0 : x ~y e E |V, and z € 29 € €(E | V). By definition there is
0o :[x] 2z [y]l. We have [z] ¢ [x] € €(E | V), therefore by (Extension) for E there
is 6 : [x0] 25 ¥ Again since V is closed under symmetry, 6, nV?: 2o ~ yin 'V is still a
bijection. By definition it is in E | V, and by construction it contains 6. ]

Finally, given ~-receptive 0 : S - A | Band 7: T — B* || C (where A,B and C
are tcgs), we note that V = {pe S®T | (1®0)p ¢ B} is closed under symmetry; we
can therefore apply the lemma above. Accordingly we define To S as T® S | V, ie. as
comprising bijections 0 : z ~ y such that there exists

00 [z]res 2rgg [V]Tes

This makes T ©S = (T © 5,7 ®8) an event structure with symmetry. In fact, we
will show in Lemma that thanks to thinness, the witnessing symmetry 8 as above is
uniquely determined. As an aside, we note that this does not hold in the our first version
of games with symmetry [CCW14], where rather than thin we required our strategies to be
saturated.

Summing up, we state:

Lemma 3.26. If 0: S > A* | Band 7: T — B* | C are pre-~-strategies, then
Teo:ToS—-A"|C
is a map of ess.

Proof. First, we prove that 7 © o preserves symmetry. Let 0 : z 2 = y. By definition, there
is 0 € 0: 2] 2755 [y]. Then, (T ®0)0 is some

0all 0 1| 0c:za |z e 2g 56 vallys | ve
since (7 ® o) preserves symmetry. But then (7 © )6 is
OallOc:zallzc =z5 ya ll yo

which is a valid symmetry in A || C as required. L]
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In order to get a composition operation on pre-~-strategies, it remains to investigate the
stability of thinness and ~-receptivity under composition. We will first do so for thinness,
then for ~-receptivity.

3.3.3. Preservation of thinness. Preservation of thinness relies on the key observation that
the closed interaction between pre-~-strategies is trivial, i.e. reduced to identities. This is
because due to thinness, only an external Opponent can possibly introduce non-trivial pairs
in a symmetry: none of the interacting pre-~-strategies can do it first.

Lemma 3.27. Let 0: S - Aand 7: T — A* be pre-~-strategies. The family SAT is trivial
(reduced to identities).

Proof. We prove by induction that all bijections in S AT are identities. Let z € C(SAT)
and assume id, extends by (e,e’) to @ € SAT. Assume for instance Il e is positive in T (the
other case is similar). By construction idy,, extends to 67 = 1150 € T by positive events
(ITy e, 115 €"), hence Iy e = Iy ¢’ and O is the identity because T is thin. By local injectivity
of Tl it follows that e and ¢ must be equal, or incompatible extensions of z. But if they
are incompatible, by Lemma (and Proposition [Z16]) it means that II; e and II; e’ are
incompatible extensions of Iy z mapping to the same event in the game, contradicting the
~-receptivity of o. Hence e = ¢’ and 6 is the identity. L]

Note that this does not cover an open interaction between pre-~-strategies o : S - A* ||
B and 7: T — B' | C: indeed, this is obtained as a pullback between o || C* and A || T,
where A and C* are not thin. Nevertheless, whenever the interaction stays within B the
phenomenon above applies, and the symmetry is fixed. In other words, only the external
Opponent can put in relation two non-identical events first. As a result, a bijection in the
symmetry of the interaction is fully determined by its restriction to visible events:

Lemma 3.28 (Unique witness). Let 0: S - A* || Band 7: T - B* || C be pre-~-strategies.
Recall the set of visible events of the interaction:

V={eeT®S|(r®o)e¢ B}
Let 0 : 2 2,5y and 0" : x 24,5y’ such that 0nV2=0"nV? Then 6=10".

Proof. By hypothesis, we have that ynV = ¢'nV. Note that §of’ " : ¢/ 2y e (S || C)A(A | T)
and contains idyny. So necessarily, the projection of 6 o 0'! to A and C is an identity
bijection. As a result, the symmetry 6 o #"~ actually belongs to (S || (C,)*) A (A_ || T).
This is a pullback of pre-~-strategies, so o 8~ is an identity by Lemma [3.27] so 6 = 6. []

Note that as we mention earlier, this implies that any bijection in 7 ® S is witnessed
by exactly one bijection in T'® S.
Using this, we can prove that thinness is stable under composition.

Lemma 3.29. For 0:S - A' | Band 7: T - B* | C pre-~-strategies, T ® o is thin.

Proof. Let z € €(T ® S) such that id, extends by (e,e’) to 0 :z 2y eT ® S with witness
0 : [2] 2res [y]. Write Oy for 6~ {(e,e’)} : zg = yo. By hypothesis, 6y behaves like the
identity on the visible part of xy. Hence, by Lemma B.28, 6 is the identity on xq.

Since id,, = p can be extended by (e,e’) to § which is positive in T ® S we can assume
eg. Ilze and Ty e’ are positive in T. Hence Il 60 (which is also an identity) extends by
positive (IIp e, I3 €”). Since 7 is thin, we have Iy e = IIy €’ from which e = ¢ follows (e and
¢’ are positive), as desired. O]
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3.3.4. Preservation of ~-receptivity. Unlike for thinness, the composition of pre-~-strategies
is not, in general, ~-receptive — so pre-~-strategies fail to be stable under composition.

Besides ~-receptivity, almost all pre-~-strategies considered in this paper are also cour-
teous. In combination with courtesy, ~-receptivity is preserved by composition — but it will
be convenient for later (for the interpretation of state in Section [.3]) to be able to compose
pre-~-strategies which are not courteous. So we briefly deviate from our main narrative and
provide a sufficient condition for ~-receptivity to be stable under composition.

Definition 3.30. Let 0: S — A" || B be a pre-~-strategy. We say that o is (A, B)-courteous
iff for all s; — s3 in S, if polg(s2) = = (i.e. polys (o s2) =), then s; and sy map to the
same A/B component.

We will also say that o: S - A* || B is componentwise courteous to mean that it is
(A, B)-courteous, when A and B are clear from the context.

So o is not necessarily courteous, but is not allowed to influence negative moves accross
components. As announced, we have the following.

Lemma 3.31. Let 0 : S - A* || Band 7: 7 — B* || C be pre-~-strategies, such that o is
(A, B)-courteous and 7 is (B, C')-courteous. Then, 7®0 is ~-receptive and (A, C')-courteous.

Proof. As a preliminary to the proof, we note that thanks to (A, B)-courtesy of o and
(B, C)-courtesy of 7, the immediate dependencies of negative pe T © S in T ® S have to
be visible as well, and must map to the same component — this is the key argument of the
proof. Indeed assume p’ — p in T'® S with visible p mapping to a negative event in A* || C,
for instance in C. Then by general properties of the pullback in £, since p maps to C, its
immediate causal dependencies p’ — p in T'® S must be such that Ilyp’ — Ilsp in A | T
(consequence of e.g. Lemma 2.7 of [CCRW] with Proposition 2.I6l), but since p maps to
C' those must actually both be in T, and since 7 is (B, C)-courteous p’ must map to C as
well, therefore it is visible.

From that, it is clear that 7@ o is (A, C)-courteous. We now show that it is ~-receptive.
We prove it via Lemma B.I7 Take z € € (T ® S), assume z extends via some negative p,
say in C. The configuration z has a witness [z] € € (T ®.S), however in general this witness
might not extend with p, as it may need to perform some invisible events prior to that.
In our case though, the preliminary above shows that this is not possible: the immediate
dependencies in T'® S of p are visible as well, and hence in z ¢ [z]. Now, if we also have
that (7 © o) z extends with ¢~ with id(;e,). U{((T©®0)p,c)} € A| B| C, then

My [2]28 idpy, oy 0 {((A | 7) (Tap),0)} e A | B || &

so using ~-receptivity of A || 7, we can uniquely lift ¢ to A | T, hence to T® S and T © S,
and that lifting is by construction compatible with T'® S and T'® S. ]

At this point, we have a notion of (A, B)-courteous pre-~-strategy comprising copycat,
and a notion of composition which, as will follow from Section[] is associative up to (strong)
isomorphism. In particular, it will also follow from [ that the pre-~-strategies which are
additionally receptive (so they are strong-receptive) and courteous (in the sense of Definition

2.20) form a bicategory.
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3.3.5. The category Tcg". Isomorphism of pre-strategies naturally generalize to pre-~-
strategies by requiring preservation of symmetry.

Definition 3.32. Let 0 : S - A and 7: T — A be pre-~-strategies. A strong isomor-
phism between o and 7 is an isomorphism of event structures with symmetry f:S =T
such that 7o f=0.

Such isomorphisms are called strong as they must commute with projections on the
game on the nose. Later, we will consider weak isomorphisms that need only commute with
projections on the game up to the symmetry (of the game).

Two pre-~-strategies o and 7 are strongly isomorphic (written o = 7) when there
exists an isomorphism f between them. Strong isomorphism is a congruence on pre-~-
strategies:

Proposition 3.33. Let 0 : S - A | B, o' : 8" > A | Band 7 : T - B* || C be
pre-~-strategies such that o = ¢’, given by f: S S’.
Then, T@oc 270’ .

The proof is a straightforward extension of the case without symmetry [CCRW]|. How-
ever, we reproduce here the details of the proof because it is key to understand the difficulties
to generalize it to weak isomorphism (to come).

s C T
Proof. The maps T &S ~— S || C e, S| Cand T®S = A| T make the obvious square

commute. By the universal property of pullbacks, there exists amap7® f: TS > T ®S’.
Similarly, there exists amap 7® f1: T ® 5" - T ® S’. Using the uniqueness of those two
maps, it is easy to derive that they are inverse of each other, so that 7 ® f is part of an
isomorphism 7 @8 = T ®S’, which furthermore commutes with the projection on A || B || C.

As a result 7 @ f preserves visible events and restricts to the desired isomorphism
TOO2TOO . L]

To construct a category, we simply need to define ~-strategies, by generalizing the
notion of strategies of CG:

Definition 3.34. A ~-strategy is a courteous and receptive pre-~-strategy.
Assuming the developments of the next section, this allows us to conclude:

Corollary 3.35. The following is a category written Tecg™:

o Objects: Thin concurrent games
e Morphisms from A to B: ~-strategies on A* || B up to strong isomorphism.

T
We will sometimes write o : A —= B to mean that o is a ~-strategy (a concrete ~-
strategy rather than an equivalence class) from A to B, keeping the S anonymous.

4. A COMPACT CLOSED CATEGORY

In the previous section, we have defined notions of games and strategies equipped with
symmetry, in a tentative to express the symmetry induced by copy indices in games of the
form !A and to ensure that strategies behave uniformy w.r.t. this symmetry. We proved
in particular that composition of strategies could be extended to these ~-strategies, that
respect symmetry. We obtained a category Tcg™ of tcgs and ~-strategies up to (strong)
isomorphisms, preserving the moves played on the nose.
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In this section, we perform a more complete investigation of the categorical structure
of ~-strategies in concurrent games with symmetry. In particular, we show that just as for
our plain concurrent games of [CCRW], concurrent games with symmetry and ~-strategies
between them form a compact closed category. This categorical structure will be key in
constructing the cartesian closed category of Concurrent Hyland-Ong games in Section [6l
All this categorical structure will be established up to strong isomorphism; in other words
the category Tcg™ will be proved to be compact closed. Nevertheless it will follow from our
investigations later that Tcg with the coarser weak isomorphism investigated in Section
is also a compact closed category.

In an attempt to avoid duplication of work w.r.t. [CCRW], we will show that many
properties of concurrent games with symmetry and ~-strategies can be deduced from the
corresponding properties in [CCRW]. This will be done by exploiting the representation of
event structures with symmetry as spans of event structures in £.

4.1. Event structures with symmetry as spans. In [Win07], event structures with
symmetry are described differently than in the present paper. They are defined as spans of
event structures

E
N
E E
satisfying some further properties: lg, rg are jointly monic, they are open maps [Win07],
and they satisfy the diagrams of (categorical) equivalence relations. The detail of these

conditions will not be useful here; however we will use that the category £. can be embedded
fully and faithfully in Span(€), defined as below.

Definition 4.1. Let C be a (small) category. As objects, the category Span(C) has spans
in C whose both legs map to the same object of C. As morphisms, Span(C) has pairs (f, f)
yielding commuting diagrams:

A<M ATy
v
B2 B " _p

From isomorphism families to spans. In [WinQ7], it is proved that event structures with
symmetry can be equivalently defined through such spans, plus further conditions. Here we
will not need this equivalence, but only the fact that event structures with symmetry can
be represented as spans.

Let us see how. Let £ = (F, E ) be an ess; let us see how to represent the isomorphism
family E as an event structure E. Similarly to the definition of events in an interaction
pullback, the events of E will be certain prime bijections. Recall that any 6 € F is an
order-isomorphism. Hence, it is trivially a secured bijection, and its graph is ordered. So,
as in Definition 2.13], we can form an event structure from its primes, i.e. thoses symmetries
whose graph has a top element. For such a prime 6, write (efg, ey) for its top element.

Definition 4.2. From the isomorphism family E, we build the event structure Pr(’EV)7 with:
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e Events. Prime symmetries in E,

o Causality. Inclusion, _

o Consistency. For X a finite set of prime symmetries, we set X ¢ Conpr( ) iffuX e E.
Moreover, there are projections maps of event structures

lg : Pr(E) - E rg : Pr(E) - E

l r
0 = e 0 - e

l ~
forming a span E <= Pr(E) -2~ E as above.

The axioms of event structures are direct to check, along with the fact that Ig,rp are
maps of event structures. Note also that this definition extends in the presence of polarity
in a straightforward way.

Just like for interactions (Proposition [2.16]), configurations of Pr(E) are in direct cor-
respondence with symmetries.

Proposition 4.3. For any = € €(Pr(E)), writing y; = lg 2 and y, = rg 2, we have 0, = Uz :
y1 2y, € . Moreover, the assignment:
¢(Pr(E)) - FE
z = 0,

is an order-isormorphism (with both sets ordered by inclusion). Finally, there is a family
of order-isomorphisms:
Vy @ =2 0,
0 ~ (chep)
that is natural in x.

Proof. Straightforward adaptation of Proposition [2.16] ]

In order to transport thin concurrent games to spans, we will make use of the following
key proposition.

Proposition 4.4. There is a full and faithful strong monoidal functor (where the monoidal
structure of Span(&) is obtained by component-wise action of that of &).
Span : €. — Span(€)

This extends trivially in the presence of polarities.

Proof. Details can be found in [Win07]. O

4.2. Spannning games and strategies. In order to inherit properties of Tcg” from CG,
we will use the functor above. For that to be useful, we show that the construction of the
compact closed category CG can be replicated with spans rather than mere games.

l ~ ~
A span-gameisaspan A = A <2 A2 a , where A, A are esps. A span-strategy
on A is a morphism (0,5) : S - A in Span(EP) (where EP is the category of event structures
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with polarities, with maps preserving polarities).

§<2 5.9
A<M FT 4

where 0,0 are strategies in CG, i.e. are receptive and courteous.
Constructions on games can be generalized to span-games. The dual of a span-game

L L
la =

A<t A A gs At L A AL , making use of the functor (=)' : EP — EP.
Likewise, simple parallel composition is extended to spans following the functor |:
EP? - EP. As before we define span-strategies from A to B as span-strategies (0,5):S —
At || B, also written (o,5) : A—=B.

We define the copycat span-strategy:

Lemma 4.5. The esp construction A — © 4 extends to a functor ©: EP — EP.

Proof. From f: A — B, we form f* | f: A* | A— B* || B. It is direct that we have also
Cr=f+f:Ca~>Cp. m
Using the above, we construct the copycat span-strategy as the diagram:

GSZA @’I‘A
@A @A @A

e

At a2l ey 270 g g

Besides copycat, other constructions on strategies act in a functorial way. In particular,
in order to extend strategy composition to span-strategies, we recall (JCCRW], Lemma 4.4)
the following lemma.

Lemma 4.6. Consider two commuting diagrams between strategies:

g —7T .3, n—' -

hillh2 h3lhs3

At || BL—= A5 | Bo Bi || Ci —B; || C

Then, the following diagram commutes.

T &5 ﬂ> T5 Sy
7’1@0’1l ng@o’z
hillhs
Ap | C1 —— A5 || Cy

(recall that g ® f is the restriction of g&® f: T} ® S1 — T ® Sy to visible events, which
in turn is obtained by universal property of the interaction pullback)
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Thus, from two span-strategies

[ S .9 T § ™ 7

R

A B oy gz gy g g o 2 gy e gy e

we obtain componentwise a new span-strategy:

ITolg rTOrs

TeoS<—2TeS—32TeS
iﬂ'@cr l?@& iﬂ'@cr
Ao gy el 4y e

Together, we expect composition of span-strategies and the copycat span-strategy to
form a category. In fact they will form a bicategory, whose 2-cells will be morphisms of
span-strategies: commuting diagrams as below.

1 ~ r
Sa 22 Sa 22 Sa
f f f
S ~ S
S1 — 5 75> 1 5 o2
x o1 o1
1 -
A2 A" -4

By the construction of the associator ag -, : p@(T00) = (po©7)®0 in [CCRW] through
a universal property, it follows easily that it extends to an isomorphism of span-strategies.
Likewise by Lemma 4.12 of [CCRW], so do the unitors A\, :€p® 0o ~ 0 and p,:0 @€y ~ 0.
All naturality and coherence laws are inherited from [CCRW], so it follows:

Theorem 4.7. There is a bicategory SpanCG having span-games as objects, span-strategies
as morphisms and, as 2-cells, morphisms of span-strategies.

Besides its bicategorical structure, SpanCG inherits from CG its compact closed struc-
ture. From two span-games A and B, their tensor A®B is simply defined as A || B. Likewise,
the action of ® on span-strategies is obtained componentwise from its action on strategies
[CCRW].

In [CCRW], we showed how to [lift any courteous receptive map f: A — B in EP to a
strategy f: A—=B. This lifting process was instrumental in defining the compact closed
structure of CG. This process is easily extended to span-games. For a morphism (f, f )
from span A to span B such that f and f are receptive and courteous, its lifting is the
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span-strategy (f, f) obtained by composition in Span(€):

€l Cry

(CA @A (CA

o

A Al gey 2l g
lAlllf lz‘illf lAlllf
AL||B*“”BAL||B AY| B

AH B

In other words, it is defined as the span morphism with components f and f, where =
denotes the lifting operation of [CCRW].

Following [CCRW], using lifting, structural morphisms of the obvious symmetric monoidal
structure for Span(EP) (with || as tensor) can be lifted to SpanCG. From Lemma 4.12 of
[CCRW] and the construction of lifting above, these structural morphisms in SpanCG are
componentwise those of CG. It follows that all equations for a compact closed category
hold up to isomorphism of span-strategies.

4.3. Embedding Tcg” in SpanCG. From the constructions above, we transfer to Tecg”
the compact closed structure of SpanCG.

4.3.1. Copycat and composition. In order to embed Tcg” into SpanCG, we show that the
functor Span : EP.. — Span(EP) (where EP.. is the category of event structures with polari-
ties and symmetry and structure-preserving maps) also preserves all our main constructions
on strategies: copycat and composition (and lifting).

Lemma 4.8. Let A be a tcg. Write A = Pr(ﬂ). Then, there is an iso making the diagram

lCCJA ©l

// \\A
Pr(@Cjz) = i
T@A\ /(CTA

A

commute, and which also preserves the projections to the span-game

AL | A<2— AL | A=A A

In particular, this yields an isomorphism of span-strategies.
Proof. Thanks to Lemma 2.12 of [CCRW], it suffices to check that Pr((C3) and © ; have
isomorphic domains of configurations. Using Lemma 2.14 of [CCRW], the required commu-
tations can be checked pointwise on configurations.

By Proposition [4.3] configurations of Pr((C3) canonically correspond to symmetries in
(© 7. By their definition (Definition B.18]), they are those of the form:

Ol 02:2lly=za" ||y

where z || y,2' || ¥’ € €(C4), and where 60 Sqz 0 But 61,62 € A+, A, which, by

Proposition A3 again, correspond canonically to configurations z1,zs € € (A*), € (A) such
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that zp €3 21 — in other words, by Lemma 3.10 of [CCRW], to configurations z; || 21 €
C(C3).

All commutations are immediate to check. ]

From the lemma above, we know that copycat on tcgs is defined in a way compatible
with the copycat span-strategy in the compact closed category of span-games. We now
prove a similar lemma for composition.

Lemma 4.9. Let 0:S - A || Band 7: T — B* || C be pre-~-strategies. Write S for Pr(S)
and T for Pr(T'). There is an isomorphism of esps making the diagram

lT@s/z;@élT@ls
Pr(ToS)z Tel

TT@S\A /7“T®T’T
ToS

commute, and which also preserve the projections to the underlying span-game. In partic-
ular, this yields an isomorphism of span-strategies.

Proof. We do it for interactions. The property for composition will follow, as the isomor-
phism will (by consequence of preserving the projections to games) preserve visible events.
Again, we rely on Lemma 2.12 of [CCRW] and build an order-isomorphism between the
underlying domains and configurations.

As above, configurations of Pr(T@g ) correspond canonically to symmetries in TeS. By
definition (above Lemma [3.24]), those correspond to commuting squares between composite
secured bijections z ~y and 2’ ~ 3/

RQ
taal

T or = Ty Y
0 A2z 721
g T
2 2 ox - 7_y/ T y/

In particular, this gives a bijection between pairs (s,s’) € fg and (¢,t") € Op. This bi-
jection is secured, since the upper and lower sides of the diagram are secured by hypothesis
and Og and O are order-isos. By Proposition [43] fs and 07 canonically represent configu-
rations zg € €(S) and zp € €(T) — so overall, diagrams as above canonically correspond to
secured composite bijections between zg and zp, as required. By construction these corre-
spondences commute with the projections to T'® S and to the underlying span-game. []

From this, we can use Theorem[4.7]to transport the bicategorical structure of SpanCG to
Tcg, and in particular show that Tcg is a category up to isomorphism. Beyond ~-strategies,
it also follows that the composition of the component-wise courteous pre-~-strategies of
Definition is associative.

We now inherit from SpanCG its compact closed categorical structure.

4.3.2. Lifting and compact closure. First of all, we note that just like EP and Span(EP),
the category £P. has a symmetric monoidal structure. We have, for instance, a natural
isomorphism

il A A
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Just as above, the structural ~-strategies involved in the symmetric monoidal structure of
Tcg~ will be lifted from EP... Detailing a bit more:

Definition 4.10. Let f : A - B be a strong-receptive, courteous map of EP.. Then its
lifting is the ~-strategy _
f=(A [ oo Cy—> A || B

which is a ~-strategy from A to B (in particular, it is thin).
All required verifications are immediate. Applying this to A4 yields, for instance:
— T
ileA—E A

Moreover, Span(n) = Span(\4), and structural ~-strategies of Tcg~ are sent to those
of SpanCG. The functor Span being full, it follows that all isomorphisms involved in the
compact closed structure of SpanCG are imported in Teg=. So, we have:

Theorem 4.11. The category Tcg~ is compact closed.

Proof. For completeness, we list here all structural morphisms for the symmetric monoidal
structure of EP...

PA Al - A
PR 1A - A
SAB AllB - BJ A

aapc + (AIIB)IIC - A|(BIC)
These isomorphisms are then lifted to ~-strategies.

T
DA Asl =2 A4
_ T
VIR 18 A =2 A
T
SAB A®B —2 Bed
T
aisc : (AeB)eC —= As(BeC)
As explained above, all coherence and naturality laws follow from the fact that the relevant
constructions for games based on EP.. are mapped to those based on Span(EP), and from
the compact closed structure of SpanCG.
For completeness, we also mention that there are (copycat) ~-strategies

T T
mail =2 Al@Ades: AR A =21

satisfying the necessary equations up to isomorphism of ~-strategies. L]
Finally, we will import from [CCRW] the lifting lemma, which we will use later.

Lemma 4.12. Let f : B - C be a strong-receptive courteous map of essps, and o : § -
AL || B be a ~-strategy. Then, the following strategies are isomorphic:
foo : ©gosS - A'|C
(A floo S - AY|C

Proof. By Lemma and Lemma 4.12 of [CCRW]J, the lifting lemma of CG (Lemma 5.4
of [CCRW]) lifts to span-strategies. By Lemma [£.§ and functoriality of Span(-), we have
that Span(f) = Span(f). The result follows by Lemma Z.9) O
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Note that for f: B+ - A' a strong-receptive courteous map of essps we have the dual
_ T
lifting fL =(f ] B)oep: A —& B; and, by duality, the symmetric lemma to the above
T _
holds: for o : B —= C,o0® fL ~ (f || C) oo. Finally we note:

Lemma 4.13. Let f:.A — B be an isomorphism of essps — so both f and f~' are strong-
- —1
receptive courteous. Then, f =z f~1".

Proof. Straightforward. L]

5. WEAK ISOMORPHISM

As we have explained in Section [2, symmetry is not only needed for uniformity, but also to
compare strategies up to their choice of copy indices. So far, we have only built a category of
uniform strategies where strategies are not identified up to this choice. In other words, Tcg~
is not yet fit as a basis for a cartesian closed category that assimilates the two strategies of
Example For that we need to import into thin concurrent games the notion of weak
isomorphism from Definition

Definition 5.1. Let Abeatcg, 0:S > A, 7:7 - A A weak morphism from S to T is
a map of ess f: S — T such that the triangle

f
ST T
0'\ /7'
A

commutes up to positive symmetry, i.e. To f ~4, 0.

Iff:5—->7Tandg:7T — S are two weak morphisms such that go f =idg and fog =idr,
we say that (f,g) is a weak isomorphism between o and 7. We write o » 7 to mean that
o and 7 are weakly isomorphic.

The goal of this section is to build a new compact closed category Tcg where strate-
gies are compared up to weak isomorphism. As the categorical laws hold up to strong
isomorphism (e.g. associativity), the only remaining fact to check is that » is a congruence.

However, proving that turns out to be challenging. The reason is that if a strategy
behaves like a strategy o if Opponent plays a certain move with index ki, and behaves like
a strategy o9 if Opponent plays with an index ko, ~-receptivity along with the axioms of
isomorphism families only give us that o; and o9 are bisimilar (in a sense that we avoid
making formal here) but we need actual morphisms between o1 and o9 to establish a weak
isomorphism. There is a quite subtle issue; and this is where the thinness condition comes
in in a crucial way — the reader will find in Appendix a counter-example to the claim
that weak isomorphism between ~-strategies without thinness is a congruence.

Our proof of congruence for strong isomorphism (Proposition [3.33)) relies on the univer-
sal property of pullbacks. But this is not adequate here: the universal property is rendered
useless as projections to the game only commute up to symmetry. Hence, we will aim for a
refined universal property, that of a bipullback, that takes symmetry into account.
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5.1. The weak bipullback property. We illustrate the difficulty of extending a weak
isomorphism o 0’ to T ® 0 # 7 ® ¢’ via an example.

Ezample 5.2. Consider the two following strategies on ![com]:

o1 : [com] o9 : |[com]
run run—*
R4 0 v )
done* done*

that only differ by the choice of copy index for done. There are obviously ~-receptive (in
fact they are strong-receptive). There is an obvious weak isomorphism ¢ : o1 » 9. Consider
now the following strategy 7:

![com] + [com]
run !
. / \
v
done ™/ \
. ‘
run®{i+1) /
¥ N ,
done™
\ ,
done+7(j7k>

which represents = : com + x;x : com.

In order to build a weak isomorphism between the resulting compositions 7 ® o; and
T®09, a reasonable first step is to build a weak isomorphism between the interactions 7® o
and 7 ® o9. In particular, given a configuration of T'® S7, we should be able to build a
canonical configuration of T'® S3. Consider e.g. the following configuration of T'® 57.

![com] + ![com]

run "’

. / \
run{0)

v \
done’ ‘

run(! |
A7

I
done’

\B J/r,(o,())

done
where events on the left hand side are drawn without polarity, as they are synchronised
between o1 and 7. It is easy to extract from this representation configurations z € (.57 ||
[com]) and y € €(T") such that
(o1 [I'![com])z =Ty

and such that the induced bijection is secured.
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In order to construct a configuration in T'® Sy, it is natural to try and replace z with
p(xz) — and that would work out if ¢ was a strong isomorphism. But as it is only a weak
isomorphism, we do not have (o3 || ![com]) (¢ ) =7y, only

(o2 [ '[eom]) () =10 mTeom] 7Y

However, we can indeed extract from @ and y a valid configuration of T'® Ss. For our
example, the only possibility is:

![com] + [com]

run "’

0

\
R )
done \

/
done™ {11
It appears that both ¢z and y had to change, in order to find an agreement as to the
choice of copy indices. Firstly, by ~-receptivity, T comprises a bijection:

![com] + ![com] ![com] + ![com]
run 25 run
runﬂ(i,o)&/ run+,(i,0)/
% %
done™" done™!

By (Extension) in 7', we know that this bijection can be extended to some:

![com] + ![com] ![com] + ![com]
run run
e 2 e
run run
v ¥
done™° done™!
A4 A4
run*’(i’n run*’(m)

Likewise, by ~-receptivity of oy || ![com] this extension is lifted to S5 || ![com], and
we then apply (Extension) on S5. And the process goes on, interactively between oy and
7, until we get z’ 25|1fcom] ¥ and y" 24y such that (o2 || ![com])z’ = 74" (which in our
example, is the configuration of the interaction represented above).

Formalizing this process of using ~-receptivity on one strategy and extension on the
other yields the following lemma:
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Lemma 5.3 (Weak bipullback property). Let 0 : S - Aand 7: T - A* be pre-~-strategies.
Let x € €(S) and y € ¢(T') and 6 : oz =7 Ty, such that the composite bijection

o 0 T
TEOoTEFTY Y
is secured. Then, there exists z € (S AT') along with 0g : 2z II1z and 07 : Iloz 24 y, such
that 707 o 005 = 6. Moreover, z is unique up to symmetry.

Proof. Uniqueness. Assume we have such (z,0g,67) and (2',64,67.). Then it is easy to see
that 0% 0 05 : 1,2 =z II; 2" and similarly 67 o 07! : pz 2= [o2’. Those match on the game
A, so they induce a z 2 2’ in S AT as desired.
Ezistence. We proceed by induction on 6; the base case is trivial. Assume 6 extends
by (os,7t) to 0’ : oz’ = 7y'. For instance, s is positive. We have fg : x = II1z and z
can be extended to 2’ by s, so by the extension property of the symmetry fg extends to
g 12" 2 z5. This means that 707 can be extended by symmetric negative (for T') events so
by ~-receptivity, f7 can extend to 07 : 2 24y, with 02§ = 727 by construction. Since the
bijection zg = 27, is obviously secured, we get 2’ € €' (S AT') that satisfies our property. []

Note that we did not use the fact that o and 7 are thin — ~-receptivity alone is sufficient.
This statement is a step in the right direction, however the non-uniqueness of z (only up to
symmetry) is problematic: it cannot be used to build maps, in particular it cannot be used
to lift a weak morphism o - o' toamap 7® o0 > 7 ® 0’.

However, we can turn this uniqueness up to symmetry into a uniqueness on the nose
if the symmetry on T'® S is trivial. Our proof idea is the following: we will replay the
interaction T'® S, replacing A and C (in the pullback of o || C and A || 7) by A- and (C*)_;
which are thin. By Lemma the resulting symmetry on T' @ S will be trivial, which we
will be able to exploit to extract the required map.

5.2. Proving the bipullback property. We can now deduce the the bipullback property
from our previous investigations. Note that though we refer to this as the bipullback property,
this is in fact stronger that a bipullback, as we have the further knowledge that the triangles
w.r.t. the mediating arrow and the projections commutes up to positive symmetry.

Proposition 5.4 (Bipullback property). Let 0 : S - A* || Band 7: T - B* || C be
pre-~-strategies.

The ess T @ S enjoys the following universal property: for all f : X - S || C and
g: X > A| T such that 7og ~415)5 0 © f, there exists (f,g9): X = T @S, unique up to
symmetry, such that IT; o (f, g) ~g, fand Il 0 (f,9) ~E T Y-

This is summed up by the following diagram (where all squares and triangle commutes
up to ~ in the category of event structures with symmetry — though the diagram omits some
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information on the commutation of the triangles up to positive symmetry of the triangles):

X

Al B¢

Proof. Uniqueness. Assume there are two such maps w,w’ : X > T ®S. Let x € €(X).
Then the induced bijection IT; (wz) 2 11 (w'z) is in S || C' as the composition

15 (w:p) ;§H5 fx ;§||5 I (w':z:)

Similarly Iy (wz) = Iy (w'z) € A | T and those two bijections match on the game,
hence wz 2 w'r €T ® S which means w ~z,5 w'.
Existence. The main idea is to apply Lemma [5.3] to:

(a I (€)-):SI(CH)-—~A B Cc*
(A7) A I T—>AlB | C

Those are ~-strategies hence their pullback has a trivial symmetry by Lemma
This means that uniqueness of Lemma [5.3] holds on the nose. Just as 7 @ S, this pullback
has events T'® S — however, its symmetry is reduced to identities.

Let z € ¥(X). By the above remark applied to fa € €(S || C) and gz € €(A || T)
we get a unique z € €(T ® S) with II; 2 250 fxand Iy 2 2x T 9T This construction
induces a map 9 : €(X) - €(T ® S) such that II; (¢x) = fx and Iy (px) = gx. The
map 2 is monotonic and preserves cardinality. We show it preserves compatible unions:
let z,y € €(X) such that zuy € ¢(X). Because ¢ is monotonic, we have ¢ (z) uy(y) ¢
Y(xuy). Moreover, since cardy(z) = card f(z), and f(zuy) = f(z)U f(y), it follows that
Y(zuy) =Y(x) v(y).

Hence, we define (f, g)(s) to be the unique element of 1[s] \ 1[s) (which is a singleton
since 1 preserves cardinality). Using preservation of compatible unions, it follows that
(f,9)(x) =9z e €(T®S) for all x € €(X) and local injectivity follows by construction.
Hence (f,g) is a map of event structures. It preserves symmetry and satisfies the desired
equivalence by construction. O]

5.3. The category Tcg”. We now conclude the proof of congruence of weak isomorphism,
and deduce the categorical structure of the quotient of strategies by weak isomorphism.

Since the universal property of bipullbacks guarantees only uniqueness up to symmetry,
from a weak isomorphism o ~ ¢’, it will not give us back a weak isomorphism 7 ®@o ~» 7 ®0’,
but rather a weak equivalence, that is where the two morphisms are only inverse of each
other up to symmetry. To conclude the proof, we need to show that both notions coincide
on ~-strategies. This is another consequence of thinness.

Lemma 5.5. For 0:S — A a pre-~strategy and 0 : z ~g 2’ such that o6 € A, , 0 = id,.
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(5,5

Proof. We prove the result by induction on 6. If 8 is empty, it is clear. For id,—<c 6 ¢ S. If
s and s” are positive, then by thin s = s. Otherwise, they are negative and we can conclude
by the axioms of thin concurrent games. ]

Lemma 5.6. Let 0: S - A and 7: 7T — A be ~-strategies. If f:S—>7T and g: T — S are
such that go f ~idg, fog~idr and oo f ~4, 7, then o and 7 are weakly isomorphic.

Proof. Given x € €(S), by assumption we have 6 : x 2 g(f(z)) such that 06 € A,, as a
result # =id and = = g(f(x)). This implies that g o f = idg, and by symmetry f o g = idy.
As a result, f is a weak isomorphism between ¢ and 7. ]

We can now wrap and deduce that weak isomorphism is a congruence — first we use the

the universal property of the bipullback to deduce that weak equivalence is preserved, and
from that we deduce that so is weak isomorphism.

Proposition 5.7. Let 0 : S - A | B, o' : 8" - A* | Band 7: T — B* || C be pre-~-
strategies such that o ~ ¢/, with maps f: S > S8" and g: S" > S.
Then, TOo~TO0'.

Proof. First, we notice that there are obvious maps:

1, TeS ,
/ \
slc, Tes _ AT
fiey 2 =2
S'|C AT

/
Allr
Alsje?

The outer diagram commutes up to symmetry because
(@ 1C)o(flIC)ei~ (o C)olli=(A|T)oIly

By Proposition 5.4 there exists a map of ess T@ f: T @S - T ® S’ (unique up to
symmetry), such that IIj o (T ® f) ~g@, (f I1C)ell; and Io(T®f) ~7 7 H2. A similar
argument yields T®¢g: T &S — T &S such that II; o (T ® g) ~z18, (911 C)o T} and
oo (T®g) ~ AT IT),. By the uniqueness up to symmetry of the bipullback property, we
have that (7 @ f) o (T ® g) ~ids/jc and (T ® g) o (T & f) ~idg|c-

Since I} o (T @ f) ~ga, (f I C)oIly, we also have

(@' 1) oMo (TOf) ~gge (@10 (10
~zipie. (@ 1C) oIl

In other words, (r®0")o(T®f) ~ 35,5, T®0. But likewise, exploiting Ilyo(T®f) ~5 |7
II,, we deduce (r@®@ ") o (T ® f) ~EBIET®0- By definition of symmetric maps, together
this implies that:

die

(r@a’)o(Te®f) ~AB|e, Te®0
This implies in particular that 7 @ f preserves visible events. Hence we can restrict to
Tof:ToS - ToS8, which, by restriction of the above, satisfies:

(rod)o(Tof) ~ (@A), TOO
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so T ® f is a weak morphism from 7® 0 to 7 ®0’. By the same reasoning, we define T ® g as
a weak morphism from 7®@0’ to T®0. Since T® f and T ®g are inverses up to symmetry, so
are 7 ® f and T ®¢g. But they are both weak morphisms, so by Lemma they are inverses
of each other on the nose, so they form a weak isomorphism. Therefore, T@o~7T®0’. []

We are now ready to conclude:

Theorem 5.8. The following defines a compact closed category Tcg™:

Objects: Thin concurrent games,
Morphisms from A to B: : ~-strategies on A* || B, up to weak isomorphism.

Proof. Tt is easy to see that the functorial action of - || - and (-)* preserve weak isomorphisms.
All the required laws hold up to %, so they hold up to ~ as well. ]

6. CONCURRENT HYLAND-ONG GAMES

We have constructed a compact closed category Tecg™, which is equipped to deal with
the problem evoked at the end of Section 2l Using it, we can revisit (more formally) the
interpretation sketched in Subsection Exploiting the developments of the previous
section, and in particular the fact that weak isomorphism is a congruence, it will follow
that the two terms of Example cannot be distinguished by any strategy in the model.
Indeed, we will get a cartesian closed category supporting e.g. the interpretation of IPA.

We will first construct the category Cho and show that it is cartesian, then prove that
it is also closed. Finally, we will prove that it supports the interpretation of a fixpoint
combinator.

From now on, all event structures are assumed to have binary conflict. All the operations
we will consider on them (simple parallel composition, composition, interaction, etc.) have
been established throughout the development to preserve that property.

6.1. The cartesian category Cho. We now construct the category Cho proper, of Con-
current Hyland-Ong games; and prove that it is cartesian. The objects of Cho will be
negative arenas, as in Definition [2.4] — with the further restriction that arenas should have
a countable set of events, assumed from now on. The morphisms from arena A to arena
B will be certain ~-strategies from !4 to !B (up to weak isomorphism):

08— (1A)" | (1B)
Just as in standard Hyland-Ong games, we will have to restrict the set of strategies
that we consider in order to satisfy the laws of a cartesian category. We will now inspect

the different requirements of a cartesian category, and introduce the additional conditions
on strategies when they are required.
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6.1.1. Terminal object and negativity. First of all, a cartesian category has a terminal object.
In our case, this will be the empty arena 1, defined as having an empty set of events —
note that !1 also has an empty set of events. However, as it is, 1 is not a terminal object.
For each negative arena A, it is easy to see that the unique labelling function

eqa:1—(14)" | (1)

is a ~-strategy. Crucially, it is receptive since, by negativity of A, the minimal events of
(1A)* are all positive. However, e4 might not be the unique ~-strategy from !4 to 1, as
illustrated below.

Ezxample 6.1. The following diagram represents a ~-strategy from !com to 1.

(lcom)* | (1)

run*?

The answer to this issue is clear: we need to require morphisms in Cho to be negative,
just as arenas. A ~-strategy o : S — (!4)* || (!B) is negative whenever the underlying
event structure S is negative, i.e. its minimal events all have negative polarity — note that
this definition makes sense in general without symmetry, for a prestrategy o :.S — A.

We then easily have:

Proposition 6.2. For any negative arena A, the empty ~-strategy:
eq:1— (LA)" | (1)

is the unique negative ~-strategy from !A to 1.
In more generality, the only negative prestrategy o : S — A* || 1 for a negative game A
is the empty prestrategy.

Proof. Immediate, as in a negative prestrategy o : S — A* || 1, any hypothetical minimal
events in S have nowhere to map to. ]

Thus, in order to get a category of ~-strategies with a terminal object, we will require
that all ~-strategies are negative. Clearly, copycat — along with all ~-strategies obtained by
lifting — is negative. Moreover, negative ~-strategies are stable under composition. Since
negativity makes sense without symmetry, we state and prove that in slightly greater gen-
erality.

Lemma 6.3. Let 0 : S - A' | B and 7: T — B* || C be negative prestrategies (with
A, B, C negative). Then, T ® o is still negative.

Proof. First, we notice that any map of event structures preserves minimal events. Indeed
let f: A— B be a map of event structures and a € A be a minimal event of A. This means
[a] = {a} and f[a] = {fa} is a configuration of B. Since f[a] is down-closed, this implies
that fa is minimal in B.

Hence, minimal events of T'® S are projected to minimal events of S || C' and A || T
Take e € T'® S a minimal event. If (71 ® 0)e is in A, then Ilje is a minimal event of S
projected to a (necessarily positive) minimal event of A — absurd because o is negative.
Likewise, if (T®0) e is in B, this contradicts the negativity of 7. So minimal events of T'® S
are visible and are in C.

Now, take any minimal event e € T'® S. Since minimal events of T'® S are visible, e is
also minimal in T'® S. By the previous remark, (7 ® o) e is in C' and is minimal. It is also
negative because C' is negative. O]
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Therefore, the category having arenas as objects and as morphisms from A to B, neg-
ative ~-strategies o : S - (1A)* || (!B) up to weak isomorphism, has a terminal object 1.
We now investigate the existence of products.

6.1.2. Binary products and single-threadedness. For two arenas A and B, their product
A x B is defined as the parallel composition A || B, which is still a negative arena.

Projections. Note that there is an injection map of event structures with symmetry:
ig 1A - (A x B)

N RN (C05) R
@law) - (0 )

Likewise, there is ip : !B - (A x B). Using those, we define the projections
wa: Cip > (AxB) |!Awp: Cp—>(AxB)" | !B

by lifting the injections, i.e. wa = iAjl and wpg = i,jL (see Definition [A.10]).

Pairing. Now, for two negative ~-strategies o : S - !A* || !B and 7: T - !A* || !C, we wish
to define their pairing (o, 7), a ~-strategy from !4 to !(B x C'). This ~-strategy will simply
be obtained by relabeling the parallel composition of S and 7. In simple cases, it suffices
to take the co-pairing:

{o7) = SIT 1A Y(BxC)
= [(1At [li) e, (1A% [lic) o 7]

However, this is not always well-defined as a ~-strategy. Indeed, it might fail local
injectivity if some events in S and T have the same image in !A*. As a first step towards
the general construction of pairing, let us prove that this gives a well-defined ~-strategy
when the images of o and 7 are disjoint.

Lemma 6.4. If negative ~-strategies o : S —» A+ || !B and 7: T - !A* || |C have disjoint
codomain on !A*, then (o, 7) as above is a negative ~-strategy.

Proof. First, we prove that it is a ~-strategy. By construction, (o, 7)) preserves configu-
rations. Local injectivity follows from local injectivity of o, 7, and the hypothesis that
they have disjoint codomains; so it is a map of event structures. Preservation of symmetry
follows from the fact that for 61 : z1 2 y1,0s 1 20 X yo € A with 21 N 29 = Y1 Ny = &, we still
have 6 U € A, which follows from definition of [A. Courtesy and thinness are obvious by
construction.

Strong-receptivity needs further attention. Take 0 : zg || x7 2 ys || yr € S || T, write
0 =0g || O7. Its projection to the game is

(o, )0 =((1A" |ip) 0o bs) w ((1A™ || ic) o T Or)

which, as argued above, is a valid symmetry in G = !A* || (B x C'). Assume it extends by
a pair (¢],c;). Since dependency in the game is forest-shaped, there are unique d; —¢ ¢
and d2 — ¢, and since symmetries are order-preserving, we have (di,ds) € (o,7) 0. But
that means that it must be either in ((!A* || ig) 0 0)fg, or in ((!A* || ic) o 7). We can
then apply strong-receptivity of o, 7, and the injection maps, to produce the extension to

0=0s| 0r. U]
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Now, we prove that this simple pairing behaves well w.r.t. projections.

Proposition 6.5. Assume negative ~-strategies 0 : S - !A* || !B and 7: T - 1A' || IC as
in the previous lemma. Then, we have isomorphisms:

wp@ (o, 7)20weo(oThT

Proof. Let us prove the first. More precisely, we prove that the interactions wp & (o, 7))
and € g ® o are isomorphic. This will entail by restriction an isomorphism between the
corresponding compositions, and the latter is isomorphic to ¢ by neutrality of copycat for
composition.

We establish the isomorphism between wp ® (o, 7)) and € g ® o first for the plain event
structures — by Lemma 2.12 of [CCRW] it suffices to prove that they have an isomorphic
domain of configurations.

Using Proposition 2.16] we know that configurations of the event structure for the
former interaction correspond to secured bijections

(zs | @r) | 2B =ya || (y5 Il v3)
where xg € €(S), a7 € €(T),(0,7) (zs | 1) = ya | (iByp), and yj || y3 € €(Cyp), and
where the bijection is the unique such that image of events through the labelings (o, 7) || !B
and !A | wp match. In particular, {o,7)) (g || zr) does not reach !C. But any minimal
events of z7 are negative by negativity of 7, and hence must be in !C (since A is negative).
Therefore, xr is empty. Getting rid of xr yields a secured bijection corresponding to a
configuration of the event structure of €;p ® 0. This association is bijective, and yields the
required isomorphism between domains of configurations. By construction, it is clear that
this isomorphism preserves symmetry. L]

So, we know how to construct a pairing behaving well with projections, when the paired
strategies happen to have a disjoint codomain. However, for arbitrary o : S — !A* || !B and
7:T - 1A || |C, there might in general be collisions: events s € S and t € T such that
os =7t. In such a case, the co-pairing as above fails local injectivity, and therefore does
not correspond to a strategy. Fortunately, we can relabel moves of S and 7T, not changing
their weak isomorphism class, to ensure that there are no such collisions. For that, we note
that there are maps of event structures with symmetry

Le tJAY 5 1A 1, 1AT 5 1A

such that ¢ ~ 1, ~* id) 41, but such that ¢, and ¢, have disjoint codomain. For definiteness,
say that ¢, sends (necessarily positive) minimal events with copy index i to the same events
with copy index 2¢, and preserves the copy index of other events. Likewise, ¢, could follow
the injection i — 2¢ + 1. These maps preserve the index of negative events, so that ¢ ~*
Lo ~t id!AJ. .

Given arbitrary 0 : S - !A* || !B and 7: T — A* || IC, we define:

Oe=(te ||'B)oo 7o="(to || /C)oT

From ¢ ~* 1, ~* idj4: it is obvious that ¢ ~ 0. and 7 ~ 7,, but o, and 7, now have
disjoint codomains: o, (resp. 7,) only reaches indexing functions in !A whose index for
minimal events is even (resp. odd). Therefore, using Proposition [6.5] we define:

(0,7) = {0, 7o)
The pairing of arbitrary negative ~-strategies o :S - 1A% || !B and 7: T - !A* || IC
is defined as (o, 7). We have, as required, wp @ (0,7) = wp © (0c, 7o) = 0e ~ 0, and for

+
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the same reason we © (0, 7) ~ 7. It is an immediate verification that (-, —) preserves weak
isomorphism, so it will still make sense as an operation on the quotient category.

Ezample 6.6. Consider the copycat strategy €ijcom] on ![com].

[com] + ![com]

)

run’’
; \
run’’
v [
done ™ /
done*”’

Following the definition above, the construction of (€ijcom], ©i[com]) Produces the ~-strategy
illustrated below.

![com] + I(Jcom] x [coml])
run ! run
run*% M !
R4 v [ [
done F done !

\\k\é \
done® done™!

As prescribed by the construction, the positive moves on the left hand side had to be
relabeled to avoid the collision in the case where i = j.

Note that the representation above only displays the event part of the ~-strategy
(€[com]> ©[com]), but its construction also equips it with a symmetry ensuring its uni-
formity.

Surjective pairing. In order to obtain a product, we also need to prove surjective pairing,
that is, that for all o : S - 1A* || (B x C'), we have:

o~ (wp®o,we ©o)
However, as it stands, this is in general not the case.

T
Ezample 6.7. In Figure [, we display on the left hand side two ~-strategies 01,09 : !1 —

!([com] x [com]), and on the right hand side the corresponding distinct ~-strategies ob-
tained by projection and pairing.

We observe that surjective pairing fails for these strategies, as behaviours that span
both components get erased through composition with the projections.

The analysis of this phenomenon is the same as in standard Hyland-Ong games [Har99]:
there, the condition of single-threadedness ensures that strategies treat independently events
hereditarily caused by distinct minimal events. The definition is independent from symme-
try, so we state it first in more generality.

Definition 6.8. Let 0 : § - A be a prestrategy. We say that o is single-threaded if it
satisfies the following two conditions.

(1) For any s € S, [s] has exactly one minimal event written init(s).
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o1 : !(Jcom] x [com]) (w01, w,®01) : !([com] x [com])
run run’J run run
v
done*”’
o2 !([com] x [com]) (w @09, ®03) : !([com] x [com])
run’ run "/ run ! run’
v Iy (% A4
done*’ _ done*? done*? done™’

FiGure 6. Failures to surjective pairing

(2) Whenever s; f s2 in S, init(s;) = init(sz).
Single-threaded ~-strategies always satisfy surjective pairing.

Proposition 6.9. Let 0 : S - lA* || (B x C) be a single-threaded ~-strategy. Then, we
have:
o~ (wp®o,we ©o)

Proof. First of all, we define two subsets of S as follows:

Sp = {seS|o(init(s)) e B}
Sc = {seS|o(init(s)) eC}

(we abuse notations slightly with € B e C).

By single-threadedness, Sp and S¢ are disjoint and down-closed, with no immediate
conflict spanning both components — in other words, S = Sg w Sc. They are obviously
still event structures. It is direct to check that the restrictions of o (along with a simple
relabeling to !B/!C)

op:Sg =AY || !B og:Sc — A | IC
are receptive and courteous, i.e. are strategies.

This decomposition also works at the level of symmetries. Any 6 € S preserves Sg and
Sc. Indeed if (sp,sc) € 6, then (init(sp),init(sc)) € 6 as well: absurd, since one maps
to !B and the other to !C. It follows that # = 6p w 0o where 0 and 0c are bijections
between configurations of Sp and S¢ respectively. The set of restrictions to Sp (resp. S¢)
of symmetries in S yields a set of bijections between configurations of Sp (resp. S¢), which
is easily checked to satisfy the conditions for an isomorphism family Sz (resp. S¢). The
labeling functions op and o¢ preserve symmetry. Strong-receptivity and thinness follow
directly from those for o, so op and o¢ are ~-strategies.

By construction, op and o¢ have disjoint codomain; so we can form their pairing
(op,0c) without relabeling. Then, the obvious bijection S = Spw Sc = Sp || S¢ is an
isomorphism of event structures, preserves symmetry, and preserves labeling so as to yield
an isomorphism of ~-strategies:

o= {(op,00)
By Proposition [6.5] it follows that wp ® 0 2 op and we © 0 2 o¢. But clearly, (op,00)
(o0B,0¢c), and (-, —) preserves weak isomorphism, so we have surjective pairing. ]
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So, single-threadedness ensures surjective pairing. It is clear that copycat ~-strategies
— and lifted ~-strategies in general — on (expanded) arenas are single-threaded, since )4
has the shape of a conflict-free forest. In order to get a cartesian category, the last thing to
check is that single-threaded strategies are stable under composition.

Single-threadedness and its stability under composition is independent from symmetry,
so we state it and prove it below in greater generality.

Proposition 6.10. Let 0 : S - A* | B and 7: T - B* || C be negative single-threaded
prestrategies. Then, 7 ® o is single-threaded.

Proof. We first prove that the interaction T ® S satisfies the single-threadedness conditions.
More precisely, we prove by induction on ¢ that for any secured bijection ¢ : xg || zc ~ya ||
yr representing (via Proposition 2.16]) a configuration of T'® S, then
p= W @
1<i<n

. N . . .. (c,d)
where each ¢; is a secured bijection with a unique minimal event. Indeed, assume p——c ¢

where ¢’ fails this condition. Necessarily, either ¢ = (1,s5%) or d = (2,t"), w.l.0.g. assume the
first. Then, the immediate predecessors of (c,d) in <,» must be ((1,s7),d1),...,((1,s,),dp)
(using Lemma 2.7 of [CCRW]), with s; —»g s. By hypothesis, there are 1 < 7,5 < p and
distinct 1 <k # [ < n such that ((1,s;),d;) € ¢x and ((1,s;),d;) € . But ¢y (resp. ;)
must contain an event synchronized with init(s;) (resp. init(s;)). Since o is single-threaded
and s;, s; € [s] we have init(s;) = init(s;), which contradicts ¢; N ¢y, = @.

Now, we go on to prove single-threadedness.

(1) Prime secured bijections have no non-trivial decomposition as above, therefore
they have a unique minimal event. This is true in particular for the wvisible prime secured
bijections. Condition (1) of single-threadedness follows then from the fact used in the proof
of Lemma [6.3] that a minimal event in the interaction of negative strategies is always visible.

(2) Finally, assume there is a minimal conflict ¢ ~~ 1 in T'® S between visible prime
secured bijections. This means that there are non-necessarily visible prime secured bijections
¢ clelres, V' < [Y]res, such that ¢’ ~~ ¢' in T® S. Writing ¢” (resp. ¥") for ¢’ (resp.
¥") without its top event, minimality of ¢’ ~~ 1’ means that ¢"” U" is a valid secured
bijection. Therefore, it decomposes:

4,0// U 1/}// _ U_J o;

1<i<n

/

With each ¢; a secured bijection having exactly one minimal event. If n =1, we are done
since as remarked the unique minimal event is necessarily visible. Otherwise, there are at
least two ¢;, ¢, with distinct minimal events.

Then, using Lemma 25, ¢©' ~~ ' implies that their top elements have the form
((1,547),dpr) and ((1,sy7),dyr) With s ~~gsyr, or (¢, (2,8,1)) and (cyr, (2,ty0)) with
tyr ~~7ty, w.l.o.g. say the first. By receptivity and courtesy of o, we have pol(sy) =
pol(syr) = +. Since n > 2, there are (c1,d1) —p ((1,5),dyr) with (c1,d1) € ¢; and
(c2,d2) =y ((1,5y,),dy) with (c2,d2) € ¢;. By Lemma 2.7 of [CCRW], as an immediate
dependency of ((1,s7,),dy), we have (c1,d1) = ((1,s7),d1) with s1 —g sy (similarly,
(c2,d2) = ((1,85),d) with so —g sy). But by single-threadedness of o, init(s,) = init(syr),
so there should be an event synchronized with init(s;) = init(s2) both in ¢; and ¢;, absurd.

[
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At this point, we have finished constructing our basic category of Concurrent Hyland-
Ong games. Let us call Cho the category having: as objects, negative arenas; and as
morphisms from A to B, negative single-threaded ~-strategies o : S - !A* || !B, up to weak

. . . . . Ch . .
isomorphism. We will also sometimes write o : A =¥ B to mean that o is a morphism
from A to B in Cho, keeping & anonymous.

From all the developments above, we get:

Proposition 6.11. The category Cho has finite products.

In particular, it follows as usual that x is a bifunctor Cho? — Cho, by setting o1 x o =

Cho Cho
(01 ©wa,, 000 w4,), for o1 : Ay == B; and 09 : Ay = Bs.

When constructing the cartesian closed structure, we will leverage the compact closed
structure of the underlying category Tcg. Therefore, it is useful to connect the cartesian
structure of Cho with the monoidal structure of Tcg. For that, we note that there is an
obvious isomorphism of essps:

map:(AxB)=1A®!B

Using Definition [4.10] it follows that there is an isomorphism m4 5 in Tcg between
I(Ax B) and !A®!B. This isomorphism allows us to connect better the cartesian structure
of Cho with the monoidal structure of Tcg.

Ch Ch
Lemma 6.12. Let 01 : 4y e B and 09: Ay i Bs. Then,

1 _
01 X 02 ® MPB, B, @(0'1®0'2)®mA1,A2
Proof. Write o1 : 81 = A7 || !By and 03 : So - A3 || !B;. By definition,
o1 x09=(010wA,,020wA4,)

By Lemmam 010wy, = (iA{ || !Bl) ooy and o9 O wa, 2 (iAé || 'Bg) o 0y. These
maps have disjoint codomain, so up to weak isomorphism their pairing is

(Gaz 1'B1) oo, (iag II'B2) o o2)) : Si || Sz = (A1 x A2)" || (B x B2)

Likewise by Lemma [4.12] mAz,Bz_l ® (01 ® 02) © A, B, has (up to isomorphism) essp
S || Sz and labeling function the obvious relabeling of o1 ® o9 by ma, 4, and mp, p,. It is
a simple verification that these two coincide. ]

6.2. Cartesian closure. We finish the construction of our cartesian closed category by
describing the cartesian closure. We have constructed Cho as a subcategory of Tcg —
which, as a compact closed category, is symmetric monoidal closed. We wish to leverage
this closed structure of Tcg in order to transfer it to Cho.
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6.2.1. Arrow arena. For two thin concurrent games A and B in Tcg, the corresponding
exponential object (following the compact closed structure) is obtained as A* || B. In Cho,
where objects are arenas, this hints at defining the exponential object of A, B as A* | B.
Indeed, it is easy to check that !(A* | B) = !A* || !B, so this matches the closed structure
of Tcg. However, objects in Cho are required to be negative arenas, and A* || B is no
longer negative. Therefore, we are brought to introduce a negative variant of A* || B, that
would be an object of Cho. The natural choice, familiar from Hyland-Ong games, is to
make events in A depend on minimal events of B. It would be incorrect to make events of
A depend on all minimal events of B, so we will instead create as many copies of A as they
are minimal events in B. Writing min(B) for the set of minimal events of B, we define:

Definition 6.13. Let A, B be two negative arenas. Their arrow is A = B, with the
following components.

e Fvents, and polarity. Those of:

(lpemin(zy A7) || B
e Causality. As follows:

<yeminezy A5 ${((2,0), (1,(b,a))) | bemin(B) & a € A}

Ezample 6.14. Following this definition, the reader can check that [com] = [com] is the
arena presented as [com — com] in Example As [com] has only one minimal event,
there is no duplication of the left hand side. However, the arena [com] = ([com] x [com])
is displayed below.

[com] = ([com] x [com])
_ run  _ run
- o+ |
~ ~ [ [
run® run® done* done*
\ |
\ \
done™ done™

This is exactly the arena construction of [HOO00|], where arenas are forests.

6.2.2. Cartesian closed structure. Our proof of cartesian closure will leverage the compact
closed structure of Tcg. More precisely, we will show that there is a bijection (up to
weak isomorphism) between negative single-threaded ~-strategies playing respectively on
A+ | (B = C) and 'A* | (!B* || IC). This bijection will leave the internal event structure
of strategies unchanged, and will only operate through relabeling.

First, we describe the action of the bijection from !A* || (B = C) to !A* || (IB* || 1C).
Let us first explain it on an example. Consider a ~-strategy represented as below — which
is, in essence, a curried version of the contraction on [com] of Example
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[com] = ([com] x [com])

__ - _run>™ - run/
run™? run™? / /
v (A4 | \
done " done ™! \ \

\W‘}done”

Note that the positive moves on the left hand side have copy index 0, whereas in
FExample they were carefully chosen so as to avoid collisions. This is because the current
arena has more causal links. The two positive moves on the left are already made distinct
by their justification pointers, so there is no need to distinguish them further via their copy
indices. As this example illustrates, we cannot simply relabel this ~-strategy to [com]* ||
([com] x [com]) without changing copy indices, as that would result in a collision, i.e. a
failure of local injectivity of the labeling function.

Therefore, we use countability of the arena in order to do a collision-free relabeling.

Lemma 6.15. There is a strong-receptive, courteous map of event structures with symme-
try:
xapB: (A= B)->4"|'B

which, additionally, preserves the copy index of negative events.
Proof. For events b € B we use || b for the natural number associated to b by the countability

of B. As in Section 25, we use (-) : w® - w for any injective function; the collision with
the pairing operation should not generate any confusion.

We set:
XAB (A= B) - A4 !B
(a:[(L,(b,a))] »w) = (L)
B:120)]>w) = (2,8)
where:
o [a] — w
a o~ (fb,a((2,0)),a((1,(b,a")))) (if a’ e min(A))
a a((1,(b,a"))) (otherwise)
and:
g - w

oo~ B((2,0))

With this definition x4, preserves symmetry, is strong-receptive (it does not change
the copy indices of negative events, since minimal events of A are positive) and courteous
(it only breaks immediate causal links from minimal events of B to minimal events of A*,
so from negative to positive). L]
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This allows us, from o : S - IC* || /(A = B), to define its relabeling:
®(o) : S-I1CH| (1A 'B)
= (IC* | xa) oo
For well-chosen hashing function § and injection (-), this relabeling applied to the curried

contraction above yields exactly the ~-strategy of Example
Before going on to the other direction, we note a further property of this relabeling.

Lemma 6.16. Let 0: S - !C* | I(A = B) be a negative single-threaded ~-strategy. Take
s1, 82 € S such that o s has the form (2, 8) with bl 3 = (2,b) (b e min(B)), and 0 s = (2, «)
with Ibla = (1,(b’,a)). Then, b="0b"iff 51 = init(s2).

Proof. Straightforward consequence of single-threadedness. L]

Lemma 6.17. Let 01,02:S - |C* || (A = B) be two negative single-threaded ~-strategies
sharing the same internal ess. Then, o1 ~* o9 iff ®(07) ~* P(03).

Proof. if. Assume ®(o1) ~* ®(03). Take z € €(S), and form 0 = {(015,025) | se€x}. We
wish to prove that 6 is a valid symmetry on !C* || (A = B). Firstly, we remark that the
following diagram of bijections commutes.

x
/ X
0
g1 x 09X

!Cl”XA,Bl l!CJ'HXA,B

O 11(0] 41 107)
®(0y) 1z 2% $(0y) 2

It follows that ¢ decomposes as 0icu || (4= ) With fcu € ICT, and we are left to prove

that 0)(4=p) € (A= B). By construction it is a bijection, so we need to prove that it
preserves and reflects causality, that it preserves labels, and that it preserves indices of
negative events — which is clear, as they are preserved throughout this diagram.

We prove that it preserves immediate causality. The only nontrivial case concerns
immediate causal links not preserved by x4 g, i.e. those of the form:

0181 = (27 {(27 b) e Tl}) - (27 {(27 b) = n, (17 (bva)) e p}) = 0182

But then, by Lemma[6.16, we have s; = init(s3). Since labels are preserved by 6] ,, and 6|5,
and using Lemma again, we still have 6 (o2 1) — 0 (02 s2). The argument also applies
to the 67, which therefore is an order-isomorphism.

Preservation of labels also follows directly from Lemma Finally, 6 is a positive
symmetry as all bijections involved preserve the copy index of negative events.

only if. By preservation of symmetry for x4 g, and the fact that it preserves the copy
index of negative events. L]

Relabeling from !C* || (!A* || !B) to !C* || (A = B) is slightly more subtle: indeed, we
go from a game having one copy of A to one having as many as there are minimal moves in
B. Thus, chosing the label for events formerly mapping to A requires us to choose a copy
of A corresponding to some minimal event in B. Here condition (1) of single-threadedness
is crucial: each move s mapped to A has a unique minimal dependency init(s), which must
be mapped to a minimal event of B, and hence specifies the copy of A that s should be sent
to. More formally, we prove the following.
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Lemma 6.18. For any single-threaded ~-strategy o : S - !C || (1A || !B), there is ¢/ : S —
IC || '(A = B), unique up to positive symmetry, such that

o~ (IC |l xaB) oo’

Proof. We define o’ : S - |IC || |(A = B). For s € S, thenif o(s) = (1,7) we set o’(s) = (1,7)
still.
If o(s) = (2,(2,8)) with §:[b] - w, then we set o'(s) = (2,8") with

g [(2,0)] - w
(21) ~ A)
If o(s) = (2,(1,)) with : [a] - w, then by condition (1) of single-threadedness it has
a unique minimal dependency init(s) < s. By hypothesis, o (init(s)) has the form (2, (2, 3))
with 8 = {b+~ n}. Therefore we set:

o+ [(L(ba)] - w
(1,(b,a")) » ad)
(2,6)  ~ m
and we define o/(s) = (2,a/).
It is routine to check that this map is strong-receptive and courteous, and that its
composition with !C' || xa,p is positively symmetric to o. It follows from Lemma that
it preserves symmetry, and that it is unique up to positive symmetry. ]

From that, we deduce the following.

Proposition 6.19. There is a bijection ® up to weak isomorphism, preserving and reflecting
weak isomorphism, between:

e Negative, single-threaded ~-strategies o : S — !C* || /(A = B),

e Negative, single-threaded ~-strategies o’ : S - IC* || (1A' || !B).
Moreover this bijection is compatible with pre-composition: for all 7: 7 — ID* || !C, we

have:
P(o)oT>P(0coT)

Proof. On the one hand ®(c) is obtained as (IC* || xa.5) o o, while ®7(¢’) is obtained
by the unique factorisation of Lemma The bijection up to weak isomorphism follows
from Lemma as well.

We now prove stability under composition. By definition, we have ®(o) = (IC* ||
XA,B) © 0. But by Lemma [£12] this is the same (up to isomorphism) as Xa,p © o, so
the action of ® can be obtained by post-composition via a lifted map. Stability under
composition follows immediately by associativity of composition. L]

And finally, we deduce:
Theorem 6.20. The category Cho is cartesian closed.

Proof. We already know that it is cartesian. Throughout this proof, in the construction
of the components of the cartesian closed structure, we ignore the associativity and unity
isomorphisms from the compact closed structure of T'cg — those can be easily and uniquely
recovered from the context.
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For any two arenas A, B, we first define the evaluation ~-strategy:

evap Ax(A:B)glolfB

= (aa®!B)o (1A® ®(eyu=p))) ©Ma a=5s

. . Ch . .
Likewise, for any o: A x C -2 B , we define its curryfication as:

Ao) @ ¢4 B)

(1At @ (comac ') @ (na®!C))

It is then a straightforward equational reasoning to prove the two equations [LS8S], for

o:AxC I Band 7:C 2L (4= B),

(B) evap@(AxA(o)) » o

() Aevapo(Axo)) ~ o
using mainly Proposition and the laws of the compact closed structure of Tcg, in
combination with Lemma to relate the cartesian structure of Cho and the monoidal
structure of Tcg — all the structural isomorphisms involved in the definition cancel each
other. ]

6.3. Recursion. As the final technical part of this paper, we prove that Cho supports the
interpretation of a fixpoint combinator.

Usually in game semantics, the interpretation of the fixpoint combinator Y is obtained
by showing that the category of games and strategies is enriched over a category of suf-
ficiently complete partial orders. Here however it will not be the case: indeed, just as in
AJM games [AJMOOD], our cartesian closed category is a quotient (its morphisms being
weak isomorphism classes). It is not clear that the natural ordering on weak isomorphism
classes is complete. However, this is not a big issue: although weak isomorphism classes
of ~-strategies might not form a complete partial order, concrete ~-strategies do. There-
fore, when solving recursive strategy equations, we will make sure to work with concrete
~-strategies rather than weak isomorphism classes.

Our first step will be to order ~-strategies.

Definition 6.21. Let 0: S - A, 7: T - A be two ~-strategies on a tcg A. We write o < 7
iff S €T, the inclusion map S = 7T is a map of essps, with all data in S coinciding with the
restriction of that in 7, and such that for all s€ S, cs=7s

The ~-strategies on A ordered by < form a directed complete partial order (dcpo). It
is not pointed though — it does not have a least element. Indeed, a <-minimal ~-strategy
must still satisfy receptivity, and hence comprise events for minimal negative events of A.
However, the name in S given to those is arbitrary, so there is one <-minimal ~-strategy on
A for each renaming of the minimal negative events of A. For each A we distinguish one
<-minimal ~-strategy

Lg:min (A) > A
that has as events the negative minimal events of A with induced symmetry, and as labeling
function the identity. Not every ~-strategy is above L4. However, for every ~-strategy
0:S — A, we pick one o 2 o' such that 14 < o' obtained by renaming the minimal negative
events of S. We write D4 for the pointed dcpo of ~-strategies above 1 4.
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Lemma 6.22. For any tcg A, D4 is a pointed dcpo with 14 as minimal element.

Proof. If T'={~:S, - A} c D4 is a directed subset of D 4, we form
vil=uy:JS, - A

vyell
with all components defined as componentwise union.
It is direct that this defines a ~-strategy, which is the least upper bound of I'. L]

Additionally, we note that if all ~-strategies in a directed set I' are negative or single-
threaded, so is vI'. We now note that all the operations we defined on ~-strategies in this
section are continuous for <.

Lemma 6.23. Composition, tensor, pairing, curryfication and the (—)Jr operation defined
above are continuous for .

Proof. Straightforward. L]

From the above, we deduce the following.

Corollary 6.24. For any arena A there is a fixpoint combinator Y4 : (A = A) Che A, ie.

a single-threaded ~-strategy such that:
Varevaa 0 (Va, €amay)
Proof. First, we define the following operation, using the combinators on Cho.

F @ Dyasaypa > Diasaya
o~ (evaa0 (o, @amn))
By Lemma it is continuous, and from the outermost dagger it has indeed value in
Dy(a=a) 4. Thus, we can take its least fixpoint Y4 € Dys— 4y 4. The weak isomorphism
in the statement actually follows as an equality. L]

7. INTERPRETATION OF IPA

In this section, we illustrate our model further by defining the interpretation of IPA, dis-
playing the interpretation of programs of interest, and proving a few properties along the
way.

We insist here that our purpose is not to prove full abstraction, nor to prove deep
properties of the interpretation. We feel indeed that given the length of the paper, the
specifics of such an endeavour are best left for later. Furthermore, it is our impression
that it serves the purpose of this paper better (introducing and developping Concurrent
Hyland-Ong games) to give the reader an understanding of what the model computes, what
it can and cannot do, rather than delve into additional technical developments.

Throughout all this section, by strategy we mean ~-strategy. However, the symmetry
will be kept implicit.

7.1. Sequential innocent part. In this subsection, we focus on the interpretation of the
(sequential) innocent part of IPA, i.e. essentially PCF, plus the combinators for commands.
In other words, this contains all of IPA except for variables and parallel composition of
commands.
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[tt] = '[B] [£] = '[B] [n] = '[N] [skip] = ![com]
?‘; ?\1,7 ?‘1,7 '}
#+0 g0 nto done™°

FIGURE 7. Interpretation of constants of IPA

Interpretation of types. The arenas for the types com and B were given in Example
The interpretation for N is a countably infinite variant of the interpretation of B:

[N]

q -
/ ~
N
ot 1+ ... n'
The interpretation function extends to all types (not containing ref), with [A - B] =

[A] = [BI.

Interpretation of terms. The interpretation follows the standard lines of the interpretation
of the A-calculus in a cartesian closed category. A context I' = 1 : Aq1,...,2, + Ay is
interpreted as the product ITy<;<,[A;] (which is just the parallel composition of the A;s).
A typing sequent I' - M : A is interpreted as a Cho-morphism:

[T M:A]: 0] 22 [4]

For the A-calculus combinators — variables, application, abstraction —, the interpretation
is standard (and we do not detail it). For the fixpoint combinators, we use the combinator
Y of Section 6.3l The interpretation of constants is displayed in Figure [[l Note that we
only display representations, treating multiple copies of Opponent moves symbolically. The
reader should be able to expand them unambiguously to the full event structures, and to
detail their isomorphism families. Note also that we give these interpretations over the
empty context — they can easily be relabeled to any context I'.

Likewise, the interpretation of function symbols is given in Figure 8l We have only one
figure for a unary function op : X - X which covers (up to obvious relabeling) the cases of
succ : N - N, pred : N - N and iszero : N - B. The interpretation of sequents involving
those follows as usual, with e.g. the following composition in Cho:

[T+ if M Ny N X] = [i€] © ([M], [Ni], [Na]) : [T == [X]

At this point, we have finished defining the interpretation function of all well-typed
terms of the sequential innocent fragment of IPA. Using the cartesian closed structure and
the equations for the fixpoint combinator, it would be straightforward at this point to
prove soundness and adequacy of the interpretation. We refrain from detailing this — rather
standard — proof.

The paper already contains some examples of the interpretation of terms of the fragment
of IPA currently under study, most notably in Section 21— where for some, copy indices need
to be adequately adjoined. In general, the interpretation of such terms yields rather simple
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FIGURE 8. Interpretation of sequential function symbols of IPA

event structures, whose causal order is forest-shaped and which have no conflict. Modulo
copy indices, and as it was noted in Section [2], these forests exactly coincide with the view
functions of standard Hyland-Ong games: their branches are exactly the P-views. Hence,
our interpretation gives a way to compute the composition of innocent strategies while
staying within a causal representation corresponding to view functions, never resorting to
expanded plays.

Non-determinism. Although the fragment of the language currently under study is deter-
ministic, we find it interesting to study some examples given by its extension with a non-
deterministic primitive. Therefore, we add to the language a new constant coin : B which
returns a random boolean. Its interpretation is (an obvious extension with copy indices of)
the strategy on the left hand side of Figure Bl For I' v M, N : A, we define as syntactic
sugar a non-deterministic sum ' M + N : A as ' + if coin M N : A.

We give in Figure [A representations of the interpretation of some well-chosen terms.
Copy indices are not exactly as given by the interpretation function (though they are up to
weak isomorphism): they have been relabeled for convenience of presentation.

As Figure illustrates, the model represents non-determinism in a non-idempotent
way: redundant non-deterministic choices are kept separate by the interpretation. In
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FIGURE 9. Intepretation of some non-deterministic terms

Figure @c, L (which is syntactic sugar for Y (Az®.z)) is interpreted as the empty strat-
egy. The interpretation of tt + L illustrates that, despite displaying explicitely the point
of non-deterministic branching, the hiding step of the interpretation removes some diverg-
ing branches of the interaction. Figures [Qb] and display two strategies which have the
same branches (P-views), but differ in their branching points. This gives an interpreta-
tion of non-deterministic sequential programs that is similar to Tsukada and Ong’s recent
presheaf-based model [TO15], although our composition mechanism is very different. It is
fairly easy to capture exactly their category as a subcategory of Cho, whose morphisms are
sequential innocent [CCW14, [CCWTI5] but not deterministic.

7.2. Concurrent innocent part. Now, we go on to show how our model represents con-
current primitives. The only concurrent primitive of TPA is parallel composition, whose
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interpretation relies on the following strategy

[IT= Yeom x com]* | [com]
run”’
Q// \
run®? run®? \\
v B |
done ™ done F /,
done+7<j7k>

Using this strategy we can define [['+ M || N :com] = [|| ] © ([M], [N])-

This strategy is no longer a forest, but rather a directed acyclic graph. We also note
that this is a deterministic strategy: there is no conflict in its event structure. As we shall
see later, without any non-deterministic primitives, it is only in the presence of shared state
that non-deterministic strategies will arise. In fact, a major advantage of our approach to
modeling concurrent languages is that, not being based on interleavings, we represent the
execution of such non-interfering terms deterministically.

In [CCW15], we exploit this property: we give a concurrent notion of innocence where
strategies are directed acyclic graphs rather than forests, and using this notion we give an
intensionally fully abstract model of a variant of PCF where independent computations are
performed in parallel. The detailed construction is out of the scope of this particular paper,
but let us illustrate it with two examples that are both concurrent innocent.

Figure [0 contains representations of two strategies, intended to be concurrent innocent
(we associate moves to the corresponding sub-type using indices rather than location). In
Figure [[0al we have a strategy for a parallel implementation of the left or, that is strict
in its left argument. Indeed, although the strategy starts evaluating both its arguments in
parallel, it can only return at toplevel if its first argument has returned. However, this is not
true anymore for the strategy of Figure [Qbl There, it suffices that one argument returns
tt for the overall computation to return tt — indeed, this strategy computes the well-known
parallel-or function [Plo77].
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FIGURE 11. Strategies for assignment and dereferenciation

7.3. Stateful part. Finally, we finish the interpretation of IPA and describe how to in-
terpret the primitives of IPA dealing with manipulations of state. For the simplicity of
presentation, we set references in IPA to only store booleans; however the method applies
just as well to integers.

A variable can be interacted with in two ways: via reading and writing. As usual in
game semantics, we follow this idea for the interpretation of variables, and take [ref] to be
a product arena comprising actions for reading the reference or writing on the reference.
More precisely, we define:

R~ Wi Wg
[ref]= 7 AN
tt ff* ok™ ok"

We now describe the interpretation of term constructors for the manipulation of state.
As usual, assignment and dereferenciation are simply interpreted as (sequential innocent)
strategies that interact with the memory cell. We give in Figure [[1] the strategies used in
the interpretation of those. Using those, we can define:

[['=M:= N:com] = [-:=-]o([M],[N])
[THIM:B] = ['-]o[M]

Before giving the interpretation of genuine references, we mention that the interpreta-
tion of mkvar exploits as usual the isomorphism between [ref] and [B] x [com]? [AM96].

New reference. As usual, the more tricky part is the interpretation of the newref construct.
Indeed, while the strategies for assignment and dereferenciation only interact with the
interface of the variable in an innocent way, newref really has to provide an implementation
for the memory.

If T,z : ref - M : A depends on a reference z, its interpretation plays on (up to iso)
ref]* || '[T]* || '[A]. Naively (we will see that this is a slight simplification), all we have to
do is to build a strategy cell : ![ref], and compose [M] with it to obtain [newref zin M].

To define cell, we keep in mind the operational behaviour of a memory cell. In our
(sequentially consistent) understanding of memory in a concurrent setting, although reads
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and writes are called concurrently, they are performed in some sequential order by the
central memory. Thus the behaviour of a boolean memory cell is best described as the
prefix language of the infinite traces:

Celly == R -tt" - Celly | Wy -ok™ - Celly, | Wi - ok™ - Cellgr
Cellg R™-ff" - Cellgr | Wg - ok™ - Celly, | Wi - ok™ - Cellge
This language is ordered by prefix, so that Cellg is a forest. Setting all incomparable
words to conflict with each other, we get an event structure whose events are words, and
configurations are prefix-closed sets of prefixes of a word — so in one-to-one correspondence
with words. This event structure, with the obvious labeling function, can be regarded as a
prestrategy on [ref] (not on ![ref]). But in order to fit in our framework, we need to equip
it with copy indices (and symmetry). This calls for extra bookkeeping, as we need to make
sure that the same copy index is not used twice in the same branch. We define

Cellgt/em o RO 4870 Cell UMl (g 1)

| Wy ok0. Cell eI (g gy

| Wg' - ok0- Cellf e et (¢ ey
and similarly for CelléfR’I“’Iff. Then we define the event structure Cell via Cell?}"Z 2 as we
did above. It has an isomorphism family, that relates any two words differing only on their
copy indices. Moreover the names of the events denote the labeling function to ![ref] (with

all positive moves pointing — that is, being immediately dependent in the game — to the
prevous move). Overall, we get a map of essp:

cell : Cell — ![ref]

Example 7.1. The following diagram represents a sub-event structure of Cell.

We have constructed cell : Cell — ![ref] a map of essps. However, cell is not a valid
~-strategy in Cho: it neither receptive (after playing R™* above one cannot play R~
although it is compatible in the game) nor courteous (we have ff*Y — R™% which does not
hold in ![ref]). However, cell is a thin pre-~-strategy, and as such can be composed with
[M] - ![ref]* || '[A] to obtain [M] ®cell — and it turns out that [M] o cell is always a valid
~-strategy.

However, that is still not quite what we want. The intended semantics for newref x in M
is that each of its evaluations spawns a new, independent memory cell, whereas the oper-
ation above would have it spawned once and for all and shared over all copies of M. In
other words, [M] @ cell is a valid ~-strategy indeed, but it might not be single-threaded. So
finally, we build another pre-~-strategy displayed in Figure [[2] where Cell means a copy of
the pre-~-strategy above, with minimal events pointing as indicated.
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FI1GURE 12. The pre-~-strategy newcell

Finally, from I',z : ref - M : X, we define:

[newref rin M] = newcell ® A([M]) : ![I'] Ie X]

Then, despite newcell being a pre-~-strategy rather than a ~-strategy, we have:

Proposition 7.2. For any I',x : ref - M : X, the thin pre-~-strategy:
[newref rin M] = newcell © A([M])
is a single-threaded ~-strategy.

Proof. The composition is well-defined (as a map of essps) since both compounds are ~-
receptive. Moreover, both compounds are also componentwise courteous (see Definition
[3:30), so by Lemma [B.3T] the composition newcell ® A([M]) is a componentwise courteous
pre-~-strategy. It is also thin, negative and single-threaded as these properties are stable
under composition (respectively Lemmas B.29] [6.3] and Proposition [6.10]).

It remains to check that it is receptive and courteous. But that does not involve
symmetry at all; and by the results of [RW11l, [CCRW] it suffices to check that

@ x] @ (newcell © A([M])) © eyjry = newcell © A([M])

but that follows from the fact that composition of componentwise courteous pre-~-strategies
is associative (and indeed, the embedding of Section Mlshows that it maps to the composition
of spans of prestrategies), that A([M]) is a strategy, and the easy verification that e x] ©
newcell ¥ newecell.

This concludes the definition of the interpretation of IPA in Cho. As said before, we
do not aim in this paper to prove properties of this interpretation, such as soundness or
adequacy — those could be either proved directly as in [AM96], or more easily by constructing
a functor to the interpretation of [AMO96] linearizing the partial orders. In any case, the
proof would take additional space without bringing much insight nor taking advantage of
the more refined representation offered by our event structures strategies, so we chose not to
include it. However, we will now illustrate this interpretation by providing some examples.
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7.4. Some examples.

First example: strictness test. As a first example, we detail the interpretation of the term
of Example 2.22]1 Recall that it was:

newref b in \f€OM7M £ (b:=tt); b: (com - com) - B

As the constructor new is only defined on terms of ground type, this is just syntactic sugar
for Afeom=com newref b € f (b:=tt); !b: (com - com) - B. In order to define its
interpretation, the first step is to define:
Ch
[f:com — com, b:ref - f (b:=tt); 1b:B]: [com - com] x [ref] == [B]

This is covered by the definitions above, using the cartesian closed structure and the
strategies of Figure [Tl for assignment and dereferenciation. Computing this yields the strat-
egy represented below (again, the copy indices given by the actual interpretation function
differ, but this is irrelevant up to weak isomorphism).

[[fcom%com '_ /\rref‘ f (,r. - tt); 17,,]] —

[com -  com] | ![ref - BJ
K
-q
. / \
_ —run*’ <
g v S '
run done™* P - // l

done™®
Again, this deterministic event structure is forest-shaped and its branches are versions
with explicit copy indices of the P-views of the corresponding innocent strategy in Hyland-
Ong games.
Now, we compose it with newcell. We represent below the event structure resulting
from their interaction. Events of the hidden/synchronised part of the interaction no longer
have a well-defined polarity, hence we set it to 0.
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feom - com]* | ![ref - B]* I '[B]

0 0 +,(k,0)

done™

done™

After hiding, the minimal conflict between the first two events in cell is inherited by
the final positive events. The reader can check that hiding yields (up to the copy indices)
the event structure of Example

The reader familiar with Abramsky and McCusker’s model for IA will see that taking
the plays — i.e. alternating well-bracketed linear orderings of configurations, without copy
indices — of the resulting strategy yields the expected sequential strategy. But our model
says more, e.g. it also specifies the behaviour of the strategy if Opponent decides to both
ask its argument and return in parallel.

Second example: synchronization through state. Now, we compute the interpretation of the
following term of IPA.

x:com, y:com + newrefrin
if (Ir) L (z5r:=tb) ||
if (Ir)y 1
:ref > com
As before, we first compute the interpretation of the variant of this term where the
variable has been abstracted away, obtaining the following strategy.
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We now compute a part of the interaction with newcell, pictured below.

[com]* I ![com]* I I[ref - com] I ![com]

run* {0

RO:2i+1 W(t)t,(o,k)
: Jv Iy I
0.0 ok®0

& !
run* {0 | |

I
b | I
done™™ | |
I
 5(1011807(0$”% |
I

doneﬂ((},k‘m,o)

which, after hiding, yields a strategy with sub-event structures such as:

73
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[Azcom™, yeo™ newref rin (if (Ir) L (z;r:=tt)) || Gf(Ir)y L)] =

[com]* I eom]* | [com]

07k7m70>

done*!

Here, there are several observations to make.

Firstly, note that the copy index of the call to y does not depend on k. This might
seem surprising, since it seems that if Opponent plays two occurrences of done_’k, once
with k& = 0 and once with &k = 1, Player will play the subsequent run™{* twice, breaking
local injectivity.

In fact, this is because the symbolic notation used here is a bit misleading, and suggests
a uniformity in the behaviour of strategies which is not accurate for strategies that are not
innocent. In reality, the interaction presented here is incomplete and does not cover the case

where Opponent plays several occurrences of done ¥ (that could happen if, for instance,

Opponent has access to call/cc). Indeed, this would trigger new Wgt’k events, which would

be sequentialized in some order by the memory. The R%?*! would happen at some point
during that sequentialization; each of these possible occurrences of R%%*! would lead to a
call to y — so there would be multiple non-deterministic calls to y.

Secondly, we note that this term, in the Ghica-Murawski model of IPA |[GMO8], would
be interpreted by the same strategy than that for sequential composition. Unlike their
model, we keep some information about non-deterministic branching; meaning that we do
remember here that the term has a chance to diverge. In the interpretation presented in
this paper, we do not remember all the information about divergences though. If one was
to simplify the term above to newref rin Az®™ y°™. x;r := tt || if I y 1, the branch
where the read arrives too early w.r.t. the write would be hidden away by composition.
The sole purpose of the superfluous read in our example above is to create a race in memory
before x, spawning two non-deterministic copies of the execution of . In one of them the
computation is doomed, as the second thread is stuck in a loop.

8. CONCLUSIONS

In this paper, we have given the detailed development leading to our cartesian closed cate-
gory Cho of Concurrent Hyland-Ong games, a setting that we illustrated with an interpre-
tation of IPA. The cartesian closed category Cho conservatively extends standard Hyland-
Ong games, in the sense that in our setting purely function programs are interpreted as
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(copy-index aware versions of ) their tree of P-views — but our setting also supports stateful,
non-deterministic, or concurrent languages, or any combination thereof.

The cornerstone of our construction is a compact closed category Tcg of thin concurrent
games, which extends Rideau and Winskel’s category CG of games and strategies as event
structures [RW11l [CCRW]. Note the interest of Tcg is not restricted to the construction
of Cho. It supports games that are much more general than those obtained from arenas.
The future will tell how this mathematical space is best exploited.

In an extended abstract [CCW15], we relied on the framework presented here to give
a full abstraction result for a parallel interpretation of PCF — due to the length of the
paper, we believe that the details of the fully abstract model and of the proof are best kept
for a separate paper. In another extended abstract [CC16], we investigate the connections
between (an affine version of) this interpretation of IPA with that of Ghica and Murawski.
There is a lot of ongoing research on this game semantics framework. Research directions
include extensions probabilities, applications to the semantics of proofs, or to the semantics
of non-interferent programming languages.

Acknowledgments. This work was partially supported by the LABEX MILYON (ANR-10-
LABX-0070), and by the ERC Advanced Grant ECSYM.
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APPENDIX A. COUNTEREXAMPLES

A.1. Absence of pullbacks in £.. The category of event structures with symmetry does
not have pullbacks in general. For that we first note that if a diagram has a pullback in &.,
then, forgetting symmetry, it is also a pullback in £. The reason for that is the following
proposition.

Proposition A.1. The forgetful functor £. - £ which to any event structure with sym-
metry A = (A, A) associates A, has a left adjoint.

Proof. The right adjoint associates, to any event structure A, the event structure with
symmetry (A,refl4), where

refly = {{(a,a) |aczx}|zeC(A)}

is the minimal symmetry on A. It is straightforward that this indeed defines an adjunction.

[

Hence the symmetry-forgetting functor is a right adjoint, and as such preserves pull-
backs. Now, in order to prove that £. does not have pullbacks, we are going to construct a
diagram in £. whose pullback in £ has no possible isomorphism family. Indeed, consider A
the following event structure:

o ' . 9
Write A for A equipped with the maximal isomorphism family: all order-isomorphisms
are in the family. Write A; for the sub-event with symmetry where -1 can only be sent to
itself and to -3; and -5 can only be sent to itself and to -4. Similarly, write A5 for that where
-1 can only be sent to -4 and -5 to -3.
Now we have the following diagram:

Al -A2
A

Assume this diagram has a pullback (As,II;,1I5). By Proposition [A] its underlying
event structure is A and the projection maps are both identities on objects. The isomor-
phism {(-q,5)} : {a} =T {p} must be in As as it is in both A; and Ay. However, its left
hand side {-4} can be extended with -1, so by the extension property we must have

{('av'b)’ (171)} : {'a,'l} ;A\; {'b"i}

with i € {3,4}. But by construction such an isomorphism cannot be in both A and 4,
absurd.
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A.2. Weak isomorphism is not a congruence. This key observation is one of the key
facts guiding the design of the saturated games with symmetry of [CCW14] and the thin
concurrent games of Section Bl

It first came as a surprise that weak isomorphism between pre-~-strategies is not pre-
served by composition with other pre-~-strategies. Indeed, the extension property of sym-
metries ensures that two symmetric configurations have “bisimilar futures”. For two weakly
isomorphic pre-~-strategies 01,09 on game A, and another pre-~-strategy 7 on game A* | B,
from ~-receptivity of 7 and the weak isomorphism of 1 and o9 one certainly expects 7® o1
and T ® oy to behave similarly. And they do indeed behave similarly, but in a way less strict
than that expressed by weak isomorphisms.

To be more precise, first consider the event structure with polarities and symmetry P
(the “pentagram”):

D1 D2

P=
@5 D3

D4
Its isomorphism family is the maximal one, i.e. all bijections between configurations
are in the family. In P, two events will eventually be played. It does not matter which
ones, since they are all symmetric — the only thing that matters is the multiplicity.
We will consider P as a pre-~-strategy on a game B with the same events as P
({@1,®2,®3,®4,®5}), the maximal isomorphism family, and without conflict. We write
a1 for the obvious labeling function

041273—>B
®;, = &;

which indeed informs a pre-~-strategy on B.
We will also be interested in another pre-~-strategy:

a2:8—>B

where S has events {®1,®2} and again maximal isomorphism family. The map a9 sends ®;
in § to ®; in B. The pre-~-strategies a1 and ao behave similarly, since both will eventually
play two events; and we do not care which ones since all possible choices are symmetric in
the game. Despite that, @y and ao are not weakly isomorphic. In fact, there is no map
from aq to ag: such a map would require us to build a map of event structures from P to
S, but the reader can check that this would induce a 2-coloring of P, which is not bipartite.

We will now obtain «y and ag respectively as compositions 7® o1 and 7 ® o9, for weakly
isomorphic o1 and g2. We introduce the game

A= @, ~—~~ @
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with again the maximal isomorphism family. The pre-~-strategy 7: 7T — A* || B selects oy
or as depending on Opponent’s choice in A. Its events are represented below.

Sa

7|\

@1 ®9 81 @2
A

S

D5 D3

g
D4

Itsisomorphism family is, again, the maximal one: all order-isomorphisms between
configurations are valid symmetries. One can check that this satisfies indeed the axioms
for an isomorphism family; crucially the extension axiom uses the fact that P and S are
bisimilar (and that the symmatry on B is the maximal one).

Finally, consider o1, 092 on A, with o1 playing only @, and o9 playing only @®;. They are
clearly weakly isomorphic, since {(®,,®p)} is in A. But by construction we have 7@ 01 2 a;
and 7 ® 09 2 aig, which as we observed are not weakly isomorphic.

Note that the games A and B are both tcgs; but crucially 7 is not thin (Definition
B.I1). Indeed, for instance, the symmetry {(6,,65)} extends to both {(©4,6s),(®1,®1)}
and {(64,94), (®1,®2)}, which is forbidden by Definition BIIl For thin pre-~-strategies,
positive extensions of the symmetry must be caninocally chosen, making it impossible that
composite strategies as above are bisimilar but not weakly isomorphic.

A.3. Failure of extension for copycat on general games. In the main text, we give
(Definition [3.I8) a candidate for the isomorphism family on copycat 3 for any event
structure with polarities and symmetry A. The valid symmetries on (€ 4 are simply those
order-isomorphisms between configurations of (€4 which map to valid symmetries on A* ||
A.

Crucially, we proved in Proposition that this satisfies the extension property of
isomorphism families if the game is a tcg. This boiled down to Lemma B.2T] which shows
that tcgs are race-preserving : races in the isomorphism family always originate to races
in the game. As this phenomenon played an important role in the design of the theory,
we find it useful to include here an example demonstrating the fact that without this
race-preservation property (so if the games are plain event structures with polarities and
symmetry, rather than tcgs), the extension property fails for the isomorphism family on
copycat.

Consider an event structure with polarities A = {a™,b"}. From it we form !9 A with
events/causality /polarities /conflict that of A || A (we write a™* for (i,a)”), and isomor-
phism families the set of bijections between configurations included in the two maximal
ones:

{(a_717 a‘_71)7 (b+717 b+71)7 (a‘_727 a_72)7 (b+727 b+72)}
{(a_717 a‘_72)7 (b+717 b+72)7 (a‘_727 a_71)7 (b+727 b+71)}

So maximal symmetries either globally preserve the copy indices, or globally swap them.
It is not possible for a symmetry to, e.g. send a™! to a™!' and b*! to b"2. So l3 does not
act like the ! operation of Section [6] - instead, it is a binary version of the bang of [CCW14],
imported from AJM games [AJMOOD].
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From Definition B.I8] the event structure (C,4 is equipped with a candidate isomor-
phism family GDEZ' We now show that this however fails the extension axiom of isomorphism
family. From the definition, the diagram below represents a valid symmetry in (CEX’

I, AY | 15A ;@1’57\ I, AY | 1A

bl -l bt a2

The issue will come from the fact that the symmetry follows irreconciliable courses in
the left and the right components of (Cy,: in the left component it preserves copy indices,
whereas in the right component it swaps them. So it the left hand side of this symmetry
extends as depicted below

the only matching extension on the right hand side is with 6™ as well (b*2 is not possible
as it would require to play b~ first), but (b™1,b"1) is not a valid extension of the symmetry
above, as for that it would need to swap the copy index instead of preserving it.
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APPENDIX B. INDEXES

LisT OF NOTATIONS

S 2 S OO 8
Causal order on event structure E.

COME oo 8
Consistent subsets of event structure E.

S (2 T 8
Configurations of event structure F.

19 8

Down-closure in E of X ¢ E, written [e] for a singleton {e}.

[€) e 8

Dependencies of e, [e) = [e] \ {e}.

B PP 8
Configuration z extends with event e.
D it e e e e e e e e e e e e e e e e e e 8

Immediate causality.

B B e e 8
Binary conflict between events e; and es.

[ T 2 P 8
Immediate conflict between events e; and es.

210 7 9
Polarity function on esp A.

E 10
Category of event structures and maps of event structures.

O T 11
(Strong) isomorphism between prestrategies.

A || B e 11
Simple parallel composition.

A 11
Dual.

Ot A= B o 11
Prestrategy o : S - A* || B, with S anonymous.

€A@@ g = Al || A 11
Copycat strategy.

O AT S A = A 12
Interaction of 0: S - A and 7: T — A*.

B I AP APAPAPAt 12
Secured bijection between x and y.

Hi:Sl/\S2—>SZ- ..................................................................... 13
Projections of an interaction pullback.

B 12
Set of secured bijections between (configurations of) o and 7.

TO®O:T @S > Al Bl C oo 14

Interaction pullback of : S - A* || Band 7: T - B* || C.
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L 15
Empty game/arena.

Ve 15
Projection of an event structure (hiding).

TOOT:TOS = AL || O o 15
Composition of 0: S > A* || Band 7: T - B* || C.

10 1P 18
Label of an indexing function a.

I O o e 18
Copy index of an indexing function «.

LA 18
Expanded arena.

JUST(O) ot 18
Justifier (unique immediate dependency) of « in !A.

T 18
Any injective function w" — w.

2 20
Order-isomorphism between (possibly implicitly) ordered sets.

O R T ettt e e e e e e e e e e 20
Weak isomorphism.

A 22
Event structure with symmetry A = (4, A).

A 22
Isomorphism family of an ess A.

O1T i PP 22
Restriction of 6 : 2’ =y’ € A to subconfiguration x ¢ z’.

R PP 22
Order-preserving bijection between x and y.

O T T e 22
O:22yecA.

dOI O o 22
Domain of 6.

COAOM B o 22
Codomain of 6.

A 22
Set of negative reindexing isos on !A.

PP 22
Set of positive reindexing isos on !A.

D1 || O e 23
Parallel composition 0y || 02 : 2 || y ~ 2" || ¥ of bijections 01 : x ~ 2" and 05 : y ~ 3.

T O o 23
Forward image f 0= {(f a1, fa2)]| (a1,a2) €0} of a bijection.

e 23
Category of event structures with symmetry and morphisms preserving symmetry.

L B g e 23

Maps f,g9: A — B in £. are symmetric.
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A A 24
Negative/positive isomorphism families of a tcg A.

TP 1 0 Ol B 24
Extension with events of polarity p e {—,+}.

g o 28
Isomorphism family on copycat.

D A U 28
The Scott order y 2~ x ny c* .

O ittt e 36
The category of tcgs and ~-strategies up to strong isomorphism.

Tcg

O A 5 B 36
c:8 - A' || B is a ~-strategy from A to B, keeping S anonymous.

P 39
Category of event structures with polarities, with maps preserving polarities..

SPANC G o e 40
Bicategory of span-games and span-strategies.

e 40
Lifting of a map f to a strategy.

P 41
Category of event structures with polarities and symmetry and structure-preserving maps.

A X B 52
Product of arenas A and B, defined as A || B.

A A X B) i A 52
Left projection in Cho.

wB:!(AxB)EC—gB ................................................................. 52
Right projection in Cho.

o 52

.. . Tcg Tcg . S .

Pre-pairing of ~-strategies o :!A —= !B and 7:!A —= |C with disjoint codomains.

(O, T ) e 53

.. . Tcg Tcg

Pairing of ~-strategies 0 : 1A —+= !B and 7:!4 —= IC.

IIE(S ) ottt e 54
Unique minimal event of s € S for a single-threaded prestrategy o: S — A.

Cho

O A 5 B Y4
Morphism from A to B in Cho, i.e. single-threaded negative o : A e 'B.

A o B 58
Arrow arena.

IR 59

Any injective encoding of the moves of an arena B as natural numbers.
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Courteous,
componentwise,

Dual
of a span-game,
of a tcg,
of an esp, [[I]
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Game,
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Isomorphism
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Minimal conflict,
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Negative
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arena,

Pairing, B3]

Pre-~-strategy,

Prestrategy,
from A to B, [l
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Prime configurations,

Prime secured bijection, [[3]
Product arena,

Projection of an event structure,
Projections (strategies),

Receptive,

Reindexing isomorphism,
negative,
positive,

Secured bijection,
Simple parallel composition
of event structures, [[1]
of event structures with symmetry (ess), 23]
of span-games,
of thin concurrent games (tcg), 24
Single-threaded, 4]
Span-game,
Span-strategy,
Strategy,
Strong-receptive, 27]
Symmetric morphisms of ess,
Symmetry, 22

Thin
concurrent games (tcg),
essp, [29]

Weak isomorphism
between pre-~-strategies, [44]
between strategies on A,
Weak morphism
between pre-~-strategies, [44]
between strategies on A,
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