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CHAPTER 1

Introduction

Had we but world enough, and time,

This coyness, [thesis], were no crime.

We would sit down and think which way
To walk, and pass our long [writing]’s day;
My vegetable [draft] should grow

Vaster than empires, and more slow.

An hundred years should go to [the debut]
An age at least to every part,

For, [thesis], you deserve this state,

Nor would I write at lower rate.

Andrew Marvell, On writing dissertations
(To his coy mistress)

“Shall we go to the pub next Wednesday?” is a dreadful invitation to hear on a
Monday. Are we going to the pub in two days, or in nine? Different people mean
different things; yet some feel very strongly about the lack of ambiguity of this
formulation. Marking both days on one’s agenda is often the only way to save
oneself from the social faux-pas of asking for clarifications.

This illustrates the gap between what is meant and what is said. To ease com-
munication, languages often contain mechanisms of indirections, that make decod-
ing the meaning of a sentence sometimes very difficult. Next Wednesday is such
an indirection because it cannot be decoded without contextual information about
today. One important function of these indirections is to save time, to avoid re-
peating something that the interlocutor already knows.

Those misunderstandings exist in spite of our natural languages being very
close to our thought process. Imagine now that, instead of communicating with
one of your peers, aware of these social conventions, you have to communicate
a recipe to someone simple-minded, who takes the words “pot”, “pan”, and any
other cooking-related word literally, without question. To make sure your message
gets across requires great care, as one is used to employ shortcuts that will not be
correctly understood. “Boil water in a pan” might be understood as “boil water in
a frying pan” which would not be the intended meaning.

This is what programming feels like. Programming is turning one’s thought
into a series of basic instructions hopefully achieving the desired outcome. This
conceptual gap, between the abstract thought and the concrete program is very
hard to jump, and any mistake can lead to bugs having serious consequences.

A sentence (or a program) is in the end simply a sequence of arbitrary char-
acters obeying a set of rules, called the syntax of the language. The meaning of
such a sequence of characters (forming a syntactically-valid sentence) is called its

7



8 1. INTRODUCTION

semantics: it is what the sentence means (to us), whereas syntax is the means by
which it is communicated. Extracting the semantics of a sentence is a difficult
problem: even humans sometimes struggle as pointed out in the first paragraph.
However, due to their formal nature, it is somewhat simpler to extract the
meaning of a program, explaining the behaviour of the program. Some program-
ming languages even explain how to define precisely the meaning of programs
written in that language. This allows a programmer to reason accurately about
their program as they can check that it coincides with what they had in mind.
Most programming languages however, do not offer such means of reason-
ing about the behaviour of the program, making it hard to be sure it is correct.
Mainstream programming languages support a combination of features such as
control, higher-order, concurrency (with shared memory) that makes it hard to
define precisely the behaviour of programs in general. Indeed, this combination
of features often result in complex behaviours hard to analyze. Explaining how
to define the semantics of programs in general, proves to be a mathematically
challenging task for programming language designers. They struggle to explain
exhaustively how programs of their language should behave, making it hard to
be confident a given program is correct. Being able to define precisely the seman-
tics of all valid programs of a language is also extremely important to implement
meaning-preserving translators between programming languages, or compilers.
In this thesis, we propose new mathematical tools, that help giving a semantics
to sophisticated programming languages, in a manner that is compositional: the
meaning of a program should depend only on the meaning of its subparts. This
requirement ensures key properties, relevant both in practice and in theory.
In the rest of this introduction, we introduce the technical tool used — partial-
order based game semantics, on the simple example of arithmetic expressions.

Arithmetic expressions and operational semantics. An arithmetic expression
is a well-bracketed unevaluated sequence of numbers and mathematical operators.
For instance “2+(1+1)” is an arithmetic expression, distinct from the expression
“4”, even though they both evaluate to the same number, 4. Underlining is used
to distinguish a number (the mathematical object) from the corresponding expres-
sion (the syntactic object). This distinction also arises in natural language: “four”
is the syntactic representation of the number 4.

When we write down an arithmetic expression, what we mean is a number.
I can write “365x24” to mean the number of hours in a year, instead of “8760”
because I prefer to leave the burden of performing the actual calculation to my
interlocutor. As a result, the semantics of an arithmetic expression is the number
it evaluates to. How to define precisely this evaluation process?

A possible answer could be “perform the leftmost addition between two syn-
tactic numbers and continue until only a single number is left”. To turn this mere
intuition into a mathematical definition, amounts to defining an operational se-
mantics. The operational semantics explains, how an (abstract) machine would
go about computing the value of an expression, step-by-step. It is described for-
mally as a relation — between expressions describing one step of the machine.
For instance 2 + 2 — 4 indicates that in one step 2 4 2 reduces to 4 whereas
(1+2)+1 — 3+1 — 4 indicates that (1 +2) + 1 reduces in two steps to 4
by going through the intermediate expression 3 + 1. This can be extended into a
mathematical definition of —.
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An expression ¢ can always be reduced according to — until an expression of
the form # is reached (which, then, cannot be further reduced). In this case, the
number # is the semantics (or interpretation) of e and we write [e] = n.

Variable and functions. Consider now arithmetic expressions that can con-
tain variables: “x + 3” becomes a valid expression e(x) — we indicate the variables
occuring inside an expression with the usual mathematical notation. What is its
meaning? Clearly, there is nothing to compute, yet this is not a number: we can-
not conclude without knowing the value for x. However, if we do know its value,
then we can compute and deduce the result. It seems natural to consider that when
writing x 4 3, what is meant is the function mapping a number n to the number
n + 3. Or, in a more mathematical notation, [x 4+ 3] is n — n + 3.

However, to go from an arbitrary expression e to the corresponding function,
operational semantics cannot really be extended. A solution would be to say that
an expression e(x) has meaning n — [e(n)] where n is the mathematical expres-
sion reduced to a number whose value is that of n.

However, we lost the operational flavour: the evaluation of variables is invis-
ible in the semantics. In particular, the expressions 2 x x and x + x both denote
the function that maps a number to its double. We lost intensional information
about the expression: how the value is computed. In particular x + x has two oc-
currences of the variable x whereas 2 x x has only one. This loss of intensional
information can cause problems when moving to a richer setting, for instance to
evaluate expressions e(x) where an occurrence of x yields the result of a coin toss
(0 or 1). In this case, e(x) := 2 x x always evaluates to an even number whereas
¢/(x) := x + x may not, as x could evaluate once to zero, and once to one.

Program/Context dialogue. To account operationally for variables, the oper-
ational semantics needs to be updated. Previously, the relation — only described
steps of internal computation. We wish to update this vision to allow the context (or
the environment) to communicate with the program, in order to provide it with
values for the variables: the expression now exchanges messages with its context.
A possible execution of x + 2 is now:

q 2-
x+2->5[+2—2+2—14

Some steps are now labelled: they denote the messages sent or received by the pro-
gram during the step. The polarity in superscript indicates whether the message
is sent (4) or received (—) by the program. The first step, labelled q, is a question
to the context: the expression asks the value for x. The expression now awaits an
answer from the context, symbolized by the placeholder [|. Then, in a second step,
the program receives an answer: this occurrence is equal to 2. The placeholder is
replaced with the value. Since the resulting expression does not contain any vari-
ables, it can simply be computed without communication with the context. The
expression x + 2 has many possible such executions as the context is free to choose
the answer to the question q;.
This solves the problem shown earlier, as x + x has the following execution:

a9 0~ qaf 1-
x+x = [+x —04+x =0+ —0+1—1

If we forget the intermediate programs and internal steps, and simply consider
the sequence of messages exchanged, we get: qf -0~ - q; - 17. To remember the
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final value of the program, we add an extra message at the end where the program
signals to the context its result, and also an initial message from the environment
to start the computation, which gives the following dialogue:

q -qy -0 -qr-1m 17

Intuitively, a particular dialogue captures the interaction of a particular pro-
gram against a particular context. The semantics of an expression now becomes
the set of dialogues where the program interacts against a particular context, eg.

[x+x]={q -qr-n"-qf-m -(n+m)"[nmeN}

Game semantics and composition. Game semantics makes formal the idea
of interpreting programs by dialogues, and define such an interpretation for a
variety of programming languages. The main advantage is to be able to interpret
programs with unknown variables (that can be of any kind, as in eg. the program
f(3) +4).

In game semantics, the previous diagram is written as follows:

(x:N) = N
q
q+
0-
q+
1-
1+

Time flows from top to bottom; the right column (result component) denotes mes-
sages about the result and the left column messages about x (x component).

In game semantics, programs are interpreted as sets of valid dialogues. Validity
of dialogues is defined via a (2-player) game. The moves of a game represent the
possible messages the program can send or receive (depending on the polarity of
the move). Valid dialogues are defined as valid plays of the game. A set of valid
dialogues on a game can then be seen as a strategy on this game that explains how
Player (the program) reacts to Opponent (the context) moves.

This representation makes it easy to represent composition. Consider an expres-
sion e(x) (say x + x) in which another expression ¢’ (y) (say 3 X ) is to be plugged
for x, resulting in an expression e(¢’(y)) (in this case, 3 X y 4+ 3 X y). We are inter-
ested in deriving the dialogues of [e(¢’(y))] from those of [¢/(y)] and [e(x)]. First,
we can form interaction dialogues where e(x) is run so that messages sent to the x
component are forwarded to ¢/(y) on its result component and conversely.

An example of such an interaction dialogue is as follows:
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y:N) U N (x:N) 2 N
-
q q"
qu
.
3+ 3~
q q"
qu
”
6+ 6~
9+

Observe that the result component of ¢’ (y) plays against the x component of
e(x). As a result, the external context can only communicate on the y component
of ¢/(y) and the result component of ¢(x). If we hide the communication in the
middle between ¢(x) and €' (y), we have the following dialogue:

(y:N) = N
q
qu
1-
qu
9
9+

which is a valid dialogue in the semantics of 3 x y + 3 x y = e(¢’(y)), as expected.

This shift from extensional models (representing open terms by functions) to in-
teractive models (representing open terms by dialogues) was initiated by the ques-
tion of capturing observational equivalence of pure functional programs.

Compositionality, and observational equivalence. The previous interpreta-
tion in terms of dialogues is compositional. As seen above, dialogues can be com-
posed via interaction, hence the dialogues for a large expression can be obtained
from dialogues of its subparts. This property is interesting from a practical point of
view as it makes the semantics easier to compute for a large code base. Since it can
be done incrementally, if a little part of the code changes, it is easier to recompute
the total semantics since the semantics of the rest need not be recomputed.

However, this property is also interesting from a theoretical standpoint. If
two programs have the same set of dialogues, then the programs will have the
same behaviour in any context: they are observationally equivalent. This allows
to substitute one for the other in a larger code base without breaking things. The
semantics gives a sound tool to reason about observational equivalence.
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When the converse holds, that is when two programs are observationally
equivalent, then they have the same semantics (in our case, the same dialogues),
then the interpretation is fully-abstract: the semantics provides a complete tool to
reason about program equivalence. Game semantics originated in the quest for a
fully-abstract model of PCF, a pure functional language, since it was shown that its
natural extensional interpretation was not fully-abstract [Plo77], as the considered
functions could represent behaviour lying outside the expressivity of PCFE.

The first interactive model was that of sequential algorithms [BC82], which
still captures only an extension of PCF with a control operator, catch [Cur92].
Independently, two similar interactive models developed: one by Hyland-Ong
[HOO00] and the other by Abramsky-Jagadesan-Malacaria [AJMO00]. Through an
undecidable quotient, both characterize the observational equivalence for PCE.
The models are said to be intensionally fully-abstract: observational equivalence
in the syntax and in the model coincide. (There is no hope of doing better as ob-
servational equivalence for finitary fragments of PCF is undecidable [Loa01].)

However their value lies in supporting a wide variety of extensions. In par-
ticular, they support extensions with state and control operators, for which these
models give fully abstract models (without quotient): they characterize concretely
the observational equivalence for those enriched languages. Moreover, these ex-
tensions with computational effects (state, control operators) can be linked to con-
ditions on the shape of strategies (innocence, well-bracketing): a strategy satisfies
a condition if and only if its behaviour comes from a program which does not use
the corresponding effect. Chapter |5|discusses these extensions in more details.

Concurrency and alternation. So far, the operational model described is se-
quential: operations are done in a linear order, one after the other. What happens
if we want to represent parallel evaluation? For instance x + i could be run by ask-
ing the value for x and y in parallel, waiting for both answers and then returning
the final value. However, currently our dialogues are all alternating. Players (the
program or the context) take turns in sending messages. To be able to represent
dialogues exhibiting concurrency, we need to relax this assumption and autho-
rize the Player to send a message to the context before receiving an answer to the
previous message. For instance, the following diagrams depicts dialogues for the
expression x + y that feature parallelism:

(x:N) x (y:N) = N (x:N) x (y:N) = N
q q
q° q*
q° q"
3- 3~
1~ 1~
4+ 4+

Here x + y interacts against a context that supplies ¥ = 3 and x = 1. The
questions are asked in a non sequential way: both questions are actually sent be-
fore receiving any answers. However, the dialogues differ by the order in which
the questions are sent (left: x then y; right: y then x). As a result, such dialogues
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implicitly feature a scheduler resolving the parallelism of the program. Hence a
dialogue now represents the interaction of a particular program against a particu-
lar context, scheduled in a particular way.

Causal representation of concurrency. This representation of concurrency by
linear dialogues is not very satisfactory as dialogues need to contain scheduling in-
formation. This leads to a combinatorial explosion since concurrency is essentially
represented by interleavings: the number of dialogues used to represent a par-
ticular program grows exponentially with the number of parallel computations.
Moreover, it is also not satisfactory from a theoretical standpoint: the schedul-
ing information obfuscates the intention of the program and makes it hard for the
representation to scale to richer programming settings such as probabilistic pro-
gramming. Moreover, it makes the correspondence between shapes of dialogues
and programming features difficult to generalize.

To work around this problem, it is necessary to take the question of the math-
ematical representation of concurrency seriously. Insisting to observe the order in
which the parallel requests are made, forces the scheduler to also be observable.
To relax this assumption, it becomes necessary to come to terms with the impos-
sibility of observing the order in which some messages are sent (or received). In
concrete terms, this means moving away from chronology to causality. Dialogues
should not be totally ordered anymore; but only partially-ordered. Two messages
are concurrent if they are not comparable for the partial order, ie. we do not know
in which order they appear. The two previous linear dialogues can be subsumed
by a single partially-ordered diagram:

(x:N) x (y:N) = N

Such approaches are often called truly concurrent as they represent concur-
rency as a primitive notion, distinct from the interleaving of (sequential) traces.

Nondeterminism. One last challenge we would like to address is nondeter-
minism. A program is nondeterministic when it may evaluate to more than one
result. Typical examples of nondeterministic programs include primitives to gen-
erate pseudo-random numbers that are found in most programming languagesm
Nondeterminism is also a natural byproduct of shared memory concurrency as
races between memory accesses create nondeterministic behaviours.

“In practice most pseudo-random generators are deterministic, but the nondeterminism is appar-
ent, in the sense that the result often depends on parameters outside the control of the programmer,
such as the time of execution for example.
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Suppose that in our language of expressions, we add the construct choice
which evaluates to zero or to one. The semantics of choice in terms of dialogues
is very easy to define: it contains the following two dialogues:

N N
q q
v v
(h 1+

Each dialogue indicates a possible return value.

In a nondeterministic setting, the question of convergence becomes more sub-
tle. Since a program — even one that does not communicate with the context —is
subject to evaluate in different ways, some ways may lead to a final value (con-
verge) while some might be stuck in an infinite loop. For instance, consider the
term if (choice = 0) thenOelsel where L represents an infinite loop. This pro-
gram makes a nondeterministic choice, and based on the outcome, decides to con-
verge or not. However, if we look at the dialogues possible for this program, and
the simple program 0, they are the same. Both have the dialogue q~ - 07, but the
former program might diverge whereas the latter will always converge. By only
recording the communication with the environment, we have forgotten some in-
formation about the program that could be crucial (eg. that the program does not
always terminate). We refer to those behaviours as hidden divergences.

Contribution of the thesis. This thesis addresses the issue of turning this in-
tuition of partially-ordered dialogues into a framework for game semantics of con-
current and nondeterministic programming languages. The thesis rests on [RW11]]
that introduces a setting where strategies are event structures — a nicer represen-
tation of sets of partially-ordered dialogues. However, this work does not address
two issues: (1) hidden divergences are not accounted for and (2) only affine pro-
grams — where variables are used at most once — can be given meaning to.

Plan of the thesis. The thesis splits in three part.

Part (1} concurrency. In this first part, we introduce a game semantics frame-
work based on event structures. The part culminates in building a cartesian-closed
category on which later developments rest. Moreover, the concurrent interpreta-
tion of a simple and nondeterministic language is defined and proved adequate
for two notions of convergence (may and must), to give a taste of the expressivity
of the model.

Chapter[2 We introduce the basic setting of game semantics based on event
structures, following [RW11, [CCRW]. We then propose an extension of
this setting with essential events that allow us to track hidden divergences,
a key feature in order to model faithfully nondeterministic languages
for must convergence. The chapter culminates on the construction of a
compact-closed category CGg, of games and strategies, both being event
structures.

Chapter[3} In CGg, strategies cannot play several times the same move,
making the model unable to interpret faithfully non affine programming
languages (where a variable can occur more than once). To overcome
this problem, we follow the AJM [AJMO00] way by adding copy indices,
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allowing strategies to play several times the same move. To recover the
equations necessary to have a sound interpretation of the A-calculus, it
is necessary to gloss over the exact choice of copy indices of strategies.
To this end, we adjoin to event structures a proof-relevant equivalence re-
lation, turning them into event structures with symmetry. The chapter
generalizes the work of Chapter [2| to this setting, by building a compact-
closed category N—tCG% of games and strategies as event structures with
symmetry.

Chapter[# This chapter carves out a cartesian-closed category within ~-tCGZ,
CHO. It is obtained by considering games of a certain shape that have
enough space to accommodate nonlinearity. In this category, we present
two interpretations of nondeterministic PCF, one concurrent and one se-
quential, which are proved adequate for may and must convergences.

Part[2} innocence. In this second part, we generalize the notions of well-bracketing
and innocence traditional in HO game semantics [HOO00], in order to understand
what properties strategies coming from a language without control operators (lead-
ing to the notion of well-bracketing) or state (leading to innocence) satisfy. We finally
prove that the interpretations defined in Chapter[4of nondeterministic PCF inside
the class of well-bracketed and innocent strategies are intensionally fully abstract.

Chapter[5 This chapter introduces our conditions of well-bracketing and
innocence, and proves that they are stable under composition so that
we get sub-cartesian closed categories of CHO consisting in the inno-
cent, and well-bracketed strategies. Moreover, in this chapter we show
a very important property of visible strategies (a property weaker than
innocence): their interaction is deadlock-free. This means that composi-
tion of visible strategies is relational.

Chapter[6; This chapter proves that our interpretations of ndPCF given in
Chapter {4] are intensionally fully abstract (for may testing). In the pro-
cess, key properties of innocent and well-bracketed properties are in-
vestigated. In particular, we show that innocent strategies support a re-
duced form which generalizes the P-view tree of strategies in HO games.
This induces a notion of finite strategy. We also show that innocent and
well-bracketed strategies on a higher-order type can be decomposed into
smaller strategies of higher-order type and a strategy of first-order type.
This allows us to reduce finite definability to finite definability at first-
order types.

Part 3, relaxed impurity.

Chapter[7} In this chapter, we give inside event structures, a model of a sim-
ple assembly language whose memory model abides by the TSO (Total-
Store ordering) specification. Because the language is first-order, there is
no need for the game semantics machinery to give an interactive and ac-
curate model of it. The chapter defines several models that try to exploit
as much as possible the expressive power of event structures to build
more concurrent (and more compact) models.

Chapter|[8; We recast the constructions used on event structures in Chap-
ter [7]inside our game semantics framework. We show that using strate-
gies and their composition it is possible to recast the model construction
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of Chapter [7]to get another point of view. This formulation in terms of
strategies better represents the execution of programs on relaxed archi-
tectures and allows for simple tuning by simply changing the strategies
implementing the base operations. This permits scaling in a simpler way
to weaker architectures allowing more reorderings.



Part 1

Concurrency



In this first part, we introduce a game semantics framework based on event
structures. The part culminates in building a cartesian-closed category on which
later developments rest. Moreover, the concurrent interpretation of a simple non-
deterministic language is defined and proved adequate for two notions of conver-
gence (may and must), to give a taste of the expressivity of the model.

Outline of the part.

Chapter 2} We introduce the basic setting of game semantics based on event
structures, following [RW11, [CCRW]|. We then propose an extension of this set-
ting with essential events that allow us to track hidden divergences, a key feature
in order to model faithfully nondeterministic languages for must convergence.
The chapter culminates on the construction of a compact-closed category CGg,
of games and strategies, both being event structures.

Chupter In CGg, strategies cannot play several times the same move, mak-
ing the model unable to interpret faithfully non affine programming languages
(where a variable can occur more than once). To overcome this problem, we follow
the AJM [AJMO00] way by adding copy indices, allowing strategies to play several
times the same move. To recover the equations necessary to have a sound interpre-
tation of the A-calculus, it is necessary to gloss over the exact choice of copy indices
of strategies. To this end, we adjoin to event structures a proof-relevant equivalence
relation, turning them into event structures with symmetry. The chapter general-
izes the work of Chapter 2| to this setting, by building a compact-closed category
N—tCG% of games and strategies as event structures with symmetry.

Chapter This chapter carves out a cartesian-closed category within ~-tCGZ,
CHO. It is obtained by considering games of a certain shape that have enough
space to accommodate nonlinearity. In this category, we present two interpre-
tations of nondeterministic PCF, one concurrent and one sequential, which are
proved adequate for may and must convergences.



CHAPTER 2

Concurrent games with essential events

What does all this mean? Why did it hap-
pen? What made those people burn houses
and slay their fellow men? What were the
causes of these events?

Leo Tolstoy, on the importance of causality
(War and peace)

In Chapter |1} we played around with the idea of interpreting concurrent pro-
grams by sets of partially-ordered dialogues, representing strategies. Partial orders
are used to capture causality rather than chronology. In this chapter, we detail how
to construct a mathematical theory of such strategies. Instead of defining strate-
gies as sets of dialogues, we use event structures [Win86|, that elegantly represent
sets of partial orders in one single structure. This aspect is key to remember the
nondeterministic branching point of programs. (See Section[I.1.2).

The foundations presented here are based on the framework of [RW11]], which
gives a compact-closed category of strategies up to isomorphism. Because compo-
sition is defined by hiding internal events, this model loses track of some diver-
gences occurring during the composition. In this chapter, we extend this frame-
work to remember all divergences, by altering hiding. Our approach here uses
essential events, in contrast to that of [CHLW14] based on stopping configurations.
Essential events allow us to retain all the behaviours of strategies before hiding,
up to weak bisimulation (Lemma [2.71), which is crucial to model faithfully non-
deterministic languages.

Related work. There are several approaches to concurrent game semantics,
using different ways of representing concurrent plays. The more conservative ap-
proach with respect to sequential game semantics is to remove the alternation hy-
pothesis on traditional dialogues. This approach was explored by Laird [Lai01]
and later refined by Ghica and Murawski [GMO07]. Our causal models can be col-
lapsed (by taking the traces of our strategies) to theirs [CC16].

Truly concurrent approaches date back to [AM99b] (in the deterministic set-
ting) using closure operators, to model a fragment of linear logic. Mellies later con-
sidered asynchronous games which enrich traditional games with homotopy tiles
representing the independence of moves. Strategies are certain sets of alternating
paths of these asynchronous transition systems. In a series of work [Mel03, Mel06),
Mel05a] Mellies exploited this independence information in games to prove cru-
cial properties of his (sequential) strategies (eg. positionality), culminating in a
fully complete model of full Linear Logic [Mel05b]. Later, Melliés and Mimram

19
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[MMO7] extended this setting to allow non-alternating strategies, with further con-
ditions enforcing the existence of an implicit causal structure. Such strategies cor-
respond to the deterministic fragment of our model [RW11].

The first work on using explicit causal structure was in the context of ludics
with Faggian and Maurel’s ludics nets [EM05] whose link with game semantics
was studied by Curien and Faggian [CF05]. Later, Faggian and Piccolo arrived to
a partial-order formulation of strategies [FP09]], which inspired, and is generalized
by [RW11], the starting point of this thesis.

In another direction, a more recent approach to truly concurrent game se-
mantics is developed by Hirschowitz et al. [Hirl4, EHS13] where strategies be-
come hyper-graphs represented as presheaves. This approach inspired Ong and
Tsukada’s model of the nondeterministic A-calculus [TO15].

Outline of the chapter. In Section[I} we introduce event structures, and games
and strategies based on them. Section [2|introduces interaction of strategies, which
is the key step to define composition of strategies. Section [3|introduces the com-
positional framework of [RW11] based on hiding all internal events. This gives a
compact-closed category of strategies up to isomorphism. Section | introduces a
new notion of composition where 10 events are hidden during the interaction. In
this setting, we take hidden divergences into account, but to get a compact-closed
category, we are forced to consider strategies up to weak bisimulation. To get the
best of both worlds, we investigate which events should be hidden during com-
position so that no divergences are hidden while still leading to a compact-closed
category up to isomorphism. This leads to the essential events of Section 5]

Contributions of this chapter. Sections|T} 2} 3|are based on the development
of Sylvain Rideau and Glynn Winskel [RW11] and presentation is taken from
[CCRW], joint work with Pierre Clairambault, Sylvain Rideau and Glynn Winskel.
Sections [4|[5} [f] are joint (unpublished at the time of writing) work with Pierre
Clairambault, Jonathan Hayman and Glynn Winskel.

1. Games and strategies as event structures

This section introduces event structures as a model of concurrency and nonde-
terminism, and presents how to use them as a foundation for games and strategies.

1.1. Towards concurrent strategies. In Chapter[T} we presented briefly partially-
ordered dialogues as a tool to represent concurrent programs. We now investigate
more formally the mathematical content of such diagrams, to finally arrive at a
notion of concurrent strategies playing on a concurrent game.

1.1.1. Causality. As a first example of concurrent strategies, consider the join
primitive that spawns two calculations in parallel and terminates when both have
terminated. Such a primitive would have the type proc — proc — proc where
proc is the type of commands, that is programs performing computational effects
but returning no value of interest. It could be described by the following dialogue:
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a:proc X b:proc = joinab:proc

run”t runt
v v
done- do*\&
done ™

The previous examples of Chapter [I| played on natural numbers where the
allowed moves where q (question for the value) and n (answer to the question).
Since on proc there are no values to return, the moves are here run (beginning of
the computation) and done (end of the computation).

This diagram represents now a partial order which is generated by the transi-
tive closure of — (immediate causal dependency). Note the inversion of polarity
between the two sides of =. This inversion was already present in the previous
chapter and is due to join acting as the environment for a and b. When the context
runs join a b, a and b are run immediately, in any order as the two events run™
are incomparable. When both process terminate (issuing a done™) the program
signals that it has terminated.

In this context, a valid (partial) execution is a set of events which is such that
if an event e occurs, then any of its immediate causes ¢/ — e must appear. In other
words, an execution is a downclosed subset of events.

1.1.2. Nondeterminism. Most concurrent programming features induce non-
determinism: be it shared memory concurrency (a la Concurrent Idealized Al-
gol [Bro96al) or channels (a la CCS [Mil82]). To accommodate nondeterminism,
causal dependency is however not enough, as nondeterminism implies that two
events might be incompatible: for instance the outcomes of a nondeterministic
coin-tossing. Nondeterminism is usually modelled using sets of executions: in our
case, sets of partial-orders. This can work (and is done in [CC16]) but it makes
nondeterminism “global”. There is no notion of events of the program simply of
events of an execution. This point of view is mathematically simple but forgets inten-
sional behaviour of the program, in particular the location of the nondeterministic
branching points. This is necessary to distinguish the terms M; = Af. ftt 4 f ff
and My = Af. f(tt + ff) (where + is nondeterministic choice), which are usually
identified models based on set of plays, albeit not must—equivalentE]

With sets of executions, we only see where the executions differ, but not the ex-
act point where the program actually made the choice. Moreover, having a notion
of events of the program turns out to be very handy when defining essential events.

Incompatiblity of events is represented via conflict, which has two common
formal representations in this partial order setting:

e Binary conflict: the partial order structure is enriched with a binary re-
lation representing when two events are in conflict, that is when they
cannot occur together in a valid execution.

* Consider the context C[] = [] (Ax.if x (if xtt L) tt), C[M;] must converge (since in each execu-
tion x is true or false), but C[M;] must not.
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o General conflict: the partial order structure is in this case enriched with
a set of consistent sets formalizing which sets of events can occur together:
two events can be conflicting only in a particular context (ie. x U {¢;} can
be consistent but x U {e1, e, } might not even if {e,ep} is consistent).

To develop our framework (this chapter and Chapter[3), we use general conflict
because the mathematical theory is simpler, even though the programming lan-
guages considered in this thesis only express binary conflict. From Chapter [ we
will use binary conflict as it is simpler to manipulate concretely. Note that an event
structure with general conflict can be be unfolded to a (bisimilar) event structure
with binary conflict[vGP09].

DEFINITION 2.1 (Event structures (with general conflict)). An event structure
is a triple (E, <,Cong) where (E, <) is a partial order of events and Cong C
Z¢(E) is a set of finite consistent sets of E subject to the following axioms:
(1) Foreverye € E, theset [e] = {¢/ € E | ¢/ < e} is finite,
(2) Forall Y € Cong and X C Y then X € Cong,
(3) Foralle € E, {e} € Cong,
(4) If X is consistent, so is its downclosure

[(X]g={e' € E|¢ <eforsomee € X}.

In particular, if X € Cong and e < ¢’ € X then XU {e} € Cong.
Binary conflict is defined as a special case of general conflict:

DEFINITION 2.2 (Binary conflict). An event structure S has binary conflict if
there exists a (necessarily unique) symmetric binary relation fig C $? such that

Cong = {X finite | X*> N{s = @}.

A binary conflict sfigs’ is said to be minimal when the set {sp € S | sp <
sV sg < s’} is consistent in S. In that case, we write s ~ .

1.1.3. Notations on event structures. Given an event structure E, write e —f ¢’
for immediate causality defined as e < ¢/ with no events in between. If e <p ¢/, we
say that ¢’ causally depend on e. If e —f ¢/, we say that ¢/ immediately causally
depends on ¢, or that there is a causal link from e to ¢’. Given e € E, write [e) =
[e] \ {e}. Two events ¢,¢’ € E are concurrent when they are incomparable for the
causal order and {¢, ¢’} € Cong.

Event structures induce a notion of execution through configurations:

DEFINITION 2.3 (Configuration). A configuration of an event structure E is a
subset x of E such that:

e xis downclosed (ie. ¢ < eand e € x imply ¢’ € x),
e all finite subsets of x are consistent.

The notion of configurations is crucial when reasoning on event structures:
most proofs will be carried out at the level of configurations. As a result, it will
be important to understand, for each construction defined at the level of event
structures, its action at the level of configurations.

Infinite configurations will be used when defining must convergence, but we
mostly work with finite configurations. The set of finite configurations of E will be
written ¢'(E). Configurations are naturally ordered by inclusion. Moreover, any
configuration inherits a partial order from E. A configuration x € % (E) extends
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by e € E (written X—C x U {e}) when e ¢ x and x U {e} € €(E). In that case,
e is called an extension of x. Two extensions of e,¢’ of x are compatible when
xU{e ¢} € €(E), incompatible otherwise. In that case, we say that e and ¢’ are
a minimal conflict in the context x (or involved in a minimal conflict). In the
general case, it depends on the context x, but when the event structure has binary
conflict, it is independent from x and coincide with the notion of minimal conflict
introduced above.

A consequence of the axioms of event structures is that for every e € E, the
set [e] is a configuration representing the causal history of e. Such configurations
are called prime configurations, or equivalently a prime configuration is a config-
uration with a top element. Remark that, consequently [e) is also always a con-
figuration. Given a configuration x of an event structure E, a covering chain is a
sequence @ = xo—Cx1—C... —Cx, = x of configurations leading to x.

1.1.4. Drawing event structures. Pictures will only feature event structures with
binary conflict and represent immediate causality (—) and minimal conflict (~-).

EXAMPLE 2.4. The interpretation of the nondeterministic sum of processes can
be represented by the event structure:

a:proc, b:proc F sumab :proc

runt ~~ runt
v v

done™ one” \
d

one done™

The difference with the join operator is the conflict between the two occur-
rences of run™ that ensures the presence of only one of the run™ in a single ex-
ecution. The conflict propagates upwards: the causal future of these events are
also in conflict. In this example, the names run, done come from an (implicit) la-
belling of events by moves of a game. Such labelled event structures will be used
to represent strategies on games.

1.2. Games and pre-strategies. We now define a notion of games and pre-
strategies on them to make formal the diagrams of the previous section. Through-
out this thesis, we will introduce several notions of “strategies” and “pre-strategies”.
The word “pre-strategy” is used to refer to objects supporting a notion of (associa-
tive) composition — but nothing more. “Strategies” is used to refer to the class of
pre-strategies that is invariant under composition by a particular strategy, copycat,
taken to be the identity: strategies naturally organize themselves into a category.

1.2.1. Games as event structures with polarities. In our setting, games will simply
be event structures where each event carries a polarity:

DEFINITION 2.5 (Game). A game (or event structure with total polarities) is
an event structure E along with a polarity labelling pol, : E — {4+, —}.

Event structures with polarities will be drawn as event structures, where po-
larity is indicated in superscript of events. We will also make use of the notation
“leta® € A” to introduce a positive event of a game A (similarly “leta~ € A” to
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introduce a negative event). We will often use the term play to refer to a configu-
ration of a game by analogy with the standard game-theoretic terminology.
A possible game for booleans B is as follows:

q
X o™

The initial question denotes the call from the environment and the two posi-
tive moves denote the possible return values of the program.

Rules of a game are specified via its causal order and consistent sets:

e causal order: a move cannot be played before another is played,
e consistency: some moves cannot occur together (e.g., for booleans, the
moves corresponding to true and false cannot be played together).

1.2.2. Operation on games. To build games, we will make use of two funda-
mental operations on games: duality and parallel composition. Given a game A,
the dual game A is simply obtained by exchanging polarities, leaving the event
structure untouched. The simple parallel composition, or more briefly parallel
composition, of A and B, denoted by A || B is defined as follows:

DEFINITION 2.6 (Simple parallel composition). Let Ayg and A; be event struc-
tures. The event structure Ag || A1 is defined as follows:

Events: {0} x Ag U {1} x A4
Causality: (i,a) <4, (j,@') iffi = janda <4, a’
Consistency: X € Cony |, iff {a | (i,a) € X} € Cony, fori € {0,1}
Moreover, any choice of polarities on Ag and A; induce a canonical choice of
polarities on A || Ay via pol, 4, (i,a) = poly (a).

Parallel composition will be used to interpret product types. In A || B, A and
B evolve concurrently with no interference (no causality or conflict). As a result,
the following monotonic map is an order-isomorphism:

| e(A)x€(B) = ¢ (A] B)
(xy) =y ={0}xx U {1} xy
These operations can be used to represent the game on which join and sum
play, as the game proc* || proc* || proc:

proct | proct [ proc
run® run® run—
v v v
done™ done™ done™

1.2.3. Pre-strategies. The strategies given in Section can be viewed as a
causal and conflict enrichment of the game. Such strategies on a game A can be
represented as event structures (S, <g,Cong) where S C A, <gD<y4 (causal en-
richment) and Cong C Cony4 (conflict enrichment). This captures the requirement
that strategies must respect the rules of the game A, that is:

e play a move only after all the moves it depends on in the game occurred,
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e consistent sets of moves for strategies are also consistent in the game.

EXAMPLE 2.7. Boolean negation can be represented as a strategy on B+ || B.

Bt I B

tt \ff—/tt/v £t

Note that the arrows between the question and the answers on B (the right compo-
nent) are induced by transitivity, and the inconsistency between the positive true
and false is also induced by the inconsistency on their negative counterpart.

However, how to define the boolean function that evaluates its argument and
then returns true in both cases? Two candidate diagrams come to mind:

B+ | B B+ I B
qt+—¢q q* < q-
N o
e I N e i tt+

The left diagram has one occurrence of tt* that depends on the two possible
argument values; this is not valid because the two Opponent moves are in con-
flict: the downclosure of {tt*} is not consistent. The second solution describes a
valid event structure but has two tt moves: it is not a subset of the game anymore.
Note that the sum strategy given in Example [2.4|is also not a proper subset of the
game proc’ || proc’ || proc as done™ has two occurrences. As a result, to ac-
count for these behaviours, strategies should not be strict subsets of the game, but
embeddings. The notion of embedding is formalized via maps of event structures:

DEFINITION 2.8 (Maps of event structures). A (total) map of event structures
from E to F is a function on events f : E — F such that:

o the direct image of a configuration of E is a configuration of F,
e f isinjective on consistent sets.

Event structures and their (total) maps form a category £.

A pre-strategy on a game A will be a map of event structures o : S — A. The
event structure S represents the behaviour of the strategy and ¢ indicates how this
embeds into the game. In that case, we write o : A to denote that o is a pre-strategy
on A. The first axiom of maps of event structures makes sure that the plays of S
are valid according to A whereas the second one is a linearity condition ensuring
that in a play, events of the game occur at most once. This linearity condition will
be crucial to define interaction of pre-strategies in Sectionf2l If ¢ : S — Aisa
pre-strategy, we will sometimes write ¢ (o) for €(S).

According to this definition, pre-strategies o : S — A appear as certain event
structures labelled by events of the game. As a consequence, events of a pre-
strategy (events of S) naturally carry a polarity given by the labelling pol , o0,
and S can be regarded as an event structure with polarities. A pre-strategy on A is
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also a pre-strategy on A+ since the definition is independent from the polarity on
A. We now move on to a very important example of pre-strategies.

1.2.4. The copycat pre-strategy. In the game A+ || A, each move of A appears
twice, with a different polarity. A natural strategy on this game is as follows: to
play the positive occurrence of 2 € A, we wait for its negative counterpart on the
other side. This describes the copycat pre-strategy. It is implemented by adding a
causal link from the negative occurrence of every a € A to its positive occurrence.

DEFINITION 2.9 (Copycat strategy). Let A be a game. The copycat pre-strategy
@4 on At || A is defined as the identity-on-events map:

@y Cq— AL A,
where (C 4 is given by:

Events: A+ || A
Causality: Transitive closure of

<atja V(i a), (1 —ia)) | (i,a) negative in At A}
Consistency: X € Cong, iff [X]ac, € Conyi,.

As an example, the copycat strategy on the game B is given by:

Bt I B
q- < q
X .
oo ff T ottt ff*

The definition of <, is convoluted, and we do not have a direct grasp on the
immediate causality of (C 4, issue addressed by the following lemma:

LEMMA 2.10. For a,a’ € A, there is an immediate causality (i,a) —c, (j,a') if
and only if one of the following two conditions holds:
(1) i=j,a—»y a and either (i,a) is positive or (j,a") negative in C 4.
(2) i #j,a=a, and (i,a) € Cy is negative.

Case (1) describes causal links inherited from the game (never of the shape
— — +) and (2) describes causal links between A+ and A (always of this shape).

PROOF. It is clear that both conditions imply (i,a) —c, (j,a’). Conversely,
we know <, is generated by — ., U{((i,a), (1 —i,a) | (i,a)” € C4}. This
means that (i,a) — (j,a’) implies eitheri # j,a = a’ and (i,a)~ € C4 (as desired)
ori=janda —4 a'. In this case, if (i,4) is negative and (j, a’) is positive, we have
(i,a) »c, (1—ia) <c, (1—1iad) —»c, (i,a") contradicting (i,a) -, (j,a').
Hence (i, a) is positive or (j,a’) is negative. O

Conlfigurations of copycat also have a simple description that highlights a very

important structure of the domain of configurations of a game.

LEMMA 2.11. A configuration x || y € € (AL || A) is a configuration of C 4 if and
onlyifx DT xNy C~ ywhere x Ny Ct x means x Ny C x and all events of x \ x Ny
are positive and similarly for x Ny C~ y.
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The induced relation on configurations of A: x £, y if and only if x O~
xNy C* yis a partial order called the Scott order. This partial order plays a
crucial role in the proof of Theorempresented in [CCRWI.

1.2.5. Properties of maps. We end this section by a little discussion on maps of
event structures and their properties, that will be useful later. First, even though
maps do not preserve causality, they always reflect it in a certain sense:

LEMMA 2.12. Let f : A — B be a map of event structures and a,b € A such that
{a, b} is consistent. If f(a) < f(b) thena < b.

PROOF. Since f is a map of event structures, f[b] is downclosed as a configu-
ration of F. Since f(a) < f(b) € f[b] by hypothesis, it follows that f(a) € f[b] and
thus f(a) = f(c) for some ¢ < b. Since {a, b} is consistent so is {a,b,c} C [{a,b}]
and local injectivity implies a = ¢ < b as desired. O

Moreover, any map of event structures f : A — B induces a monotonic map
f : €(A) — €(B). This map completely characterizes the behaviour of f on
events, which allows to prove equality of maps at the level of configurations:

LEMMA 2.13. Let f,g : A — B be maps of event structures such that for all config-
uration x € € (A) we have fx = gx. Then f = g.

PROOF. Leta € A. Remember that [a) = [a] \ {a} is a configuration of A. By
hypothesis we have f[a] = g[a] and f[a) = g[a) as sets, thus {f(a) } = f[a]\ f[a) =
gla)\ gla) = {g(a)} and hence f(a) = g(a). O

Simple parallel composition extends to maps by letting fy || fo : Ao || A1 —
By || By tobe (fo || fo)(i,a) = (i, fi(a)) for maps f; : A; — B;. As usual we will
oftenwrite f || C: A || C — B || C for themap f | idc.

2. Closed interaction of pre-strategies

A natural operation on a concept of “strategy” is that of interaction. In our
setting, this prompts the question: given a pre-strategy o on A, and a pre-strategy
Ton A+, what is their interaction? It can be seen as running ¢ against . Since both
o and T are concurrent and nondeterministic, this process will be nondeterministic
and concurrent. It should exhibit the common behaviour of o and T: only moves that
o and T are ready to play should appear, when they are both ready to play. The
result is an event structure (with no clear polarities) describing this process.

In this section, we omit proofs and refer the reader to [CCRW] for details.

2.1. Examples of interaction. In this subsection, we illustrate what interac-
tions of particular strategies should be, by picking examples outside the realm of
programming languages. In these examples, there will be a strategy o : A inter-
acting against T : A. The game A will represent a user interface (from the point
of view of the user), ¢ the user interacting with the interface and T implementing
the interface. For the purpose of interaction, the actual structure of the game (con-
sistency and causality) does not matter: games in the examples will be reduced to
a set of moves, without causality or non-consistency.

EXAMPLE 2.14 (Causality and interaction). Imagine the interface for an ex-
tremely simple text editor where the protocol between the user and the program
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is modeled by the game A = Ctrl” Alt" ST OTOpen™ Save™ (all moves are con-
current) describing some actions available in a text editor. The user can press some
keys, and the program can open or save a file. The program opens the file as soon
as Alt and O are pressed, and saves it when Ctrl and S are pressed.

Such a behaviour can be described as the following pre-strategy on A~:

Ctrl~ S~ Alt” o~
' g S x~

Save™ Open™

In the meantime, imagine that the user wants to open a file and save it. Know-
ing the magic shortcuts, they press Alt+O, wait for the file to be opened, press
Ctrl+S and contemplate their file being saved.

Alt* o* Open~  Save™

A/ \A
Ctrl ™ St

Their interaction proceeds as follows: the first events which are both ready to
play are Alt and O - those are the only initial moves of both ¢ and 7. After those
two moves, the move Open becomes available, which in turn enables Ctrl and S
which finally enable Save. Hence the resulting interaction is:

Alt . O
x~
Open
o
\A
T

Re ¢

Ctrl 3 S
Save
In this diagram, the immediate causal dependencies are labelled by the pre-

strategy they come from. At the end, we get the (transitive closure of the) union of
the two partial orders.

However, this union might not always be a valid partial order:

EXAMPLE 2.15 (The boring drug deal). Let A = Drug™ Money —, and consider
the interaction of ¢ = Drug®™ < Money ™ : A (the seller) against T = Drug™ —
Money ™ : At (the buyer). Since they do not have a common minimal event, there
is a deadlock. As a result, the interaction between o and 7 is empty.

Finally, we need to illustrate one more aspect of interactions, in relation to
nondeterminism. In these examples, it appears that events of the interaction can
be seen as events of the underlying event structures. However, when nondeter-
minism (and especially non-injectivity of the labelling function) comes in, it is no
longer the case.

EXAMPLE 2.16 (Duplication). Consider the following game:

A = Click™ Enter" Save™ Close™,
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where the user can click on a button or press enter to save a file; independently,
they can also choose to close the editor. The program 7 : A* is given by:

Click™ Enter— Close™
v v

Save™ ~~ Save™

This is an instance of disjunctive causality: the file should be saved if enter was
pressed or the button clicked. This disjunctive causality forces the pre-strategy to
be non-injective as the event structures presented here cannot directly express that
one event may have several causal histories. More precisely, the labelling map ¢ is
not injective as Save ™ has two occurrences. The user ¢ : A is given by:

Click™ Entert  Save~
v

Close™

This user clicks and presses enter at the same time. As there are two events
for Save in T, in the interaction there must also be two events Close because of the
causal link Save — Close in ¢. The interaction is:

Click  Enter

TV vT
Save ~~ Save
Avs v

Close Close

On this example, we observe that events do not always correspond to pairs of
events of ¢ and 7, as duplication is propagated upwards. In particular, the two
Close events of the interaction correspond to the same events in both ¢ and 7.

It turns out that events of the interaction do not relate in a simple way to
events of the strategies. To understand the last example, it is better to look at its
configurations (Section , from which the events can be derived (Section .

2.2. Interaction states. Write p; and p, for the two Close events of the inter-
action in Example[2.16] As noticed above, they correspond to the same events both
in 0 and 7 but their causal histories differ: [p;] contains a Click move whereas [p;]
contains a Enter. From [p1] we can extract a configuration of S, written I'l; [p;] and
a configuration of T, written IIy[p1]. Similarly, [p] induces IT;[pz] € €(S) and
IT[p2] € €(T). Those pairs of configurations have the same image in the game:
o(IT1[p1]) = T(I1z[p1]) and likewise for p,. By local injectivity, it follows that there
are bijections @1 : ITy[p1] ~ Ix[p1] and ¢, : 1y [pa] =~ I1p[p2] described as follows:

i[p] =~  Thfpi] Mi[p] =~ Thfpo]
Click™ Click™ Enter™ Enter™
\% P \% @
Save” —— Save™ Save™ —— Save™
v v

?1 P2
Quit™ —— Quit" Quit™ ——— Quit™"
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2.2.1. Secured bijections. In both cases, the orders on both sides are causally
compatible (the union is acyclic). Such bijections are called secured bijections:

DEFINITION 2.17 (Secured bijection). Let q, q’ be partial ordersand ¢ : q ~ ¢’
be a bijection (non necessarily order-preserving). It is secured when one of the two
equivalent conditions are met:

e (Acyclicity) The following relation <, on the graph of ¢ is acyclic:

(s, 9(s)) 99 (s, @(s")) iff s q 5"V @(5) g @(s")
o (Inductive construction) There exists a sequence ey, ..., e, such that q =
{eo,...,en}, and for all i, both {ey,...,e;} and its image by ¢ are down-
closed in q and q’ respectively.

The partial order, induced by transitive and reflexive closure of <, is written <.

The acyclicity condition bans causal loops. Indeed, in the drug deal example
(Example[2.15), the obvious bijection:

o T
Money  —— Money "
v o
Drug® —— Drug™

is not secured because of the cycle in the induced preorder.

2.2.2. Interaction states. Following the observation of Section we use se-
cured bijections to describe the candidate configurations of an interaction.

Let Abeagame, o :S — Aand T : T — A’ be pre-strategies. If (x,y) €
€(S) x €(T) is such that cx = Ty € €(A), write ¢y, for the bijection x = gx =
Ty = y obtained by local injectivity of ¢ and 7. The pair (x,y) is an interaction
state when the corresponding bijection ¢y y is secured. We write .5 ¢ for the set of
such interaction states, viewed as the set of candidate configurations of a certain
event structure. How to reconstruct the corresponding event structure from % ?

2.3. Prime construction. For an event structure E, the events of E can be re-
covered from ¢ (E) by considering those configurations of the form [e] for e €
E, called prime configurations. Causality and consistency can be understood
through this correspondence. However, prime configurations can be equivalently
described as configurations with a top-element, description that does not refer to
events.

This leads to the following definition. Note that since all our definitions re-
garding the interaction of pre-strategies make sense in a setting without polarity,
we state the definition for simple maps of event structures.

DEFINITION 2.18 (Closed interaction of pre-strategies). Let A be an event struc-
ture,and 0 : S -+ Aand 7 : T — A be maps of event structures. The following
data defines an event structure S A T:

Events: Those interaction states (x,y) € .#,r such that ¢y, has a top ele-
ment (called prime interaction states).

Causality: Pairwise inclusion.

Consistency: A finite set of interaction state X C S A T is consistent iff its
pairwise union | J X is an interaction state in .75 ;.
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This is an instance of the prime construction on rigid families (applied to the
rigid family ., ;) [Hay14]]. As a result, we get:

LEMMA 2.19. There is an order-isomorphism € (S AN T) = Sy r.

This is reassuring, since we started from the interaction states to derive S A T.
2.3.1. Categorical picture. This construction has an interesting algebraic char-
acterization as a pullback in the category £ of event structures:

PROPOSITION 2.20. Let A be an event structureand o : S — Aand 7 : T — A
be maps of event structures. There are maps of event structures 1l : SAT — S and
I, : SAT — T such that the following diagram is a pullback in the category &

SAT
2N
S T
N4
A
In other terms, for every maps « : X — Sand p: X — T suchthatcon = 10p,
there exists a unique map («, B) : X — S AT with11; o (a, B) = a and I, o («, B) = P.

We write 0 AT : SAT — A for either side of the commuting pullback square.
This universal property makes some abstract properties (eg. associativity of inter-
action) straightforward to prove, and also gives confidence in the definition. We
omit the proof (available in [CCRW]) since we prove a more general result later
on (Lemma [2.47).

2.4. Non-closed interaction and composition. To get a category of strategies
and model programming languages, we need to define a notion of pre-strategy
from a game A to a game B. Following Joyal [Joy77], a pre-strategy from A to B
will be a pre-strategy on the compound game A~ || B. The notation ¢ : A to denote
a pre-strategy on a game A is generalized to ¢ : A—+B to denote a pre-strategy
from a game A to a game B. Copycat on A becomes a pre-strategy from A to itself
—a candidate for an identity strategy.

How to compose a pre-strategy from A to B and a pre-strategy from B to C to
get a pre-strategy from A to C? One plays on A || B, the other on B+ || C, and the
desired result on A+ || C, so it is not easily described as a closed interaction. To
have them interact on B while the parts on A and C are left untouched, we build
two pre-strategies on A || B || C and take their interaction.

DEFINITION 2.21 (Open interaction). Leto:S — A+ || Bandt:T — B+ || C
be pre-strategies. The maps o || C+ : S || Ct — AL || B|[Ctand A || T: A |
T — A || B* || C have dual codomains.

The open interaction of ¢ and 7 is their interaction:

tx0=(c|CHYA(A||T): TxS— A| B| C.

P At this point, it does not matter to find dual codomains as interaction is defined regardless.
However, we point it out explicitly as in the setting of the next chapter, interaction will not be defined
in such generality, and having dual codomains will become necessary.
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In general T % ¢ is however not a pre-strategy on A+ || C as one would like. To
solve this issue, three solutions are carried out in the next sections:

e Section B|explores the possibility of hiding those events that are sent to B
(called internal events) as done originally in [RW11]. Copycat becomes
idempotent up to isomorphism, and we get a (bi)category of strategies,
the pre-strategies that are invariant under composition with copycat.

e Hiding all internal events loses information up to weak bisimilarity. In
Section [} no hiding is performed, and pre-strategies (extended with in-
ternal events) are compared up to weak bisimulation so that to make
copycat idempotent (modulo a minor restriction on games).

e To recover a category up to isomorphism, Section 5| restores some hiding:
just enough to have an idempotent copycat (up to isomorphism) without
losing any behaviour up to weak bisimilarity.

The following choices are summed up by the following example.

EXAMPLE 2.22. Consider the pre-strategy ap : Cp — B || B, (or equivalently
B—>B). Wehaveag || Band B || @ on B || B || B:

ap || B+ : Bt | B [ Bt
q+ t——qQ q+
X T X o™
tt— o T tt fF tt o T
B ap: B I B+ [ B
q ‘l+ <t q
tt o T tt o tt fT

Their interaction is:

@B * @B : B+ | B* [ B
q- < q- < q-
t— e T tr £ tt f+

For events on the left and on the right, since we want, ultimately, something
that plays on B || B, we know what polarities to put on them. However, events
in the middle (that do not correspond to a move in the input or output game) are
called internal events or invisible events. By convention, we say they have polarities
*, hence the notation B*.

The resulting event structure is not isomorphic to the event structure for copy-
cat (there are more events). To solve this, Section[8|and[§|shrink the event structure
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to remove those synchronization events, while Section il modify the equivalence
relation to identify it with @g.

3. A category of total strategies

In this section, we omit the proofs and redirect the interested reader to [CCRW].

3.1. Composition via hiding. Hiding is performed through an operation called
the projection of events structures. It removes some events deemed internal, and
propagates causal dependencies and conflicts. The internal events are thought of
as occurring in the background, any time after their visible dependencies occur.

DEFINITION 2.23 (Projection of event structures). Let E be an event structure
and V C E a subset of events (an event in V is called visible). The projection of E
to V is the event structure E | V defined as follows:

Events: V
Causality: <p NV?
Consistency: X € Cong |y if and only if X € Cong (and X C V)

Configurations of the resulting event structure are easily characterized:

LEMMA 2.24. Given an event structure E and V. C E, configurations of E | V are
in one-to-one correspondence with configurations of E whose maximal events are in V.

PROOF. The isomorphism maps a configuration x € ¢ (E) toxNV € E | V
and a configuration y € ¢ (E | V) to [y]g, the downclosure of y inside E. O

From this definition, composition of pre-strategies follows:

DEFINITION 2.25. Letc : S — A+ || Band 7 : T — Bt || C. Remember that
their interaction is givenby 0 : TxS — A || B || C. Anevente € T %0 is visible
when (T x0)(e) ¢ B (which means that (7 * ) (e) is not in the B component of the
disjoint union A || B || C). Writing V for the set of visible events, T ® S is defined
as (TxS) | Vandt®c:T®S — AL || C as the restriction of T x .

EXAMPLE 2.26 (Negation and nondeterministic choice). Remember the nega-
tion strategy neg : B—=IB and the nondeterministic boolean choice:

neg: B* I B choice: B

qt < q q
T a A/ ™~

ff- —> ¢t fr tt

t fF

Their interaction gives (with A = @ — the empty game, B = B and C = B):
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neg x choice : B* | B

*

q" <
X ™

t ffr —> ¢t fr

After hiding, we get back the nondeterministic boolean as expected:

neg © choice : B

q
X o™

tth ff

In what sense neg © choice and choice are the same pre-strategy? They do
not have exactly the same events (as events of neg ® choice are certain secured
bijections), but their underlying event structures are isomorphic.

3.2. Isomorphism of strategies. The set S of events of a pre-strategy can be
seen as names, which ¢ labels with moves from the game. The exact identity of
those names does not matter, and composition heavily modifies these names. In
particular @4 © o is never equal to o because the names do not match.

As a result, the natural equality of pre-strategies is isomorphism:

DEFINITION 2.27 (Isomorphism of pre-strategies). Letc:S —+ Aand7: T —
A be pre-strategies. An isomorphism between ¢ and 7 is an isomorphism of event
structures ¢ : S = T (that is, an invertible map in £) commuting with the action
on the game given by ¢ and t:

4
s— =T
N A
A
If two pre-strategies ¢ and 7 are isomorphic, we write o = 7.

Composition is well-defined up to isomorphism:

LEMMA 2.28 (Isomorphism is a congruence). For 0,0’ : A—=B and 7,7’ :
B—>Csuchthatc 2 o' and t = v/, then T O’ 21t 0.

Furthermore, composition is associative up to isomorphism:
LEMMA 2.29. Composition of pre-strategies is associative up to isomorphism.

3.3. A category of strategies. The natural candidate for an identity, copycat,
is not an identity for many pre-strategies, as evidenced by the following examples:

EXAMPLE 2.30 (Failure of courtesy). Consider the game A = @1 @, of two
positive concurrent events, and the pre-strategy ¢ on A given by ®1 — @».
The interaction @4 * 0 is:
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A ] A

A
*] ——> D1

oYy @
*y —> D2

On this diagram, the causal links are annotated by the pre-strategy they come
from. Since there is no path in the transitive closure between ®; and @®,, the
composition obtained by hiding A* is reduced to the following:

A
D1
D2

which is not isomorphic to ¢ because of the missing causal link &1 — ®».

Formally, this issue is due to the extra causal link between positive events that
is absent from the game. It is however, not the only type of causal links that com-
position with copycat removes. Intuitively post-composition with copycat loses
these causal links because of the asynchronous nature of our copycat which is un-
able to preserve most causal dependencies. See Example for more details.

Still, copycat is idempotent:

LEMMA 2.31. Foragame A, @4 : A—>A is idempotent, that is €4 © g = @ 4.

Using this fact, we can consider pre-strategies that are invariant under com-
position with copycat. A strategy on A is a pre-strategy ¢ on A such that there
exists an isomorphism ¢4 ©® 0 = ¢ : A. There are two ways to lift this notion to
pre-strategies from A to B. The following lemma show that they coincide:

LEMMA 2.32. Let 0 : A—>B be a pre-strategy. The following are equivalent:
(1) o is a strategy on A+ || B (ie. Ty p OO =0),
(2) o satisfies xp © 0 O @4 = 0.

PROOF. Consequence of Lemma and Lemma both to come. a

In that case, o is called a strategy from A to B. Note that copycat in particular
is a strategy since it satisfies (2) by idempotence. Assembling the pieces of the
puzzle together, [RW11] finally deduces the following:

PROPOSITION 2.33. The following data forms a category CGg,:
Obijects: games,
Morphisms from A to B: strategies from A to B up to isomorphism,
Composition: composition of strategies,
Identity on A: copycat strategy on A.

The structure before quotient forms a bicategory, where 2-cells betweeno : S —
Aand t: T — Aaremaps f : S = T making the obvious triangle commute. De-
tails can be found in [CCRW], along with a proof that CGZ, is compact-closed with
| as tensor and -+ as dual. (See Section@for details on compact-closed categories).
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In this chapter, and the next one, we introduce a few categories of strategies
that are variations on the composition and the notion of equality of strategies. To
make this aspect clearer for the reader, their names are annotated: in superscript
the equality between strategies, and in subscript the composition operation.

3.4. Concrete characterization of strategies. Our definition of strategy is very
abstract; in particular among our examples which ones were strategies? Checking
that a pre-strategy is a strategy involves studying its composition with copycat
which can be quite tedious. The original article on concurrent games [RW11] pro-
vides a concrete and local characterization of strategies in terms of two conditions,
courtesy (called innocence in [RW11]]) and receptivity. Before introducing those con-
ditions, we review the need for them in the following examples.

EXAMPLE 2.34 (The need for courtesy). As in Example consider games
of the form A = e; e; with two concurrent moves e; and e;. Depending on their
polarities, there are four possible A. On this A, consider the strategy o = ¢; — e,
(where ¢ is the identity on events). The four choices for A gives four choices of .
Example already studied the case of both e; and e, being positive.

We study the three remaining cases and depict @4 % o for each:

A= 0O D A= 01O A= @1 O

At | A At [ A At [ A
A @A @A

* G— O *] G— O *] ———> D1

*) ——> D *) GF——— O *y G——— O2

After hiding, we observe that the only composition that is isomorphic to ¢ is the
first one, when the extra causal link added by ¢ to the game is © — ®.

This prompts the following definition:

DEFINITION 2.35 (Courtesy). A pre-strategy o : S — A is courteous whenever,
if s —g s’ and, s is positive or s’ is negative, then os — o'

Intuitively, copycat acts as an asynchronous forwarder. The only causal links
that are stable under composition by this forwarder are the ones from negatives to
positives, which correspond to Player waiting for an Opponent move before play-
ing. The causal links ® — © correspond to forcing Opponent to wait for a Player
move. The other two © — © and & — @ represent controlling the order in which
messages are exchanged in the network. Since our forwarder is asynchronous it
cannot maintain this order — hence it disappears after composition.

Courtesy is however not enough to ensure that a pre-strategy is a strategy.

EXAMPLE 2.36 (Receptivity). Consider the game A = © and the two strategies
01 = @ (o1 never plays) and 0, = © ~ O (02 acknowledges the Opponent move
in two nondeterministic ways.)

Their interaction with copycat gives:
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xa*xoyp: A || A aca*xoy: A || A
© * <O
éA/

*

which, after hiding, yield the pre-strategy © on A in both cases.

The problem here is either denying an Opponent move or performing a non-
deterministic choice upon reception of an Opponent move. A strategy should treat
reachable negative moves linearly: it cannot ignore them or duplicate them:

DEFINITION 2.37 (Receptivity). A pre-strategy o : S — A is receptive when
for all configuration x € ¢(S) such that ox extends by a negative eventa~ € A,
then there exists a unique extension s € S of x such that os = a.

Courtesy and receptivity exactly capture strategies:

THEOREM 2.38. Strategies coincide with courteous and receptive pre-strategies.

4. Uncovered strategies up to weak bisimulation

In this section, we investigate another way of obtaining a category of strategies
where no hiding is performed. Indeed, we can finally make formal the intuitions
given in Chapter [} that traditional hiding is too optimistic

EXAMPLE 2.39. Remember the strategy sum playing on (proc || proc)* || proc
from Example It can be seen as playing on proc’ || (proct | proc). Com-
puting the interaction sum | : proc’ | proc where | = run~ is the minimal
strategy on proc (representing divergence), yields:
=l

proc* || (proc proc)

% run

run* NNANNANN— run+

done™

done™

Since L never plays done, the left branch of sum disappears during the interac-
tion. After hiding, it becomes apparent that sum © L = @proc. However, they
do not have the same operational behaviour. Copycat on proc always runs its ar-
gument where sum © | might decide not to and interrogate L instead, blocking
the whole process. This is a phenomenon of hidden divergence. Because of that,
the interpretation of nondeterministic languages in CGZ, will only be adequate for
may-equivalence. (Cf Chapter [} Section B|for a more detailed discussion)

To repair that, strategies should be allowed to have internal events that do not
correspond to events of the game: the labelling function ¢ becomes partial.
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DEFINITION 2.40 (Uncovered pre-strategies). An uncovered pre-strategy on
a game A is a partial map of event structures o : S — A, ie. a partial function
S — A satisfying the following familiar properties:
(1) ox € €(A) forx € €(A),
(2) o restricted to a consistent set is injective (local injectivity).

An uncovered pre-strategy from A to B is an uncovered pre-strategy on A+ || B.

We reuse the notation o : A and o : A—=B from the previous section to
introduce uncovered pre-strategies on a game. The (pre-)strategies of the previous
section will be referred to as covered (pre-)strategies in the rest of the thesis.

Terminology on polarity. An event of an uncovered pre-strategy ¢ is external
(or visible) if it is in the domain of 7, internal or invisible otherwise. The labelling
o does not equip S with a polarity function S — {—, +} since invisible events have
no assigned polarities this way. In this case, o equips S with a partial polarity
function S — {—, +,x} (where events undefined for ¢ have polarity ), turning
S into an event structure with partial polarities. Given such an event structure
E, we define E| to be its projection to external events. Similarly given x € ¢(E)
we write x| for x N E| (it is a configuration of E|) and x, for the subset of internal
events of x so that x = x| W x,.

An event is nonnegative when it is positive or internal: such events corre-
spond to Player actions. The notations Ct and C~ are extended to C*: x C* y
when y is an extension of x by only invisible events. Given an uncovered pre-
strategy 0 : S — A we write 0| : S| — A for the corresponding covered strategy.

Note that Lemma generalizes easily to partial maps:

LEMMA 2.41. Let f,g: A — B be partial maps of event structures such that for all
configuration x € € (A) we have fx = gx. Then f = g.

PROOF. Similar proof as in the total case, but here f[a] \ f[a) is either empty
or a singleton depending on whether f is defined ata € A. O

Isomorphism naturally generalizes to uncovered pre-strategies:

DEFINITION 242. Letc : S — Aand 7 : T — A be two uncovered pre-
strategies. An isomorphism between ¢ and T is an isomorphism ¢ : S = T such
that the following triangle commutes (as partial maps):

¢
S— =T

N A

A

4.1. Interaction of uncovered strategies. In this setting, composition simply
becomes interaction since we do not want to hide anything. Since pre-strategies
are now partial maps, the definition of the interaction needs to be updated.

4.1.1. Closed interaction. First, we define the closed interaction of uncovered
pre-strategies. As before, polarities do not matter and we consider simply partial
maps of event structures. Letoc : S — Aand 7 : T — A be partial maps of event
structures. To define the new interaction states, we need to slightly change the
definition of Section[2.3l
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A pair (x,y) € €(S) x €(T), such that o x = 1)y € € (A), induces a bijection
Pxy : X || Y« = %« || y defined by local injectivity of o and T:

¢xy(0,5) = (0,s) (s € x4)
¢xy(0,5) = (1, 77 1(0s)) (sexp)

Pxy(Lt) = (1,1)

Viewing v, and x, as discrete orders (the ordering relation is the equality),
@x,y is a bijection between partial orders. An interaction state of ¢ and 7 is a pair
(x,y) € €(S) x €(T) with ¢ x = T,y such that the bijection ¢y, is secured. As a
result ¢y, is naturally partial ordered.

As for covered strategies, write %  for the set of interaction states of ¢ and
7. This terminology is justified as in the case of covered strategies, both notions of
interaction states coincide. We can now apply the same trick of Definition

DEFINITION 2.43 (Closed interaction of uncovered pre-strategies). Let A be an
event structure,and ¢ : S — A and 7 : T — A be partial maps of event structures.
The following data defines an event structure S A T:

e (Events) Those interaction states (x,y) such that ¢y, has a top element.

o (Causality) Inclusion of graphs.

o (Consistency) A finite set of interaction state X C S A T is consistent iff its
pairwise union J X is an interaction state in .5 .

Projections become partial maps Il : SAT — Sand II; : SAT — T defined
as follows. For (x,y) € % I11(x,y) is defined to s € S whenever the top-element
of @y is ((1,5),w2) for some wy € x4 || y. The map IT; is defined similarly.

Wewrite c ATforoolly =Tolly: SAT — A. As aresult, I'l; is undefined
only on events of S A T corresponding to internal events of T and similarly I, is
undefined on events corresponding to neutral events of S.

4.1.2. Properties of closed interaction. When proving properties about the inter-
action of pre-strategies, a concrete understanding of the interaction will be handy.
Letoc:S — Aand 7: T — A be partial maps.

As desired, configurations of S A T indeed correspond to interaction states:

LEMMA 2.44. Themap z — (I11z,11xz) : €(SAT) — S5 1 is an order-isomorphism.
Moreover, given z € € (S A T), there is an order-isomorphism top, : z = @11,z 11,z

PROOF. The proof follows from general considerations on rigid families [Hay14].
For the sake of completeness, we provide an elementary proof.

Write ¥ : €(SAT) — S defined by ¥(z) = (I1jz,I1z). It is well-defined
because the graph of ¢r1,, 11, is exactly

U ox-

(xy)ez
(Remember that, formally, z is a set of interaction states.)
Define ¥~! : .7, — € (S A T) as follows:

¥ (x,y) = {(<,y) €SAT|¥ Cx&y Cyh

The equations ¥ o ¥~ ! = id g, and Y lo¥ = idg (s, 1) are simple calculations.
Finally, consider z € ¢ (S A T). Elements z( of z are prime interaction states,
as such have a top element top,(zo) in @r1,z,1,z- This defines a monotonic map
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zp — top,(20) : z = @riz,z- Conversely, given p € ¢ry,z 11,2, the set {p’ €
¢11,211,z | p' < p} is the graph of a secured bijection ¢y ;. The mapping p — (x,y)
defines the inverse ¢ry,; 11, — 2. O

LEMMA 2.45. We have the following properties:

(1) Ife — ¢ in SAT, then Tlye —g T1ye' (with both defined) or Tlpe —1 Tlpe’
(with both defined).

(2) Assume we have x € € (S A\ T) with two incompatible extensions e and ¢'. Then
ITye and T1ye’ are defined and are incompatible extensions of I1;x, or I1e are
defined and T1ye’ are incompatible extensions of ITx.

PROOF. The proof exploits the definition of events of S A T as prime interac-
tion states. Remember that an event e € S A T is an interaction state inducing a
secured bijection @ry, (o 11, [ : TT1le] || (TT2[e])« =~ (TT1[e]) || TT2[e].

Write N, and N for the set of internal events of o and T respectively, viewed
as event structures where causality is equality and all finite sets are consistent. The
partial projections can be turned into total maps:

I;:SAT—S| Ny TIIh:SAT— Ny | T.

Foranyep <e, then (H160, Hzé’o) € ¢ry, le] TTa[e]*

(1) From e — ¢/, we deduce that (IT;e, [Tze) g1 iyl (IT;¢/, T1e’). By defini-
tion of the induced order on an interaction state, this implies that either IT;e — SIN:
I1;e’ or I e — No||T TI,¢'. Since Ny and Ny are discrete partial order, this is equiv-
alent to ITje —g I1ye’ or ITye —7 I1¢/, as desired.

(2). Write X = x U {e, '}, and ¢ for the secured bijection ¢y, 1,x (well-
defined by Lemma Assume both ITy X and I, X are configurations of S and
T respectively. Since the projections of e and ¢’ are concurrent both in S and T, the
bijection ¢ U {(ITye, TTze), (IT1¢’,T15¢’) } is secured, therefore X’ is a configuration
of SA T by Lemma which is absurd. O

4.1.3. Universal property of the interaction. Previously, we have seen that syn-
chronization o A T of total maps of event structures is actually a pullback; and as
a result enjoys a universal property. This universal property is neat as it allows
abstract reasoning on interactions and provides a justification for the definition.
However, even though the category of event structures and partial maps does have
pullbacks, o A T is not a pullback of the partial maps ¢ and 7.

EXAMPLE 2.46. Let A be the empty game and ¢ and 7 be the empty partial
map S =T = {x} — A. A calculation gives that S A T contains two events %, and
*¢ such that IT; (%) is defined but not I (%, ) and vice-versa for x..

However, the pullback of ¢ and 7 inside the category of partial maps has a
third event %, on which both I'l; and I, are defined.

This is due to pullbacks of partial maps synchronizing on the internal events.
In our construction, this does not happen: neutral events of ¢ and 7 live in differ-
ent worlds. This intuition is formally expressed as the following property on our
projections I1; and Ily: if I1;p and I1,p are both defined, for anevent p € SA T,
then p is visible, ie. o(Ilyp) = 7(Ilpp) is defined. We can prove that our triple
(S AT, I14,1I1,) is universal among triples having this property:
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LEMMA 247. Leto : S — Aand T : T — A be partial maps of event structures.
Let (X, f : X — S,g: X — T) be a triple such that the following outer square commutes:

X
(ran

N3

A

f

Assume that for all p € X with f p and g p defined, o(f p) = T(gp) is defined. Then,
there exists a unique map (f,g) : X — S A T making the two upper triangles commute.

The action of (f, g) is more easily described on configurations than on events.
Fortunately, it is possible to recover the action on events, modulo some assump-
tions:

LEMMA 2.48 (Mapification). Let A, B be event structures. Let p : 6 (A) — €' (B)
be a monotonic map between the configuration domains. If p satisfies both:
0) p2=0,
(1) for x,y € €(A) such that x Uy € € (A), then

pxUy) \px = (py\ p(x Ny)),
(2) p is non-inflating: if x—Cy then |py| < |px| +1
(| - | denoting cardinality).
then, there exists a (necessarily unique) partial map of event structures f : A — B with
fx = pxforall x € €(A). Moreover, f is total if and only if (2) is always an equality.

PROOEF. Remark that, by (2), p[a] \ pla) is either empty or a singleton. Define
the partial function f : A — B as follows: it is defined ona € A to b € B if and

only if pla] \ p[a) = {b}.

First, by induction on x € ¥ (A) we show that fx = px. For x = @, it is given
by assumption (0). Assume that x € ¢ (A) such that fx = px extendsby a € A to
x’. We have (taking x = x and y = [a] in (2)):

p(x') = p(xUla]) = p(x) U (p([a] \ pla)).

If f is defined at a, then p[a] \ p[a) = {fa}, if f is undefined at a, then p[a] \ pla) =
@. In both cases, we have fx’ = px’.

We now check f is a map of event structures. If x € ¥(A), then fx = px €
% (B). For local injectivity, assume distinct 2,4’ € x € ¢(A) such that fa and fa’'
are defined and equal to b. Assume that, (a,4’) is a minimal pair satisfying this
property, so that b & f[a] N f[a’]. By (2), it follows that:

f([alula')\ flal = fla']\ (fla] N fla']).
However, b belongs to the right-hand term, but not to the left-hand term: absurd.
Finally, f is total if and only if X v, p(y) = {b} Up(x) forsomeb € B. O

Using this construction, we can now prove the universal property:



42 2. CONCURRENT GAMES WITH ESSENTIAL EVENTS

PROOEF. (Of Lemma|2.47)
Uniqueness. Assume we have 11,15 : X — S AT making the two diagrams
commute. For a configuration x € ¢'(X), a calculation yields:

(T (nx), Ta (%)) = (fx,8x) = (1 (12%), T2 (12%))

which implies 11 = 1, by Lemmata and Lemma [2.41}
Existence. Write ¥ : ., = ¢ (S A T) for the isomorphism given by Lemma

We use mapification (Lemma [2.48) to build (f, g).
If x € €(X) then (fx,gx) € S by Lemma any cycle in the secured

bijection (fx) || (¢x)« =~ (fx)« || gx can be traced back by to a cycle in x which is
absurd. Hence, the mapping x € € (X) — ¥ (fx,gx) € €(S A T) is a well-defined
monotonic map (f, g), and, at the level of configurations, these hold:

[Mio(f,g)=f and Thho(fg) =g

We now check the mapification conditions holds for (f,g). First, since ¥ is
an order-isomorphism, (1) is a simple calculation. For (2), any x € ¢ (X) can be
decomposed in visible events, neutral events of f, neutral events for g as follows:

Xy = xNdom(co f) xp = (xNdom f) \ xp xg = (xNdomg) \ xo.

Because f and g do not synchronize on neutral events, these three sets are disjoint.
However they do not form a partition, as there could be events in x on which
neither f nor g are defined. In any case, we have the desired inequality:

(@)% = 1@ frgxl < Ifx[ 4 [(8%)4] = (0] + [xf]) + [xg| < |x|

as the union is disjoint. As a result, by mapification (f, ¢) induces a map, that we
also write (f,g) : X = S A T, satisfying the desired equations by Lemma O

One consequence of this universal property is an easy proof of associativity:
LEMMA 249. Foroc:S — A, 1:T—=Av:U— A (cAT)ANV=TA(TAD).

PROOF. The maps [l oIly : (SAT)AU — Tand I, : (SAT)ANU — U
do not synchronize on neutral events, as a result, there exists a map ¢; = (I o
Hl,H2> : (S/\T)/\U — (TAU) Since 1 andHloﬂl : (S/\T)AU — Sdo
not synchronize on neutral events either, then ¢, = (IT; o ITy, 1) : (SAT) AU —
S A (T AU) is well-defined. Similarly, we can build a map in the other direction,
which is an inverse to ¢, by Lemma [2.41} O

We note in passing that mapification has an interesting consequence: its as-
sumptions are satisfied when p is an order-isomorphism:

LEMMA 2.50. Let A and B be event structures and let ¢ : €(A) = € (B) be an
order-isomorphism. There is a (necessarily unique by Lemma isomorphism of event
structures ¢ : A = B such that for all x € € (A), px = ¢x.

PROOF. Direct consequence of Lemma O

This result along with Lemma allows us to prove isomorphisms of strate-
gies by reasoning only at the level of configurations.
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4.1.4. Open interaction. To deduce the open interaction, we simply proceed as
in previous section. Letc : S — AL | Band 7 : T — B* || C. As before, we
consider (¢ || C)A(A || T) : TxS — A || B || C. Write thBHC for the partial
map A || B || C — A || C. To get the interaction T x ¢, we simply post-compose

(]| C)AN(A ] o) by thBHC, marking the events sent to B as internal:

too=bhaBC (0 |C)A(A ] o) : TxS— A" | C

We use a different notation (® instead of x) to emphasize the fact that we have
changed the codomain. However, the underlying event structure is the same, and
we write sometimes T ® S = T x S for uniformity purposes. To prove associativity
of interaction, we need laws governing the distributivity between this operation
and parallel composition and A:

LEMMA 2.51. For pre-strategiesc: S — A ||B || Candt:T — C:

hg\HBHCO (0,/\ (A H B H T)) ~ (bBHBHCOU) A (A || T)

PROOF. Write U for the event structure corresponding to the left-hand term
and U, for that of the right-hand term. Both satisfy the universal property of
Lemma In particular we have projections:

mheu —~s  Itiu —A|B|T
2 =5 IL2:U—A|T

As a result, by the universal property we have a map U; — U, induced by
H%Il : Uy — Sand bBngl :Uy =~ A|B|| T — A T. The other way around is
slightly more subtle. In Uy, 0 and B || T do not synchronize on B but in U; they do.
However, since B || T plays as the identity on B, this synchronization on B does
not constrain ¢. Formally, there exists a map:

Yp:Uy—A|B|T

such that H%I 2 together with 1 induce the desired inverse U, — Uj.
The map ¢ is defined as follows:

c(IT(p)) if o(IT1(p)) is defined and in A || B

A|B|T=
v eal Bl {Hzp otherwise — equivalently, II,p € T

This workaround is necessary to ensure that the image in B coincides witho. [

From this lemma and associativity of A, we can deduce associativity of @:

LEMMA 2.52. For o, T, v composable uncovered pre-strategies, we have:

c®(tTev) X (r®T)®U0.
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PROOF. Leto : S — A+ || B,t: T — Bt | Candv: U — C* || Dbe
uncovered pre-strategies. Using Lemma we have:
(e @vn o (5% (| ) A (A ] 1)) | D) A (A v)
A|B|C ~ nA|B|C
{ (b7 1Bll 00) || D= n; IBIICID o (o | D) }

~ hAHCHD ((hg&HBHCIID o((c|[CID)A(A|T|D))A(A] v))
{ Lemmal.51] }

~ hAHCHD hAHBHCHD((U | CID)A(A| T||D)A(A] B v))

{ Allern)=(Allo)r(AllT) }

AICID o pAIBICID (@ | DY A (A || (( | D) A (B || v)))

~ A ( ) A
AIBID o pAIBICID (5 | | DY A (A ]| (T || D) A (B || v)))

%hB
So®(tev). O

Finally, composition of uncovered pre-strategies commutes with hiding:

LEMMA 2.53. Foro:S — AL || Band T : T — B || C uncovered pre-strategies,
(T®0—)i = T, ® og)
PROOF. The proof is delayed until Section [6} O

4.2. Weak bisimulation. As discussed in Example[2.22] composition with copy-
cat adds extra synchronization events. To identify uncovered pre-strategies up to
those synchronization events, we use the standard notion of weak bisimulation on
the labeled transition system generated by the corresponding event structures:

DEFINITION 2.54 (Weak bisimulation). Letoc:S — Aand 7: T — A be two
uncovered pre-strategies. A weak bisimulation between ¢ and 7 is a set R of pairs
of the form (x,y), where x € €(S), y € € (T) satisfying the following axioms:

(1) (©,9)eR
(2) If (x,y) € R with x—C and's is visible, then there exists y C* ¥’ such
t
thaty'—C and (xU {s},y U{t}}) € R.
(And the symmetric condition for a visible extension of y)

(3) If (x,y) € R with x—C and s invisible then there exists y C* vy and

(xU{s},y)eR

(And the symmetric condition for a invisible extension of y)

Two uncovered pre-strategies are weakly bisimilar when there exists a weak
bisimulation R between them. We write o ~ .

EXAMPLE 2.55. Our example [2.39|can be used to illustrate weak bisimulation
by showing that sum ® | and @proc are not weakly bisimilar. Indeed, we must
have ({run}, {run™}) in any bisimulation between them. From there sum ® L
can do an internal transition, performing the left (internal) run* whereas @proc has
no choice but to stand still. From then on, sum ® L is stuck whereas @proc can still
perform visible transitions.

LEMMA 2.56. Weak bisimulation is a congruence (for ®).
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PROOF. Letc:S — A+ || B,¢’:S' = At |Bandt:T =B+ ||C,7/: T —
Bt || C. Assume R is a bisimulation between ¢ and ¢/, and R’ between T and 7'.
Define R || C as the relation:

{(xlly,x" ly) | xRx',y € €(C)}

and similarly A || R’. They are bisimulationsc || C~ ¢’ ||[Cand A || T= A || T/
respectively. Define R’ ® R as follows:

x(Rr@R)y iff Thx(A | R)Iyand IT1x(R || C)Iy.
Checking that this is a bisimulation is routine. O

To continue, we need to study which uncovered pre-strategies are invariant
under copycat. However, unlike in Section 3| copycat is not always idempotent:

EXAMPLE 2.57. Let A = ©1 ©p 3P4 with trivial causality and consistency:
XGCOHAiff|X| >3 = (@2 gX\/@j)‘ %X)

In a context where two events already occurred, ©; and @3 become mutually
exclusive. In particular {©,, $3} is a maximal configuration of A. The interaction
of copycat with itself gives the following uncovered pre-strategy:

AL oA | A
b1 < *1 < ©1
2 < *2 < S))
O3 D> %3 > B3
O4 D> kg > By

The conflict, as it is not binary, is not represented on the above picture. Any
bisimulation between o4 ® 4 and @4 must relate the minimal configurations of
@y ® @4 and @4, one of which is {O1, 02, 03,04} € € (AL || A). From there, ¢4 ®
@4 can do a silent transition to {©1, Oy, O3, Oy, %2, %3} (and @4 does nothing since
there are no internal events in @4). But this configuration of «4 ® @4 is maximal
(in particular because the configuration in the middle in maximal is A) whereas
the corresponding configuration of @4 is not: hence they cannot be bisimilar.

To avoid this problem, from now on, we only consider race-free games, ie.
games that do not exhibit mutual exclusion between positive and negative events:

DEFINITION 2.58 (Race-freeness). An event structure with polarities A is race-
free when for all incompatible extensions a; and a, of a configuration of A, a; and
ap must have the same polarity.

The key consequence of race-freeness is as follows:

LEMMA 2.59. Let A be a race-free event structure with polarities. For all configura-
tionx ||y € €(Cy), then x Uy € €(A).

PROOF. By Lemma y2 xNyChx. IfxUy & €(QC,), this means that
there exists x Ny C z C x Uy with two incompatible extensions a; € x and a; € y.
Since, a4 is positive and a; negative which contradicts race-freeness. O
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Race-freeness is preserved by all our constructions and all the games we con-
sider in this thesis are race-free, so for our purposes, this is not a very restrictive
constraint. That copycat on race free games is idempotent is a consequence of our
Proposition 2.67]to come.

It is to be noted though, that race-freeness is not necessary to guarantee idem-
potence of copycat, and a notion of transitive game should be sufficient: those
where the relation “x <y iff x || y is a +-maximal configuration of (C4” is a transi-
tive relation between configurations of A (see [CHLW14] for more details).

4.3. A compact-closed category. Restricting to race-free games, we now in-
vestigate conditions on pre-strategies for them to be invariant under copycat. We
first remark that generalizing courtesy and receptivity is not enough. Indeed, new
behaviours of uncovered pre-strategies are not invariant under copycat.

EXAMPLE 2.60. Consider the game A = tt* ff* and ¢ = tt* ~ ff". Its
composition, as an uncovered pre-strategy, with copycat is:

A || A

*tt —D tt+

¢
*f —FD ff+

It is not weakly bisimilar to ¢ as @4 ® ¢ can do an internal transition to choose
the result of the computation, and disable the other one, while ¢ has to stand still
(there is no internal event) and can still play both moves afterward.

This motivates the definition of uncovered strategy:

DEFINITION 2.61 (Uncovered strategy). A uncovered strategy is an uncovered
pre-strategy o : S — A satisfying furthermore the following conditions:
Courtesy: Fors —s s’ and pol(s) = + or pol(s’) = — then gs — 0¥/,
Receptivity: For x € ¢(S) such that ox extends by a negative event a then
there exists a unique extension s~ € S of x with os = a.
Secrecy: For x € ¢(S) with two incompatible extensions by s; and by s,
then s; and s are either both internal events or both negative events.

Secrecy forces nondeterministic actions of a strategy to be internal. The first
two axioms are straightforward generalizations of courtesy and receptivity. As a
result, the hiding of an uncovered strategy is a covered strategy:

LEMMA 2.62. For o : S — A an uncovered strategy, o, is a covered strategy.

PROOF. Courtesy. Assume we have s —g, s’ and s is positive or s’ negative.
We know that s <g s’ hence there is a sequence s —> s; — ... — s, — s’ where
all the s; are internal in S. Assume for instance that s is positive (the other case is
similar). By courtesy of ¢, we must have n = 0 and s — 0s'.

Receptivity. Let x € %(S;) such that ¢ x extends by a negative a. Since
o([x]s) = o(x), by receptivity of o, there exists an extension s € S of [x]g (hence
s is an extension of x) such that ¢s = a. Assume there is another extension of x,
s’ € S| with os = a. As s’ is also an extension of [x]s, s = s’ by receptivity of c. [
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EXAMPLE 2.63. Covered strategies featuring conflict are not instances of un-
covered strategies as their conflict occurs between visible events (contradicting the
secrecy condition). Such visible events need to be prefixed by a neutral event that
will be the source of the conflict. For instance, the strategy sum of Example [2.4]is
represented by the following uncovered strategy:

a:proc, b:proc F sumab :proc
run"
. M
v v
run™ run™
v v
done done_\\H
done™ © done™

Neutral events of sum are drawn on a particular component even though math-
ematically, they do not belong to any.

Uncovered strategies are stable under composition:

LEMMA 2.64. Let o : S — AL | Band T : T — B || C be uncovered strategies.
Then T ® o is an uncovered strategy.

PROOF. Courtesy. Assume p —7gs p’ and for instance that p is positive (the
case p’ negative is similar). By Lemma we have that either ITyp —g)c IT4 i
or Ihp — 4 p Ip’. I (T®0)p — 4c (T®0)p’ (with both defined) does not hold,
then ITyp —g ITyp’ or ILp —1 I,p’. Both contradict the courtesy of ¢ and 7.

Receptivity. Letw € € (T ® S) such that (T ® 0’)w can be extended by a negative
¢, with ¢ € C for instance. Write IT)z = x4 || x7 with x4 € €(A), and x1 € €(T).
The hypothesis implies that Tx1 can also extend by ¢, and by receptivity there
exists a unique extension t € T of xT with 7t = c. The configuration w correspond
to the interaction state (ITyw, ITow). Since (ITyw U {(2,tf)}, Ihw U {(2,£)}) is a
valid interaction state, by Lemma there exists an extension p of z with (T ®
o)(p) = c. Uniqueness follows directly from those of ¢ and 7.

Secrecy. Assume we have z € ¢(T ® S) with incompatible extensions p; and
p2. By Lemma [2.10} this amounts to an incompatible extension either in S or in T:
and then we can conclude by secrecy of ¢ and 7. O

4.3.1. Interaction of uncovered strategies. To conclude the section, we provide
some terminology and results to work on the interaction of uncovered strategies.
Courtesy and receptivity impose some structure on this operation which is oth-
erwise very loose. Those results will be key when reasoning on interaction of
strategies. Let o : S — Al || Band 7: T — B' | C be uncovered strategies. First,
events of T ® ¢ split in three disjoint categories:

o external-Opponent moves: those moves s € T ® ¢ that are mapped to a
negative move of AL || C,

e c-action: those moves s € T ® o such that I1;s is defined and a nonnega-
tive element of S,
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e T-action: those moves t € T ® o such that It is defined and a nonnega-
tive element of T.

A o-move is a move of T ® S on which I1; is defined, and similarly a T-move
is amove of T ® S on which I, is defined. Using courtesy and receptivity, we can
strengthen properties on the interaction.

LEMMA 2.65 (Interaction toolbox). Leto : S — Aand T: T — AL be courteous
and receptive maps of event structures.

(1) Forp € S AT, either I1yp or I1yp is nonnegative (but not both).

(2) Forp — p' € S AT such that T1p’ is nonnegative, then ITyp — I11p’

(3) For p,p" incompatible extensions of x € € (S A T) then either I1yp and I1;p’
are nonnegative and incompatible extensions of I1yx or Ipp and Ipp’ are non-
negative and incompatible extensions.

Letoc:S — AL || Band t: T — B* || C be courteous and receptive maps of event
structures. Their interaction T ® o satisfies the following properties:

(4) Forp € T®S, at least I11p € S or Ipp € T. If both are satisfied, then p is a
synchronized event on B.

(5) If p — p' and p' is a o-action, then I1;p —g IT1p’

(6) If x € €(T ®S) extends incompatibly by py and po, then either Ilix N 9|
extends incompatibly in S by Iy py and Iy py, or Ilox N T extends incompatibly
in T by Il pq and I, ps.

This lemma states that immediate causalities and conflict can always be traced
back to S or T.

PROOF. (1) Clear: both projections cannot be negative.

(2) By Lemma we have either ITjp — IT1p’ or [I,p — ILp'. If the latter
case is true, then given that I, p’ will be negative in T, by courtesy it follows that
T(ILp) — t(Ipp’). This implies that II;jp < II;p’ since o is a map of event
structures and thus reflects the causal order. If there was ITjp < s < IT;p/, this
would contradict p — p’ since IT; is also a map of event structures.

(3) Reasoning similar to (2). A minimal conflict originates in either S or T by
Lemma If it originates in T, then by receptivity, it must be originally present
in the game, and hence S must have it as well.

(4-7) Those points are direct consequence of the previous points. O

4.3.2. Invariance under copycat. We now move on to show that a4 ® o is weakly
bisimilar to ¢. To show that, we need a good grasp on @4 ® ¢. In particular, it is
deadlock-free, meaning that all bijections are secured:

LEMMA 2.66. Let T: T — AL || B be an uncovered pre-strategy satisfying: ift < t'
and both t and t' are sent by T to AL then Tt < .

Writets : T — A+ and tg : T — B for the induced partial maps. For any uncovered
pre-strategy o : S — A, and configurations x of S and y of T with ox = Ty, the induced
bijection x || v, || TgYy =~ x4 || y is secured.

As a consequence, we have an order isomorphism:

C(T®S)={(xy) € €(S)xE(T) | ox =1ay}

7That is, the subset of I x containing only events in the S component of S || C
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PROOF. Assume that the bijection is not secured. Without loss of generality,
there is a causal loop of the form (vy,t1) < ... < (v2y, t2,) such that f5; < f5;41 and
Ugiy1 < Voiyp and ty, < t1. Since ty; < tyiy1, both (v, ty;) and (vgi4 1, triy1) do
not project to neutral elements of S || C. Similarly, they do not project to neutral
elements of T: they must be visible. In particular v; € S || B.

Assume that v5; 1 € B. Then vy;,, € B and we have that T(fp;11) = ;41 <
v2irn = T(tyiy2). By Lemma it follows that ty; 11 < ty;. If the only two
steps of the causal loop were (v5;11, f2i11) and (vy;, tp;), we have a loop in T and
a contradiction. Otherwise, we can remove the steps 2i + 1 and 2i + 2 and keep
a causal loop. Removing them, if there is a loop of length one remaining, then
we have a direct contradiction (i.e. t; < t1). Otherwise without loss of generality
we can assume v; € S for every i. In this case, by hypothesis on T we have that
tri < tyiy1 implies that 0vy; = Tty < Thyi 1 = 00pi41. By Lemma [2.12] again, it
follows that v < ... < v1 —a contradiction.

This establishes that the bijection induced by any pair of synchronized config-
urations (w, y) is secured and thus is a configuration of the interaction. O

Since copycat satisfies the axioms for T of Lemma we have the following
isomorphism for any uncovered o : S — A, after simplification:

C(Ca®8) ={(x,y) €€(S) xEC(A) |ox ||y € €(Cy)}

Given such a pair (x,y) we write (x,y) for the corresponding configuration
of C4 ® S. Remember that from Lemma its events correspond to elements
of the graph of corresponding secured bijection. Those events are of two kinds:
internal events of the shape (s, —) with s € x and external events of the shape
(—,a) with a € y. This coercion will be kept implicit to ease the proofs. We can
now prove the main result.

PROPOSITION 2.67. For an uncovered strategy o : S — A, @qy ® 0 ~ 0.
PROOF. We define a bisimulation between ¢ and @4 ® o as follows:
R ={(x,{x/,ox)) € €(S) x €(C1®8S) | x Cg x}.

Remember the Scott order Cg from Section[1.2.4] Notice that if (x, (x/,0x)) €
R, then x Ux" € €(S), as otherwise there would be a minimal conflict with a
positive event, which is not possible for an uncovered strategy.

We now prove R is a weak bisimulation: assume (x, (x’,ox)) € R.

Assume x——SC . There are three cases:
(=08
e s5isnegative: then (x/,0x)—C (x/,ocx U {0s}) and
(xU{s}, (x,oxU{os})}) e R

e s is positive: then x’ U [s] € €(S). Otherwise, s (or one of its predeces-

sors) would be conflicting with a positive event in x’ (since x N x’ C* x’)

contradicting the fact that ¢ is an uncovered strategy. Hence:

(71‘75)
(x',ox) (X' U[s],ox)—C (x' U [s],ox U {os}),

which implies (x U {s}, (x" U [s],cx U {os})) € R.
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e s5is neutral: by a similar argument x U x’ U [s] € ¢ (A) (otherwise neutral
s would conflict with an event in x \ x’ which are all visible). It follows
that (x,y) C* (¥’ U [s],0x) and

(xU{s}, (X' U[s],ox)) € R

p
Assume now that (x/, cx) —C . We proceed by case distinction on p:

e (—,a7): since ox—c, by receptivity there exists s € S with x—C and
os = a. We have (xU {s}, (x',yU{a})) € R.

e (—,a"): Since o(x]) || cx € €4 and ox—C a0 € o(x]) and there exists
s € x' with os = a. Since x Ux’ € €(A), it follows that x U [s] € €(S).

Moreover x U [s] = xU {s}, because by courtesy immediate dependencies
of s are negative or neutral (or in the game) so must be in x. Finally

(xU[s], (x/,ox U {a})) € R.

e (s,—): as above, we have that x U [s] € ¢(S) and moreover by courtesy
x C* x U [s]. Hence:

(xUs], (X' U{s},ox) e R) O

To conclude, we need a well-behaved notion of uncovered strategies from A
to B, generalizing Lemma m
LEMMA 2.68. Let o : A—=B be an uncovered pre-strategy. There is an isomorphism
Cp®TB®TY = TAL|B ®0.
As a result, the following are equivalent:
(1) o is an uncovered strategy on A || B (ie. Ty p QO R 0),
(2) o satisfies @p ® 0 ® T ~ 0.
PROOF. We prove this by building an isomorphism: ap ® 0 @ @a = @413 ® 0.
First, remember that we have
apxoxap = (ca || B B)A(ANTAB)A(A] A ap)
@prp = Cyrpr(c || Al B)

By proving that C4 || Cp satisfies the corresponding universal property, it is
direct to show that

Ca | Cp=(Ca | BIB)A(A] A Cp)
As a result, we have
apx0xap = (Cp || Ch) A (|| Al B).
Moreover, we have the following isomorphism:
ollAlB = Allol B

1 1
A || B || Ae || Be Ae || Ai |l Bi || Be

1
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The subscript at the bottom (i for internal and e for external) are just here to specify
the isomorphism. Similarly, for copycat:

Chyp = Cy || Cp = Cy || Cp

! l l

Ai | Bi || Ae || Be = A || Ae || By || Be = Ac || Ai || Bi || Be

Notice that moving from (C ,, to (C4 consists in permuting its codomain.
By combining the two previous diagrams, we get the following diagram:

Cprp*o = (C4 || Cp) 0o

\EALHB*O’ LrB*ty

Ai | Bi | Aell Be = Acl Ai [l Bi || Be

TyLp®7 \ /

Ac || Be

from which the conclusion follows. O

At last, we have everything needed to build a category:

PROPOSITION 2.69. The following is a category CGg:

Objects: Race-free games,

Morphisms from A to B: uncovered strategies A—=B up to =,
Composition: composition of uncovered strategies,

Copycat: the usual copycat.

This category is also compact-closed, but we omit the proofs: this category is
built as an intermediary step on the way to essential strategies but will not be used
in the rest of the development.

5. Essential strategies

The category built in the previous section can be used to give interpretations
of concurrent and nondeterministic languages, sound for must-equivalence and
other testing equivalences. However no hiding is performed so the interpretation
of terms grows rapidly with the size of the term, even for closed terms of base
types. Moreover, weak bisimulation is hard to decide in practice. In this section,
we propose a setting that has the best of both worlds:

e we donothide divergences during the composition to remain sound with
respect to must-equivalence,

e we hide “synchronization events” that occur during the composition with
copycat to get a category up to isomorphism.

5.1. Essential events. To do that, we need to tell apart harmless synchroniza-
tion events from divergences. This is done through the notion of essential events:
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DEFINITION 2.70 (Essential events). Let ¢ : S — A be an uncovered pre-
strategy. An internal event s € S is essential when it is involved in a minimal
conflict, ie. there exists x € 4'(S) that can extend by s and another event s’ € S
such that x U {s,s'} & ¢(9).

Write Eg for the set of all visible or essential events of an event structure with
partial polarity S, and &(S) for S | Eg for the essential part of S. Finally, if ¢ :
S — A is a pre-strategy, write &(0) : &(S) — A for its essential part. Hiding
non-essential events does not change the behaviour up to weak bisimulation:

LEMMA 2.71. For o : S — A an uncovered strategy, we have o ~ & (o).

PROOF. Define R = {(x,xNEg) | x € €(S)}. We prove it is a bisimulation.
Let (x,xNEs) € R.

Extensions of x. Assume x can extend by an event s. Either s € Eg and then
x M Eg also extends by sin S | Eg and (x U {s},x NEgU {s}) € R as desired, or
s & Eg (then s is internal) and (xU {s},x NEg) € R.

Extensions of x N Eg. Assume x N Eg can be extended by an event s € Eg, and
xU|[s] € €(S). Since it is downclosed, it must be that x U [s] ¢ Cong. Since x and
[s] are consistent, there must exist x’ C x U [s] with two incompatible extensions
so € x and s1 € [s]. By definition, sy and s; are essential. This is absurd because
this would mean that (x’ N Es) U {sg,s} € xNEsU{s} € €(S | Es) but this set
is not consistent in S (hence not consistent in S | Eg). Having just proved that
x U [s] € €(S), the conclusion follows as (x U [s], {s} U(xNEg)) € R. O

The operation &(-) preserves uncovered strategies:
LEMMA 2.72. Foro : S — A an uncovered strategy, & (o) is an uncovered strategy.
PROOF. Straightforward. O

5.1.1. Another composition of uncovered strategies. Given uncovered pre-strategies
0 : A—>Band T : B—+C, define a new composition that hides inessential events:

TEOT=E&(T®0).

EXAMPLE 2.73. In Example we showed that sum ©® L is isomorphic to
copycat, as the divergence is hidden. In this setting, the interaction sum ® L be-
comes (the uncovered strategy for sum is given in Example [2.63):

proc* || (proct | proc)
run—
*1 M/
v v
run* run™t
v
done™ \

done™

The only minimal conflict is between % and x, hence sum ® L is:
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(proc proc)

done™

where the only inessential event run* was hidden.
Isomorphism and this new composition ® interact well together:
LEMMA 2.74. Isomorphism is a congruence for © and ® is associative up to =.

PROOF. Letc : S — A+ | B,o’ : S =~ AL || BandT: T — B+ || C,
7' : T" — B! || C such that there exists ¢ : ¢ = ¢’ and ¢ : T = 7’. Using the
universal property of the interaction we build an isomorphism:
(@I C) oy, (A 9)oTl) : (S C)A(AT)= (S [ C)A(A]T)
This isomorphism preserves essential events hence restricts to an isomorphism
Ter2t e
For associativity, the proof is delayed to Section [6] O

To get a category up to isomorphism, as before, we need to study the compo-
sition of uncovered strategies with copycat.

5.2. Composition with copycat. In this section, we fix an uncovered strategy
o : S — A and study the composition ¢4 © . Remember that through Lemma
[2.66] configurations of the interaction @4 ® ¢ have a simple description:

C(Ca®8) ={(x,y) € €(S) xE(A) |ox ||y € €(Cq)}.

As before, we write (x,y) € €(C4 ® S) for suitable x € ¢(S) and y €
%(C4). By Lemma[2.24} configurations of (C4 ® S correspond to those of C4 ® S
whose maximal events are visible or essential: this correspondence is left implicit.

Our result relies on an understanding of essential events of (C4 ® S. First, the
following lemma clarifies minimal conflict in C4 © S as originating from essential
events in S or already present in the game:

LEMMA 2.75. Let z € € (4 ® S) with two incompatible extensions p, p'. At least
one of the following two conditions are true:
(1) TIyp, I11p’ € S are both essential in S,
(2) TIyp,Iyp’ € A are both negative with (xcy ® 0)(zU {p,p'}) € C(A* || A).

PROOF. We apply Lemma at least one of IT;(zU {p,p'}) and I, (z U
{p,p'}) is not consistent. Since the second case is equivalent to (g ® 0)(z U
{p,p'}) & €(A* || A), we have the following two cases:
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o (xa®0)(zU{p,p'}) € €(AL | A): it follows that ITy(zU {p,p'}) &
% (S) hence ITyp,IT1p’ € S. Since the projection on the game is consistent,
IT;p and IT;p’ must be neutral and hence essential: we proved (1).

o If ¢y ® 0(zU {p,p'}) is not consistent in AL || A. Hence I,z has two
incompatible extensions IT,p, IT,p’ in C4 and I1,p and I, p are negative
in AL || A. This means that I'T; x has two incompatible positive extensions
IT;p and IT;p’. Since ¢ is an uncovered strategy, IT;p and IT;p’ cannot
live in S: they have to live in A: we proved (2). O

From that follows the key lemma:

LEMMA 2.76. For an essential s € S, ([s],0[s|) is a prime configuration [ps| of
€4 ®S. The mapping s € S +— ps is a one-to-one correspondence between essential
events of S and those of C 4 ® S.

PROOF. ([s],o[s]) is prime. Lets € S be an essential event. Remember that
events of the configuration ([s], o[s]) correspond to pairs of the form (sp, —) or
(—,0s0). Assume (—, 0sg) is maximal in ([s], o[s]). If sy is negative, then we would
have (—,0s9) < (so,050) (causal link induced by copycat). If sq is positive, then
there exists s) — s1 < s. By courtesy, s1 is visible, and we have (sg, 0sp) < (s1,051)
(induced again by copycat). As a result maximal events of ([s], o'[s]) are of the form
(so, —) with sg < s. It is easy to see that for sp < s, we have (sp, —) < (s, —). This
implies that (s, —) must be the top element of ([s], o[s]). This means that ([s], o[s])
is indeed a prime configuration [ps].

ps is essential. Let s € S be an essential event, and let x € %(S) and s’ € S
such that s and s’ are incompatible extensions of x. By definition of C4 ® S, it
is enough to show that ps is essential in CC4 ® S. The configuration (x,0x) €
%(C4 ® S) extends by both ps and ps’. If these extensions were compatible,
IT; ((x,0x) U{ps,ps’'}) = x U {s,s’'} would be a configuration of S: absurd. Hence,
ps must be essential. As a consequence, the mapping s + ps is indeed well-
defined. Its injectivity is straightforward.

Surjectivity of s — ps. Let p be an essential event of (C4 ® S. Since p is also
essential in C4 ® S, there exist w € ¥(C4 ® S) and p’ € C4 ® S such that p and
p’ are incompatible extensions of w. First, notice that I'j is actually total since (C 4
does not contain any internal events: hence Iyw extends incompatibly by Il;p
and IT;p’. This means that Iy p is essential, and p = p(IT1p). O

From this result, we fully characterize ¢4 ® o
LEMMA 2.77. Let 0 : S — A be an uncovered strateQy. Then ¢y © 0 = & (o)

PROOF. Since ¢ is an uncovered strategy, 0| is a covered strategy and there
exists ¢ : S| = L4 © S| by Theorem We now show how to extend this to

P:SIEs=C, 0S.

By Lemmal[2.76 for essential s € S, we define ¢(s) = ps € C4 ® S. The same
lemma implies that ¢ is a bijection, indeed (C 4 ® S contains only visible events (in
the range of ¢) and essential events (of the form ([s], o[s]) with essential s € S).
Both ¢ and its inverse are easily shown to be maps of event structures. O

This lemma calls for a natural definition of essential strategy:
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DEFINITION 2.78 (Essential strategy). An essential strategy ¢ is an uncovered
strategy where all internal events are essential (equivalently, such that & (o) = o).

Lemmacan be turned into an equivalence, generalizing the result of [RW11].

THEOREM 2.79. Let 0 : S — A be an uncovered pre-strategy. It is an essential
strategy if and only if €4 ® 0 = 0.

PROOF. By Lemma the direct implication is clear. Assume there exists
¢:5=@Q,®S. Since &(-) is idempotent, &(0) = ¢. By Lemma[.72} it is enough
to show that (C4 ® ¢ is an uncovered strategy.

Courtesy: Assume pT — p’ in the interaction CC4 ® S. By Lemma and
since p is positive, we have ILLp —¢, II,p’ and we conclude by courtesy of @,.
A similar reasoning applies for immediate causal links p — p'~ in @, ® S.

Receptivity: Assume a configuration (x,y) in C4 ® S such that y extends by a
negative a € A. Then clearly (x,y U {a}) € C4 ®S. Uniqueness is easy to check.

Secrecy: Assume (x,y) € € (4 ® S) with two incompatible extensions p; and
p2. By Lemmal[2.65) either x extends incompatibly in S by Iy py and ITyp; or ox || y
extends incompatibly in (C 4 by IT,p; and Il p;. In the first, case, this conflict is a
conflict between internal events, and in the second case a conflict between negative
events (by secrecy of copycat). O

Since isomorphisms preserve essential events, we deduce from Lemma
that @p © ¢ = 0 © @4 for an essential strategy o : S — A~ || B. Putting it together,
we get a category of essential strategies:

PROPOSITION 2.80. There is a compact-closed category CGg, of:
Objects: race-free games,
Strategies from A to B: Essential strategies A—B up to isomorphism,
Composition: the composition operator ®,
Identity: copycat.

PROOF. See Section[d O

Hiding defines a functor | : CG; — CGg, however the natural converse
operation mapping a covered strategy o to the essential strategy 4 ® o does not
define a functor from CGZ to CGg, but simply a lax-functor. (As the image of
sum ® L is only included in (sum® @) ® (L ® @)).

This functor is not faithful in general (since it hides essential events), but on
deterministic strategies, it is:

DEFINITION 2.81. An uncovered strategy o : S — A is deterministic when all
incompatible extensions s1, s, of a configuration x € ¢'(S) are negative.

LEMMA 2.82. An essential strategy o : S — A is deterministic if and only if | o =
0. Asaresult, |: CGg — CGZ is faithful on deterministic strategies.

PROOF. Straightforward. O

Since our games are race-free, @4 is deterministic [Win12].

In the next chapter, we build on CGg, a new compact-closed category, N—tCG%
which allows for non-linearity through symmetry. We end this chapter on the
proof of the categorical structure. (Proposition [2.69] Proposition 2.80)
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6. Proof of categorical structure

In this section, we provide proofs of the following:
(1) that @ is an associative operation (® was already proven associative),
(2) that || extends to a symmetric monoidal product ® on uncovered and
essential strategies,
(3) that the resulting monoidal structure is compact-closed with the duality
operation on games A — AL,
We recall that point (3) amounts to giving essential strategies 74 : 1—+=A+ ®
Aand €4 : At ® A—>1, that is essential strategies on AL || A, satisfying the
following equations:

A A

A A

Picking copycat for both 174 and €4,we are left to prove a diagram between
deterministic essential strategies which can be deduced from the compact-closure
of CG% via faithfulness of | (See [CCRW] for detailed the proof for CG%). In this
section, we only focus on the first two points.

6.1. Associativity of ©. We follow the same approach as in [CCRW]. The
study of the ternary composition relies on partial maps. For an event structure E
and V' C E there is a canonical partial map h : E — E | V defined as the (partial)
identity on V. In fact, any partial map can be factored through such a map:

LEMMA 2.83. Let f : E — F be a partial map, and V be the subset of events of E on
which f is defined. Then, f factorsas (f | V) ob (where f | V : E | V — F is total).
Moreover, for any other factorization f = go0gy with gy : E — Xand go : X — F, there
is a unique total h : E | V. — X such thathob = gyand gooh = f | V, as pictured in

the diagram below:
E
N
< ElV > X

A

We say that b : E — E | V has the parttal-total universal property.
In [CCRW], hiding maps are introduced as special case of partial maps:
DEFINITION 2.84 (Hiding maps). A partial map f : E — F is a hiding map
when it satisfies one of the three equivalent conditions:
(1) Writing V for the domain of f, there is an isomorphism ¢ : E | V = F

with o = f,
(2) The partial map f has the partial-total universal property,
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(3) There exists a hiding witness for f that is a map wit; : ¢(F) — ¢(E)
with f owits(x) = x for x € ¥'(F) and wits o f(x) C x for x € ¢(E).

This notion is very useful to establish that compositions of strategies are iso-

morphic as it reduces the problem to finding a hiding map between the interac-

tions. Hiding maps are stable under composition, and well-behaved with respect
to interaction:

LEMMA 2.85 (Zipping lemma). Let o : S — AL || B,o’ : S — AL || Band
7: T — B || C be uncovered pre-strategies. If b : S — S is such that T o h = o, there
exists a hiding map T® b : T® S — T ® S’ making the analogous triangle commute.
PROOF. Closed interaction. Assume thato : S — A,0’ :S' = A,7: T — Abe
uncovered pre-strategies and b : S — S’ a hiding map with ¢ = ¢’ o h. Define
BAT = (holl, 1) : SAT = S'AT
via Lemma From the witness function of b, it is straightforward to build a
witness function for h A T.

Open interaction. To prove the statement of the lemma, define T ® b to be (A ||
T) A (b || C): this is the desired hiding map. O

We can conclude:
LEMMA 2.86. Composition ® of uncovered pre-strategies is associative.

PROOF. Letc : S = AY || B,t: T — B | Candp: U — C+ | D
be uncovered pre-strategies. We already know that the interaction is associative
(Lemma [2.52), there is an isomorphism:

Ao U (T®S) = (UST)®S.

Applying Lemma to the hiding maps o : T®S — T® S and by :
U®T — UoT gives the following hiding maps:

bep®S bopor
bo(ep) = (UST)®S 2~ (U T)®S —~ (UaT)®S
u@ba,r h‘l’@tf/p

bonp=U®(T®S)—Us(TeS) —Uo(TeS)

Associativity amounts to the commutation of the outer pentagon of this diagram:

gz,
U® (T®S) L > (UaT)®S$
ha,(‘r/p) L oep Lb(a,‘t)/p
Ue (Te®S) > (UT)®S
00 (Te0) A H D ‘@)@a

The only thing to show is that the two maps have the same domain which
follows from the fact that as a, 1, is an isomorphism, it preserves essential events
(and visible events). By the partial-total factorization (Lemma [2.83), this diagram
induces an isomorphism ay 7, : (U@ T)©S — U© (T @ S) as desired. O

This technology makes proving Lemma elementary:
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LEMMA Foro:S— At | Band T: T — B || C uncovered pre-strategies,
(t®o), =1 00
PROOF. We want to establish an isomorphism:
(STOAANT) L Vies = ((Sy 1) A(AIT) L Vryes,
By Lemma this amounts to finding a hiding map with domain Vrgg
(SICYAANT) = (S, | C)A(A] T) 4 Vros,
We construct such a hiding map using Lemma [2.85|by composition:

T, ®b hr ®s
T®S RICEN T¢®S 7R TJ/®S¢ i TJ/@Si

O

6.2. A symmetric monoidal product. To show that CG% is symmetric monoidal,
we extend || from games to strategies as follows. Let ¢ : S — AL | B and
7:T — C* || D be uncovered pre-strategies. Define ¢ @ T as

SIT S (AL | B) || (Ch D)= (Al O)" || (B D)

We use the notation ¢ ® T to denote tensor product of strategies to distinguish
it from ¢ || T which is just parallel composition at the level of maps: ¢ ® T also
involves reordering on games. Itis easy to see that if  and T are essential strategies
then so is ¢ ® . This tensor operation also preserves determinism.

LEMMA 2.87. The operation ® is a functor CGg, — CGg,.

PROOF. Preservation of copycat follows from the same result holding in CG
(see [CCRW]) and | being faithful on deterministic strategies. Functoriality is
proved in a similar way as associativity: prove the interactions are isomorphic and
then use hiding maps to deduce the result on the level of composition. The key ar-
gument here once again is that essential events are stable under isomorphism. O

The unit for this operation will be the empty game denoted 1. To prove that
this functor (along with its unit) is actually a symmetric monoidal operation, we
need to define the corresponding structural morphisms. Such structural mor-
phisms will be lifted from the category of event structures as || is already a sym-
metric monoidal operation there. Presentation is also taken from [CCRWI].

DEFINITION 2.88. Let A, B be games and let f : A — B a receptive, courteous
map of event structures preserving polarities. Then, the map:

? : Cy = AJ‘”B
a — (At f)oaa(a)

is a strategy called the lifting of f. Likewise, if f : B — A” is receptive and
courteous, we define its co-lifting:

Fro.o@p — AL|B

¢ = (flIB)oas(c)
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Both liftings and co-liftings are deterministic uncovered strategies. The fol-
lowing key lemmas relate composition of strategies to lifted maps and composi-
tion of the corresponding maps in £.

LEMMA 2.89. Let f : B — C be a receptive courteous map of esps, and o : S —
A" || B be an essential strategy. Then, there is an isomorphism of strategies

foo=(At| foc

Likewise, for f : B+ — A* receptive courteous and o : S — B* || C an essential
strategy, there is an isomorphism of strategies:

cof=(f|Cor

PROOF. We prove only the first case (the second one being similar). We see
through Lemma 2.66|that @ ® 0 and f ® o have isomorphic interactions, that we
write (Cp ® S. Its configurations can be described as

{(x,y) € €(S) x € (B) | oax | y € €(Cp)}

where 03 : S — B is the obvious partial map, and the following diagram com-
mutes:

Cg®S

=
AllB|Lf

AllBI B AllBC

as both arrows map (x,y) to ox || fy. Since essential and visible events are pre-
served, we get the following diagram:

S— Z. @S

A|B Al C
Allf
using the fact that ¢ is an essential strategy, hence ¢ = @5 © 0. We conclude by
noticing the composite isomorphism (A || f) oo = f @ 0. O

From this lemma, we deduce the compact-closure:
THEOREM 2.90. CGg, is compact-closed.

PROOF. We know composition is associative, and that ® is a bifunctor. The
symmetric monoidal structure is lifted from £: diagrams and naturality all follow
from the corresponding diagrams and naturality in £ and Lemma

The dual of a game A is simply defined as A'. We have two strategies:

na : €4 — 1H[(AF]A)
ea : ©4 — (AlAHH]1

defined in the obvious way and satisfy the laws of a compact-closed category (as
proved in [CCRWI). O
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To prove that CGj is also compact-closed, one can slightly change the state-
ment of Lemma and conclude similarly — however we will not be needing this
in the next chapters.



CHAPTER 3

Thin concurrent games

From the age of uniformity, [...], greetings!

George Orwell, on uniform strategies
(1984)

In the previous chapter, we introduced a compositional framework to describe
strategies as event structures allowing for nondeterministic and concurrent be-
haviours. However, one major limitation of this framework is the linearity condi-
tion imposed on strategies (technically arising as the local injectivity condition on
maps of event structures). Strategies can play moves at most once in an execu-
tion. Since function calls are represented by moves, in CGg, only affine languages
(languages where variables are used at most once) can be modelled.

This local injectivity condition is key to define the pullback in the category of
event structures and composition of strategies. Without this condition, it is un-
known how to define the pullback of maps, at the heart of the interaction of strate-
gies. To circumvent this problem, we follow in this chapter another approach in-
spired from linear logic: a non-linear strategy on a game A will be seen as a linear
strategy on a derived game !A where moves of A have been duplicated: a single
move from A yields infinitely many copies of it, explicitly labelled by a natural
number, their copy index.

This duplication raises two difficult problems well-known in game semantics:

Equivalence relation. To recover a well-behaved structure (a cartesian-closed
category), a coarser equivalence relation is necessary to satisfy the usual categori-
cal laws of products and arrows. Indeed, composition by some copycat-like strate-
gies might tamper with copy indices and result in a similar strategy, which only
differs by the choice of copy indices.

Uniformity. If Player is allowed to play many times the same move, so must
be Opponent. Strategies should be receptive to these copies but should not act
differently depending on the index chosen by Opponent. Strategies should behave
uniformly with respect to negative copy indices.

This chapter introduces a compositional framework to solve those problems
by adjoining to event structures a notion of symmetry which can express that two
events are essentially the same (ie. correspond to same move). This symmetry is
represented as a proof-relevant equivalence relation permitting to mark the differ-
ent copies as “symmetric”.

Related work. The idea of adjoining copy indices to moves in order to repre-
sent nonlinear behaviours was first carried out in [AJMO00]. The necessity in our
framework to equip games with two symmetries, one positive and one negative,

61
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is reminiscent of Mellies” definition of uniformity in asynchronous games by bi-
invariance under the action of two groups, one for Player reindexings, and one for
Player reindexings [Mel03].

Outline of the chapter. Section [1|introduces the expansion process turning a
game A, with a specific shape (called an arena) to a game !A where moves are
duplicated. We provide a few examples of non-linear programs and their repre-
sentation in this setting and show that strategies on these expanded games support
a coarser equivalence relation allowing for a richer equational theory.

Section 2]introduces a generalization of event structures to support this richer
equivalence relation, called event structures with symmetry [Win07].

Section [3| exploits this new metalanguage and generalizes games and pre-
strategies to ~-games and pre-~-strategies satisfying uniformity, in a setting en-
riched with symmetry.

Section [4] explores how to compose these uniform pre-strategies and builds a
category of ~-strategies up to a generalization of isomorphism.

Section [5| defines a new equivalence relation on pre-~-strategies that allows
us to identify strategies up the symmetry given by the ~-games. For this relation
to be a congruence, ~-games need to be strengthened to thin concurrent games.

Finally Section [p] proves that the resulting compositional structure forms a
compact-closed category when restricting pre-~-strategies to ~-strategies.

Contribution of the chapter. The construction of the compact-closed category
in the setting without essential events is joint work with Pierre Clairambault and
Glynn Winskel [CCW15, ICCW14]. This chapter presents a generalization of this
construction to the framework using essential events, introduced in Chapter 2}

1. Expanded arenas

In usual game semantics, the base category (of simple games) is also linear, i.e.
naturally equipped with a symmetric monoidal closed structure, yielding a model
of the linear A-calculus. Two main solutions to overcome linearity arose. In the
HO approach, types are represented as arenas and strategies as sets of non-linear
plays (ie. plays where the same move from the arena can occur several times). In
the AJM approach, a x-autonomous category of simple games and linear strategies
equipped with an equivalence relation is first constructed. This category supports
an exponential comonad whose Kleisli category is cartesian-closed.

Our approach shares similarities with both methods. We first build a compact-
closed category N-tCG% whose equational theory is rich enough to support an
exponential comonad and recover cartesian-closed categories. However, we will
show (in the next chapter), how to isolate a cartesian-closed category inside ~—tCG%
that is closer in spirit to HO games: nonlinear plays on an arena A will be repre-
sented by linear plays on a derived game !A.

In this thesis, types will always be interpreted by certain games, arenas:

DEFINITION 3.1. An arena is a countable game satisfying

o Conflict-free. All finite sets are consistent.
e Forest. If ay,a, < a € A, then either a1 < a; or a, < ay.
o Alternation. If a; — ay, then pol(aj) # pol(ay).

For instance, the arena B for booleans is as follows:
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q
X ™
ttt i

Unlike in Chapter [2| there is no conflict between the two positive moves. This
implies that a strategy on this game can answer both true and false. The meaning
of such strategies will become clearer in Chapter|[5] Section [1.1.3]

Nonlinear plays. As mentioned earlier, we can represent a nonlinear strategy
on an arena A as a strategy (as introduced in Chapter 2) on a derived arena !A.
However !(-) will not be treated as an exponential modality (as in AJM games for
instance). In !A, moves are duplicated deeply in the arena tree, to permit playing
a certain move several times deep in the tree without having to play the events
below it several times as well. This deep duplication is represented using index
functions. An index function in an arena A is a pair (a4 € A,a : [a] — N). The
function « gives copy indices for every move in the causal history of a (including
a itself). Index functions naturally form an arena:

DEFINITION 3.2. Let A be an arena. Define the arena !A as follows:
e Events: index functions (4, &) on A
o Causality: (a,a) <i4 (a',a") whenevera <, a’and &’ [[;= a.
e Polarities: pol, ,(a,a) = pol ,(a).

The arena !B is (with IN = {0, 1} for the picture):

(@ 1a’)
v T
(tt*, [0, t0])  (tt*, [0 tt])  (fFF,[q0 £°)) T (fFF,[qC, £F])

(a7, [q')
~ v T
(t, [q5 %)) (et [qb eel])  (FF7,[qL £0)) T (FFT, [q, £F'])

The index functions are written as lists [*(?), b*(t), . ..]. This representation is cum-

bersome but also redundant. Indeed, if (q~,[q°]) — (tt*,a), we know automati-

cally that «(q) = 0 by definition of the causality in !IB. More generally, if we know

the causal history of a (a,a) € A, the only extra information we need about « is

a(a) as the rest of & can be looked up in the causal history. Since our diagrams al-

ways make causal histories of events explicit, we only need to represent the copy
index of the top element of an index function. Hence this is how we draw !IB:

7’0 —,

q q
PR XY

tt-‘r,O tt-‘r,l ff+70 ff+,1 tt+’0 tt+’1 ff+'0 ff+,1

1

This is justified by the fact that an event (4, «) € !A is uniquely determined by
(a,a(a),just(a, «)) where a is called the label of (a,a) (written 1bl(a, a)), a(a) the
index of (a,«) (written ind(a, «)) and just(a, «) the justifier of (4, «) defined as the
predecessor of (a,a) inside A if (2, «) is non-minimal (just(+) is a partial function).
Note that the predecessor must be unique because A (and !A) is a forest.
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Representing a strategy requires to be more careful. Every (non-minimal) vis-
ible move s of a strategy ¢ : S — !A has a justifier just(s) which is defined as the
unique move in [s] whose image is just(cs). Because strategies are not forests, the
justifier might not be apparent from the causal history in the strategy. Consider
the following two strategies on !(© — &) with explicit index functions:

!proc !proc
(©,[0%) (©,[e") (©,10%) (e,[e")
U =
(®,[c%, &%) (@ [c%e']) (& e) (@, [oh, e

If we want to use the implicit representation of the move labels in !A, we end
up with the same event structure:

!proc
ck ol
¢ > v
@? !

The ambiguity here is on the projection on the game: is it the left or the right
configuration of !proc?

!proc !proc
o? ol o? ol
Y \ Y Y
@0 ol @0 ol

To lift the ambiguity, we need to add more information about the implicit di-
agram to make it non-ambiguous, by indicating the causal history in the game by
pointer links from just(s) to s. This gives the following implicit representations:

!proc Iproc

-

ot of o1
O o> B >< I3
@0 ol @ @

Those pointer links have the same purpose as in HO game semantics: disam-
biguate which move justifies another move. The ambiguity caused in this example
by concurrency also occurs in a (sequential) higher-order setting. In our setting, by
courtesy, the justifier of a negative move is uniquely determined as its predecessor
(for the causal order of the strategy). As a result, in the HO terminology, config-
urations of a strategy are analogous to P-views since Opponent always points to
the preceding Player move.
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Symmetries on | A. It is tempting to relax isomorphism of strategies to recover
a richer equational theory. In our previous examples, we had complete freedom
over the choice of copy indices for positive moves. It is crucial that this choice does
not matter to recover a cartesian category (see Example .

Say an order-isomorphism 6 : x = y between configurations of ! A is a reindex-
ing iso when it preserves the label (Iblo 6 = 1bl). It is positive when it preserves
the copy index of negative moves (for all Y~ € x,ind 0 6(-y) = ind ) and negative
when it preserves the copy index of positive moves.

Those reindexing isos induce a weaker equivalence relation on strategies. Two
strategies o, T : ! A are said to be weakly isomorphic when there exists an isomor-
phism ¢ : S = T such that for all configuration x € %'(S), the bijection cx ~ T(¢x)
(induced by local injectivity) is a positive reindexing iso. This equivalence allows
us to capture strategies exactly up to the choice of copy index of positive events.

Firstly, we need to prove that weak isomorphism is a congruence. This re-
quires understanding the abstract structure of !A, as a thin concurrent game and
understand what expressive power can be granted to strategies while still pre-
serving the fact that weak isomorphism is a congruence. Those investigations will
come down to the construction of another compact-closed category N—tCG%.

In the next section, we first introduce the new metalanguage on which N-tCG%
is based: event structures are replaced by event structures with symmetry that ax-
iomatize the structure of reindexing isos of ! A.

2. Event structures with symmetry

2.1. Isomorphism families. We have seen that the game ! A is naturally equipped
with families of bijections expressing the fact that some configurations are sym-
metric. These families can be abstracted as isomorphism families:

DEFINITION 3.3 (Isomorphism family). Let A be an event structure and A be
a set of bijections between configurations of A. The family A is an isomorphism
family on A if it satisfies the following properties:

e (Groupoid) The set A contains all identity bijections, and is stable under
composition and inverse.

e (Restriction) For every bijection § : x ~ y € A and x' € €(A) such
that x’ C x, then the restriction 6 | x’ of 6 to x” is in A. In particular,
0x' €€ (A).

e (Extension) For every bijection 6 : x ~ y € A and every extension x C
x' € €(A), there exists a (non-necessarily unique) y C y' € ¥(A) and an
extension 0 C 0" such that ¢’ : x’ ~ ¢/ € A.

In this case the pair A = (A, A) is called an event structure with symmetry
(ess). We willuse S, T, A, B, ... to range over event structures with symmetry.

An isomorphism family on an event structure with partial (resp. total) polari-
ties A is an isomorphism family A on the underlying event structure such that all
bijections in A preserve polarities. In that case the pair (A, A) is called an event
structure with symmetry and partial (resp. total) polarities, abbreviated as sim-
ply as essp for the partial polarities case. The notations C* and C ™ are generalized
to symmetries of an essp, regarded as their graphs, in a direct way: 6 C* 6’ when
6 C 6’ and 6’ \ 6 only contains pairs of positive moves (and similarly for C7).
Essps will be key when defining strategies in this setting enriched with symmetry.
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Event structures with symmetry were first introduced by Winskel [Win07] in
a more abstract presentation based on spans of open maps. This abstract pre-
sentation will be used to lift the compact-closed structure of CGg to N-tCG% (see
Section@, but we chose the present concrete presentation in terms of isomorphism
families as it is more elementary.

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

LEMMA 3.4. Let Abeanessand 0 :x ~y € A. Then, 6 is an order-isomorphism.

PROOF. Lets < s’ € x. Applying the restriction axiom to ! and the con-
figuration [0s’] C y entails that ~1[0s'] is a configuration so it is in particular
down-closed. Ass’ € 671[fs'], it follows that s € §~1[fs’]. This directly implies
s < s’ as 0s € [6s]. O

Since 0 : x ~ y € A is an order-isomorphism, we will denote it via 6 : x = y
to indicate that it preserves and reflects the (implicit, inherited from <,) ordering
on x and y. Instead of 6 : x & y € A, we will also often use the more compact
notation 8 : x = ; y; and we will refer to 6 as a symmetry between x and y.

Given a bijection 8, write dom 6 and codom 6 for its domain and codomain
respectively. 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.

The axiom (Extension) is equivalent to its one-step counterpart:

LEMMA 3.5 (One-step extension). Let A be an event structure and A be a family of
bijections. It satisfies the (Extension) axiom if and only if for all 0 : x = ; y and extension
a € Aof x, there exists a’ € A such that 0 U {(a,a’)} € A (in particular a’ extends y).

PROOF. Straightforward by induction. O

The game !A along with its reindexing isos defined in the previous section
give rise to examples of event structures with symmetry.

PROPOSITION 3.6. Foran arena A, the sets ! A of reindexing isos, !A_ of negative
reindexing isos, and ! A of positive reindexing isos, are isomorphism families on !A.

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 Lemma Let 6 :
x =~ yand (a,a : [a] — IN) be an extension of x. Recall from the discussion below
Definition[3.2)that events in | A are entirely determined by their label, their justifier
(immediate causal dependency), and copy index. Define { = just (4, «). We set the
extension of 6 to be (&, B), where f is set to be the unique event of | A with justifier
6(Q) (or * if (a,«) was minimal), label a4 and copy index some fresh k not reached
in y yet. This yields 6 U {(«, ) } an order-isomorphism between configurations of
lA, preserving labels.

If6 : x %g+ yand (a,a : [a] — IN) is a positive extension of x, the same
reasoning applies. If it is a negative extension, then the unique possible extension
of 6 is («, p) where B has justifier 0(just (a,a)) (again with the convention that
6(x) = ) and copy index ind a. Such B cannot be in y already: indeed, its pre-
image through 0 would be an event with label 4, justifier just « and copy index

ind &« — so would be «, absurd since & ¢ x. The reasoning for IA_ is dual. O
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Basic operations on event structures extend to isomorphism families:

DEFINITION 3.7. Let A and B be ess. We build their simple parallel com-
position as (A || B,A || B) where A || B is the set of bijections of the form
01 | 02 : x || y =~ x' || v where x,x’ € €(A),y,y € ¢(B), 6, € A6, € B
and 61 || 6, is defined as (i,a) — (i,6;(a)).

If A is an essp, its dual A~ is the same event structure with symmetry with
reversed polarity.

Projection is not always defined: the set of visible events needs to be closed
under symmetry to ensure the symmetry can be lifted to the projection:

LEMMA 3.8. Let £ bean essand V C E closed under symmetry, in the sense that
forall@: x =gy, foralle € VN x, we have 0 e € V as well. Then, defining

EJV={0:x~y|xyeb(ELV), 30CO €E, 0 :[x]g = [yle}

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

PROOF. As usual the axiom (Groupoid) is clear. In this proof we abbreviate
[x]E to [x] for x € €' (E | V) for clarity.

(Restriction) Let§ : x ~y € E | V,and xg € ¥(E | V) such that xy C x.
By definition, 6 extends to 6’ : [x] = [y]. We have [xo] C [x]. Therefore, by
(Restriction) on E we have 6 C 0 with 6] : [xg]=y}. Since V is closed under
symmetry, 6) N V2 : xg >~y N V is still a bijection, which by definitionisin E | V.
It is clear by construction that 8) N VZ C 6.

(Extension) Let0 : x ~y € E | V,and x C xy € € (E | V). By definition there
is® C ¢ : [x] 2 [y]. We have [x] C [xo], therefore by (Extension) for E there is
0 : [xo] = yo. Again since V is closed under symmetry, 6 N VZ:ixg~yyNVis
still a bijection. By definition it is in E | V, and contains 6. |

2.2. Maps of event structures with symmetry. In the setting without sym-
metry, partial maps of event structures played a central role, providing an adequate
notion of labeling functions for strategies o : S — A. In our new setting with
symmetry, we will also need to consider a corresponding notion of partial map.

DEFINITION 3.9. Let A, B be event structures with symmetry. A partial map
of event structures f : A — B preserves symmetry iff forall 6 : x = ; v,

(1) fis defined ons € x if and only if f is defined on 0s,
() f0={(fa,fa') | (a,a') € 0 & fa defined} is in B.
In that case, f is a partial map of event structures with symmetry , written
f+ A — B. If Aand B are essps, then f is a map of event structures with
symmetry and partial polarities when it also preserves polarities.

Write £~ for the category of ess and total maps and £ for the category of
ess and partial maps. In £~ and £7°, 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 3.10. Let B be an event structure with symmetry and let f,g :
A — B be maps of underlying event structures. They are symmetric (written
f ~p §) when their domain coincide and for all x € €' (A), the bijection {(fs, gs) |
s € x & fs defined} is in B.
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For this definition to make sense, A does not need to be equipped with an
isomorphism family nor f, g need preserve it. This generality is useful to rephrase
the definition of weak isomorphism given in Section[I} Two strategies o, T are weakly
isomorphic iff there exists ¢ : S = T such that T o ¢ ~al o This is however, not

the end of the story: this equivalence is not a congruence.

EXAMPLE 3.11 (Uniformity problem). Let 07 and 0, be two strategies on !proc:

o1 : !proc 0y : !proc
run— " run— "
v, v)
done ™ donet !

Because there is an obvious isomorphism sending run to run—" and done ™ to

done™ ™, ¢ and 0, are weakly isomorphic.
Consider now the strategy T playing on (!proc)* || !proc:
(proc)* | Iproc
/ Tun
runt/ \\\
A/ v ll
done ™ __done ! ’

/
0

done™

The strategy T evaluates its argument and returns to toplevel only if its argument
returned with a copy index of zero (it diverges otherwise). As a result T ® o7 con-
tains a positive move whereas T ® 07 does not: they cannot be weakly isomorphic.

To solve this problem, we need only to consider those strategies that are blind
to Opponent’s choice of indices. This restriction is introduced in the next section.

3. Games with symmetry and uniform strategies

In this section, we show how to define a notion of uniform strategies. Forc-
ing strategies to be uniform amounts to forcing negative events that only differ by
their copy indices to have bisimilar futures. Symmetry is the right tool to ensure
this property: we should force those negative events to be symmetric in the strat-
egy. This means endowing strategies with a symmetry. Naturally, from partial
maps of event structures S — A strategies should become partial maps of event
structures with symmetry S — A.

First, we define the generalized notion of games in a setting with symmetry:

DEFINITION 3.12. A ~-game is an essp A such that for any 6 : x =; y, and
for any extensions  C* 6y : x; = ; y3and 6 C~ 6, : xp =4 yp, then 6; and 6, are
compatible: §; U6, € A.
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This extra condition is a generalization of race-freeness to isomorphism fam-
ilies. In particular, if A is a ~-game, then A is a race-free game by letting 6, 6;
and 6, be identities. This generalization is necessary to ensure that copyecat fits in
this new framework — see Section These ~-games naturally supports parallel
composition and the dual operation.

In the case of !4, it is not clear which isomorphism family (among !A, A,
!A_) to use as the codomain. Since we want S to contain all the negative symme-
tries (to ensure that negative symmetric moves have similar futures). It is natural
to ask that strategies should be certain maps of event structures with symmetry

0:8 — (IA,1A_). It is however not expressive enough:

EXAMPLE 3.13. Consider the following strategy on !proc:

run 0 run—!
v, v,
done™®  donet!

Writing S for this event structure, there is no isomorphism family S containing
a symmetry {rung} = {run;} such that the obvious labelling defines a map of

event structures with symmetry o : (S,5) — A where A = (!proc,(/!l;r\(;c/)_).
Indeed, by the extension axiom we would need to have 6 : {rung, doney} =¢

{runj, done; }. Note that 00 ¢ (/!1_);(;)7 since 00 does not preserve the copy index

of the positive move doney. However ¢80 € !proc.

3.1. Uniform pre-strategies. We now move on to defining (uncovered) strate-
gies in this new setting as certain maps of event structures with symmetry. As in
Chapter [2 we first investigate what minimal structure is necessary for compo-
sition, leading to a notion of pre-~-strategies. Then, ~-strategies arise as those
pre-~-strategies that are invariant under composition with copycat. Remember
that a map of event structures with symmetry o : S — A to a ~-game A induces
a choice of partial polarity that makes S an event structure with symmetry and
partial polarities. Remember also that, in this case, an event s € S is nonnegative
when it is positive (ie. os is defined and positive) or neutral (ie. s undefined).

3.1.1. ~-receptivity. First, as long as strategies are mere maps of event struc-
tures with symmetry, nothing prevents the isomorphism family from being re-
duced to identities. To force the symmetry on a strategy to be non-trivial, we
introduce the condition of ~-receptivity:

DEFINITION 3.14. If A is a ~-game, a partial map of event structures with
symmetry ¢ : S — A is ~-receptive iff for all 6 : x; = xp, for all negative
extensions s1 of x1, and ay of ox such that o0 U {(0s1,a2)} € A, there is a unique
so such that sy = ap, and O U {(s1,s2)} € S.

In the previous example, this condition forces {rung} =z {run;}. It is also
important for the pullback of pre-~-strategies to exist (See Section [.I). Remark
that ~-receptivity does not imply receptivity.

This condition indeed rules out non-uniform behaviours:

EXAMPLE 3.15. Remember the strategy o : !proc—=!proc of Example
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(proc)* | !proc
run—"
/ \
\
runt/ \
~~ v |

done " __done ! '

/
+.0

done

There is no symmetry S on S that makes ¢ into a ~-receptive map of event
structures with symmetry (S,$) — !proct || Iproc. Applied to the identity bijec-
tion on {(0,run"), (1, run™")}, ~-receptivity would entail that

6 : {(0,run), (1,run*"), (1,done )} = {(0,run""), (1, run™), (1,done ')}
By the extension property, there would be an event s of S such that 0 extends to:
{(0,run"), (1,run™*), (1,done ), (0, done ™)}

=< {(0, run~"), (1, run*"), (1,done '), s}.

In particular (1, done ') — s, which is absurd as there is no such event in S.

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

LEMMA 3.16. Let Abea tcgand o : S — A be amap of ess. Then, ¢ is ~-receptive
iff for all x € €(S) and sy a negative extension of x, for all idyx U{(cs1,a2)} € A, there
exists a unique sy such that o sy = a,, and we have idy U{(s1,s2)} € S.

PROOF. only if. Particular case of the definition of ~-receptivity.

if. Assume 6 : x; =z xo, with x; extended by a negative s;, and ¢ x; ex-
tended by a negative a, such that ¢6 U {(cs,a2)} € A. By (Extension), there
is an extension of the form (s1,s]) of 6 (with sj € S). Since ¢ is a map of ess,
we must have 00U {(csy,0s)} € A as well. By (Groupoid), it follows that
idox, U{(cs},a2)} € A. By hypothesis, we get a unique s, such that rs; = ay,
satisfying idy, U{(s},s2)} € S. Finally, by (Groupoid) again, 6 U {(s1,s2)} € S. O

3.1.2. Thin strategies. To make sure that essential events are closed under sym-
metry (for the hiding to be well-defined) we ask that symmetries of strategies
should be well-behaved: nonnegative extensions should be unique[’]

DEFINITION 3.17 (Thin symmetry). If Ais a ~-game, for o : S — A a partial
map, then the following conditions are equivalent:

(i) For all 0 : x =¢ y such that x—c x' for a nonnegative s € S, there is a
unique s’ € Ssuch that U {(s,s')} € S.

(ii) Let x be a configuration of S that can be extended by a nonnegative s € S.
Then, for all § € S whose domain is x U {s} and which contains id, we
have that 6 = id, ().

“In [CCW14], the problem with essential events does not occur, as there are only covered strategies,
and the thin condition is only required later to ensure that weak isomorphism is a congruence.
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Then we say S (and 0) is thin .

PROOF. The condition (ii) is just a special case of (i). We prove (i) assuming
(ii). Let 6 : x = y and a positive extension s to x. Assume there are two extensions
of 0 tox’ = xU{s}: 61 : ¥’ 25y and 6 : ' =5 . Since both contain 6, 6, 0 6,
extends id,, by a positive (61 (s), 02(s)). By (ii) we have 6 (s) = 6>(s), hence 6; = 6,
follows as desired. O

Towards composition, we check that the set of essential events of a pre-~-
strategy is indeed closed under symmetry (~-receptivity is not necessary for this
result to hold):

LEMMA 3.18. Let A be a ~-game, and 0 : S — A a map of event structures with
symmetry such that S is thin. The set of essential events of S is closed under symmetry.

PROOF. Let s; € S be an essential event and x € %(S) with incompatible
extensions s; and s,. Consider 8 € S defined at s;. Write 6, for the restriction
of 6 to x. Since x extends by s;, then there exists 5’2 € S, extension of 0x and
0: U {(s2,85)} € S. If 0x U {0s1,s5} is not a configuration of S, then this proves
that 0s; is indeed an essential event.

Otherwise, (0x U {s2,55}) ! can extend via (6s,s]) for some s} and:

xU{s)} 20xU{0s1} = xU{s1}

This particular isomorphism is the extension of the identity on x by the non-
negative pair (s, s1) hence by thin s; = s/. But this means that x U {sy,s,} € €(S)
which is absurd. O

3.1.3. Pre-~-strategies. We can now generalize uncovered pre-strategies:

DEFINITION 3.19 (Pre-~-strategy). A pre-~-strategy on a ~-game A is a ~-
receptive partial map of event structures with symmetry o : S — A such that S is
thin. Similarly a pre-~-strategy from tcg A to tcg B is a ~-receptive map of event
structures with symmetry S — A" || B such that S is thin.

Note that we dropped the uncovered attribute: strategies will be uncovered
by default. Any pre-~-strategy & — A induces a (uncovered) pre-strategy S —
A by simply forgetting the symmetry. Note that ~-receptivity only implies the
uniqueness part of receptivity, not the existence. If ¢ is both receptive and ~-
receptive, we say it is strongly receptive.

As aresult, any pre-~-strategy ¢ : S — A induces a visible parto| : S | V —
A where V is the set of events sent to A, via Lemma 3.8

3.2. Copycat. As a key example, we show how the copycat strategy can be
equipped with a symmetry, and made into a pre-~-strategy. Recall that the copy-
cat strategy on game A:

Ty : « A — AJ' || A
where (C 4 has the same events as A+ || A, but additional immediate causal links
from negative events on one side to their positive counterpart on the other. Con-
sequently, configurations x € €' ((C ) decompose as x = x1 || xp € T (AL || A).
The following definition is forced by the requirement that the map a4 should
be a map of ess, and that each symmetry should be an order-iso.
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DEFINITION 3.20. Let A be a tcg. Given x = x1 || x2 € €(Ca), ¥y = y1 ||
Y2 € €(C,), the set of symmetries between x and y (written (C ;) comprises any
bijection 6 = 6 || 6, such that 6,6, € A, and which is an order-iso (for the order
on x,y induced by <c,).

This intuitive definition makes sense. However in order to reason on such
symmetries, it will be convenient to rely on a more high-level characterization that
does not explicitly require an order-isomorphism. To introduce it, recall first from
Chapter 2| that configurations x € €' ((C,) are exactly those x1 || x, € € (A || A)
such that (with polarity in A):

2T xNxp Chx

Furthermore, this relation between x, and x; is a partial order called the “Scott
order”, written x; C 4 x1. If A is a tcg, we now observe the following.

PROPOSITION 3.21. The set (C ; is equivalently defined as comprising the bijections
Ol 62:x1 | x2 >4 201 [l v2

satisfying the further condition that for all a € x1 N xo, we have 61 (a) = 6;(a).
In other words, C ; comprises the bijections 61 || 6, € AL || A such that 6, O~
01N, CT 6y, 1ie.
0 C ;61
This justifies the notation (C 5, as this agrees with the description of configurations of
copycat via the Scott order.

PROOF. Take 6 = 6, || 0 : x1 H Xy = Y1 || Y.

If 0 is an order-isomorphism, then take a € x; N xp. Assume without loss of
generality that pol 4 (a) = +, so that we have (0,a) — (1,4) in (C4. But then since
6 is an order-iso, it preserves immediate causal dependency, therefore (0,67 a) —
(1,6, a). But since these two events are in different components of AL || A, this
necessarily means that 61 a = 6 a as required (using Lemma .

Conversely, assume that for all 4 € x1 N xp,0;a = 6 a. Using again Lemma
it is immediate that 6 preserves immediate causal links. The same reasoning
applies to 0! (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. O

We now check the axioms for isomorphism families.

LEMMA 3.22. The family (C 4 satisfies the axioms (Groupoid) and (Restriction) of
isomorphism families.

PROOF. Immediate from Definition[3.20l O

We prove the extension axiom separately: it relies on the extra axiom of ~-
games (see [CCW14] for a counterexample without this condition):

PROPOSITION 3.23. Let A be a tcg. Then, writing (C 4 = (C4,C ), the map
@A (C_A — .AJ‘ || A

is a pre-~-strategy.
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PROOF. (C is an isomorphism family. By Lemma we already know that
(C ; satisfies all axioms for an isomorphism family except for (Extension), which
we establish now.

(2,2)
Let; || 02:x ||y =, x' || y'. Assumee.g. x || y—C . There are two cases:

e If pol,(a) = —, then by (Extension) for A+ || A we have 6; || 62 C 6; ||
0, € A+ || A whose domain is x || y U {a}. Its codomain is x’ || ¥’ U {a'}.
Since pol , (1) = —, we cannot have a’ € ¥’ —indeed x' D1 X' Ny’ C~ ¢/,
so we would have 4’ € i/ as well, absurd. So we have x' N (y' U{a'}) =
Ny CTx,and X' N (Y U{d'}) =x'ny C ¥y C y U{a'}, which
establishes that x’ || (v U {a'}) € €(C4).

Likewise we have 6; N6, = 6; N 6,, hence we still have 6; N6, C* 6;
but also 61 N6, C~ 6, C~ 65, therefore 6, || 05 € C .

e Ifpol,(a) = +ispositive thena € x as well. Thus, [a) C x Ny. Therefore,
we have (xNy) U {a} € €(A), and (xNy) U {a} C x. Define ] = 6; |
(xNy)U{a}. We have:

01 27 6,N6, C 6,

By construction, the domains of 6] (which is (x Ny) U {a}) and the do-
main of 6, (which is y) are compatible, so by definition of ~-games,
65 = 0, U6, € A, and by construction its domain is y U {a}. To sum
up, we have:

61 2T 6,N0 C 6
Hence 6; || 0 € C ; provides the required extension.

@, is a pre-~-strategy. It is obvious that @4 : C4 — AL || A preserves
symmetry. It remains finally to show that it is ~-receptive, for which we apply
Lemma[3.16]

~-receptivity: Assume x || y € € (CC4) can be extended for instance by (2,a7)
in @4 and by (2,b7) in A+ || A, such that:

idy || (idy U{(a,b)}) € A+ || A

We need to check that this is a valid extension in (C ; as well. By the charac-
terization of Proposition we only have to check thatidy ¢ = (id, U{(a,b)})c
for each ¢ € x N (y U {a}), but in fact we must have ¢ € x Ny. Indeed, we cannot
have s € x,asby x D7 xNy C~ yand pol,(a) = — that would imply a € y as
well, absurd. So the verification is obvious.

Thin. Assume we have id,, that can be extended by a positive (e, ¢’) to 6 in
(C ;. For instance e = (1,4) and ¢’ = (1,4") (right component). By construction of
copycat, since (0,a) — (1,4) we must have 0(0,a) — 6(1,a). Since 6(0,a) = (0,4)
and 0(0,a") = (1,4') it follows that (0,a) — (1,4’) hence a = a’ as desired. O

Having defined games and pre-strategies in this new metalanguage of event
structures with symmetry, we now look at how composition should be updated.

4. Composition of uniform strategies

In this section, we investigate how to generalize the definition of composition
from Chapter [2| to uniform strategies. The difficulty is to build an isomorphism
family on top of T @ S, which amounts to show that uniform strategies compose.



74 3. THIN CONCURRENT GAMES

4.1. Interaction of pre-~-strategies. Remember that, in the covered case, in-
teraction is given by pullback. However, the category £~ of ess and total maps
does not have pullbacks in general:

EXAMPLE 3.24. Consider A the following event structure:

LN LN,

Write A for A equipped with the maximal isomorphism family: all order-
isomorphisms are in the family. Write .A; for the sub-event structure with symme-
try where -1 can only be sent to itself and to -3; and -5 can only be sent to itself and
to -4. Similarly, write A, for that where -1 can only be sent to -4 and -, to -3.

We have the following diagram:

.A1 -AZ
A

where id is the identity on events but not the identity map in £, since the isomor-
phism families are distinct.

Assume this diagram has a pullback (.A3,11;,1I1;). Since the projection func-
tor (A,A) — A : &~ — & has a left adjoint (the functor taking A to (A, {idy |
x € €(A)})), it preserves pullbacks up to isomorphism. So the underlying event
structure of A3 is A and the projection maps are both identities on events. The
isomorphism {(-s, )} : {"a} =4, {-p} mustbe in Aj as it is in both A; and A,.
However, its left-hand side {-;} can be extended with -1, so by the extension prop-

erty we have:

{Carp) Coi)t s Lot =4, {orvid
with i € {3,4}. But by construction such an isomorphism cannot be in both A;
and Aj, absurd.

The problem is that the two isomorphism families do not agree on the exten-
sion. This will not happen if the maps are ~-receptive and have dual codomains:
any extension will be negative for one of the two strategies involved. This pre-~-
strategy will be receptive to any extension the other one chooses, by ~-receptivity.

Consider two pre-~-strategies 0 : S — Aand 7: 7 — A' on dual games. If
0:w~zwithw,z € €(SAT)issuch that

(%) IT; p is defined iff I'y (fp) is defined for p € w (and similarly for IT,)

then g := I160 : ITjw ~ Il;z and 07 := 11,0 : Il,w ~ Il,z are well-defined
bijections. This remark allows us to define the symmetry on the interaction S A T.
On top of S A T, consider the family S A T containing those bijections 6 : w = z
satisfying (*) such that 65 : Iljw ~ ITjz € S and 07 : [lhw ~ [,z € T. Bearing in
mind the correspondence between configurations w of S A T and secured bijections
of the shape

Mw || (Thw)s ~ (Thiw), || Thw.
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In the following, such bijection will be abbreviated as

o T

le

(c AT)w Iw .

There is an order-isomorphism between those bijections § € S A T and commuta-
tive squares between the corresponding secured bijections (ordered by component-
wise union):

hw—< (0 AT)w) =—TTw
052l ol
Lz —< (e AT)w) =— Tz

This construction satisfies a straightforward generalization of the universal
property of Lemma Remember that if we have two maps ¢ : S — A and
T:7 — B,aconeisatuple (X,f : X = §,¢g: X — T) such that the square
commutes. A cone (X, f,g) does not synchronize on neutral events when for
s € X such that f s and g s are defined, then sois o(fs).

LEMMA 3.25. Let A be an event structure with symmetry and total polarities (all
events are either positive or negative). Let o : S — Aand T : T — At be ~-receptive
maps of ess. We have:

(1) SAT = (SAT,SAT) is an event structure with symmetry,

(2) themapsI1y : SAT — SandIly : S AT — T preserve symmetry,

(3) the cone (S N'T,114,11y) is universal among cones (X, f,g) such that f and g
do not synchronize on neutral events.

The proof of this lemma crucially relies on ¢ and 7 playing on dual games.

PROOF. (1) The (Groupoid) and (Restriction) axioms are direct consequences
of the corresponding conditions for S and T. We check extension.

Let 6 : w =, ; z. Assume w can be extended by an event p € SAT to w'.

Extension by a neutral event. Assume (0 A T)p is not defined. As a result, either
IT;p is defined or Ilpp is. Assume Il;p is. Then 05 : Ilyw = II;z can extend
by (I1;p,s’) by extension of S. Since s’ is a neutral event for S, there exists an
extension p’ € SATofzand ITyp’ = s'. Asaresult 6 extends by (p, p’) as desired.

Extension by a visible event. Assume (o A T)p is defined. Since ¢ and T have
dual codomains, w.l.o.g, we can assume that s := Il p is positive and ¢ := II,p is
negative. We have the following picture:

I w 7 (cAT)w I w

t
RN e
w—<(cAT)wE—ThLw
052l ol
a T
hz—(cAT)z=——TIz

S
We first use the extension property on 6 as ITyw—C : 05 extends by (s,s’). Since
085 = 707, this means that T01 extends by (s, ¢s’) which is negative in A*. By
~-receptivity of 7, it follows that 67 extends by (¢, ') with Tt = s and ' = 0’
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The picture is now:

I w z (cAT)W ———— T w

J\ /
S
Lw—<(cAT)w=—TILw
Uls os2ll ¢ o7l Al
Lz—%(cAT)z=—TLw

The obtained bijection ¢ : z; ~ z; is secured. As a result, w’ extends by some
p' € SATwithIip' =’ and [I,p’ = #, and 6 extends by (p, p’).

(2) Consequence of the definition of S A T.

(3) Assume we have two morphisms ofess ¢ : X = Sand ¢ : X — T not
synchronizing on neutral events, such that the square commutes:

X

A

e

/N

N LY

A

Applying the universal property at the level of event structures (Lemma[2.47),
there is a map of event structures (¢, ) : X — S A T making the two triangles
commute, which is unique in £. This uniqueness lifts to £7” as the forgetful func-
tor £ — & is faithful. To conclude we need only to prove that (¢, 1) preserves

~

symmetry and is thus a morphism in £7°. An isomorphism 6 : x =3 y is trans-

ported to a bijection (¢, ) 6 : (¢, ) x ~ (¢, P)y such that ({(¢, ) 0)s = ¢ 6 and

({g,¥) 0)r = ¢ 6, thus (@, ) 8 € S A T by definition. O

We note in passing, that when both symmetries are thin, the resulting sym-
metry is trivial: none of the strategies can start to introduce non-trivial symmetry.
Call a map of event structure o : S — A !-receptive when for all x € ¥ (S) with
two negative extensions sy, sy, if 0s; = 05, then s = s,. This condition corre-
sponds to the uniqueness part of receptivity, and is exactly what we need for the
following. Note that, in general pullbacks of non ~-receptive maps do not exist,
but in this case (because of thin and !-receptivity), they do:

LEMMA 3.26. Let o : S — Aand T : T — At be thin and -receptive maps of
event structures with symmetry. The family S A T is trivial (reduced to identities), and as
a result, an isomorphism, and the pullback of o and t.

PROOF. We prove by induction that all bijections in S A T are identities. Let
z € €(SAT) and assume id, extends by (p,p’) to 8 € S A T. Assume for instance
I1; e is nonnegative in T (the other case is similar). By construction idyy, , extends
to 07 = I, 0 € T by positive events (T, p, I, p’), hence Il p = IT, p’ and 07 is
the identity because T is thin. By local injectivity of IT; it follows that p and p’
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must be equal, or incompatible extensions of z. But if they are incompatible, by
properties of the interaction (Lemma it means that I'T; p and I1; p’ are incom-
patible extensions of I1; z mapping to the same event in the game, contradicting
I-receptivity of o. Hence p = p’ and 6 is the identity. O

As we will see later, even though there are non-trivial symmetries in the in-
teraction of thin pre-~-strategies because the symmetries on .4 and C are not thin,
whenever the interaction stays within B the phenomenon above applies, and the
symmetry is trivial. In particular, a bijection in the symmetry of the interaction is
fully determined by its restriction to visible events (cf. Lemma [3.28).

4.2. Composition of pre-~-strategies. We have seen how to adapt the inter-
action of pre-strategies in the presence of symmetry. We now move on to defining
composition of pre-~-strategies. In this section we consider ¢ : S — A" || B and
7:T — Bt || C two pre-~-strategies.

4.2.1. Interaction. We apply Lemma to the following pre-~-strategies:

clct:S|ct— At B|ct AT A|T—A|B|cC,
resulting in the map
@0 =(|[CHAMI D) (STONAIT)=AlBlC—AJC
The resulting isomorphism family on T ® S is thin:
LEMMA 3.27. The isomorphism family on T & S is thin.

PROOF. Letz € €(T®S) and 6 : zU {p} Srgs Y {p'} a nonnegative ex-

tension of id,. At least one of I1yp or II,p is nonnegative in S or T respectively.
Assume for instance the former: IT;p and IT;p’ correspond to events s € S and
s’ € S respectively. By definition of the symmetry on the pullback, 6 induces
61 : Thi(zU {p}) =g)c Th(zU {p'}) which by projection on the S component
yields an isomorphism zs U {s} 2z zs U {s'} for some z5 € %(S). Since § is thin,
s=sand IL1p =ILp.

If p and p’ are compatible extensions of z, then by local injectivity of ITy, p = p’
as desired. Otherwise it means that IT,p and I1,p’ are incompatible extensions of
ITyz. Since IT1(z U {p,p’}) is consistent, this could only occur if ITp and ITp’
lived in T (and were incompatible there). In that case, since Il;p is nonnegative,
it must be that it is actually positive and II;p negative in T. By ~-receptivity of T
it must be that IT)p = I p’ as it should be unique extension of IT,z by the event
(T ® 0)p of the game. O

4.2.2. Hiding. To deduce that essential events of T & ¢ are closed under sym-
metry, Via Lemma[B.18|the set V = {p € T® S | p is essential or visible} is closed
under symmetry (as the union of two closed sets) so we can define 7 ® S =
T ®S | V and the obvious mappingt@c: 7T ®8 — A | C.

It is however thin, as a consequence of the unique witness property: a sym-
metry between configurations of the composition induces a unique symmetry on
their downclosure in the interaction:

LEMMA 3.28 (Unique witness). Letc : S — A+ || Bandt: T — B+ || C be
pre-~-strategies, and V the set of external events of T ® S (ie. those sent to A or C).
Let 0 : x =g cyand 0 : x g sy such that 6 NV? =6/ N V2 Then 6 = ¢,
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PROOF. By hypothesis, we have that yN'V =y’ N V. Note that 0 0 6’1 : y// =
y e (S]E)A(A | T) and contains id,ny. As a result, 6 o ! actually belongs to
(S| C=) A (A= || T) where C— and A_ denote respectively the C and A adjoined
with the trivial symmetry reduced to the identities bijections.

This is a pullback of thin !-receptive maps, so 8 o 8! is an identity bijection
(Lemma [3.26) which implies 6§ = 6'. O

We can now deduce that T © ¢ is indeed a pre-~-strategy.

LEMMA 3.29. Letc : S — AL | Band T : T — Bt || C be pre-~-strategies.
Then, T © 0 is a pre-~-strategy.

PROOF. Throughout the proof, we use [-] to abbreviate [-|7gs.

Thin. Letz € ¥(T ® S) such thatid, extends by (e, ¢') to 0 : x 2y € T ® Swith
witness [0] : [x] Zrgs [y]. Write 6 for [0] \ {(e,€')} : xo = yo. By hypothesis, 6,
behaves like the identity on the visible part of xy. Hence, by Lemma 6o is the
identity on x(. Since idy, = 6 can be extended to by (e, ¢’) which is nonnegative
in T ® S, we can conclude by Lemma

~-receptivity. Let 0 : z = win T ® S with a negative extension p of z in
T ® S. Assume moreover (T © ¢)6 extends by ((t® c)p,c) forc € AL || C that we
consider in C without loss of generality.

Existence. In T ® S, we have the following extensions:

[z] €72 e
where the first extension is only by inessential neutral events. Using extension of
T®S§,[0] extends to 0 : 2’ =5 ¢ w' forsomew’ € €(T®S).

We now project on A || T: (A || 7)(I120") extends by (I p,c) which by ~-
receptivity of A || T, means that ITw’ extends by ' € A || T (actually it is in
T) and 1,0 U {(ITap, ')} is a valid extension of IT,6. It is easy to see that IT;w’
extends by (2,¢) € S || C as well. As a result, w’ extends by aneventp’ € T® S
projecting to c in the game, and 6’ U {(p, p’)} is a valid symmetry of T® S. As a
result 8 U {(p, p')} is a valid extension of §in T ® S.

Uniqueness. Consider two such extensions of z, p; and p,, and two extensions
of 6, 6; and 6,. The extensions [z] C [z] U [p1) and [z] C [z] U [p2) only contain
inessential events, so they are compatible, and z’ = [z] U [p1) U [p2) € € (T ®S).

By the extension property, [0] extends (only by inessential pairs) to 6’ : w’ = 2’
for some extension w’ of [w]. Projecting to A || T, we get IL0' : ILhw' = IzZ'.
Since w’ can still extend by p’, IT,w' can extend by IT,p’. Likewise, T(ITz’) can
be extended by c. However, z’ can be extended in two ways: either by I1,p; or by
I1,p,, both of which give an extension of 110 defined on p. By ~-receptivity of
A || T, Ipp; = Iy py. Since Iy p; = I1ypy = c as well, p; = p; as desired. O

Note that uniqueness for ~-receptivity relies on essential events; indeed in the
covered setting ~-receptivity is not stable under composition on its own [CCW14].

4.3. The category N-CG%. From there, we can construct a category, general-
izing the constructions of the previous chapter. First, we define ~-strategies as in
Chapter

DEFINITION 3.30. A ~-strategy on a ~-game A is a pre-~-strategy o : S — A
on A such thato : S — A is an essential strategy.
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To get a category, we still need to quotient by an equivalence relation. Isomor-
phism is generalized in a straightforward way:

DEFINITION 3.31 (Strong isomorphism). Leto : S — Aand o’ : &' — Abe
pre-~-strategies. They are strongly isomorphic when there exists an isomorphism
¢ : S =2 8’ of event structures with symmetry making the usual triangle commute.
In this case, we write ¢ = ¢”.

This definition allows us to construct a category of uniform strategies, up to
strong isomorphism:

PROPOSITION 3.32. The following is a compact-closed category ~ —CGg:

Objects: ~-games,

Morphisms form A to B: ~-strategies on A~ || B up to strong isomorphism,
Composition: ©,

Copycat: the copycat enhanced with symmetry.

PROOF. We omit the proof as this result is not needed in the rest of the docu-
ment. However, Section 6| provides most of the arguments for the proof. O

5. Weak isomorphism

We have seen how to build a category of uniform strategies. However, strate-
gies are still compared using strong isomorphism — in particular, the symmetry
on the game plays no role in the equivalence relation on strategies. It is possible
to change that by using the equivalence relation ~ on maps of event structures
with symmetry by asking that T o ¢ ~ 4 ¢ instead of requiring an equality. How-
ever, proving that such an equality is a congruence is not easy. We cannot rely on
the universal property of the interaction since our morphisms do not commute on
the nose anymore. We need to generalize the universal property to account for
symmetry.

Establishing the generalization proved very hard, and requires splitting .A into
a negative sub-isomorphism family .A_ and a positive one A, abstracting the set-
ting for IA that can be split into a negative and a positive part. This is reminiscent
of Mellies’” notion of uniformity [Mel03] in terms of bi-invariance under group
actions, the two groups being Opponent reindexings and Player reindexings. Ax-
iomatizing this decomposition leads to the notion of thin concurrent game:

DEFINITION 3.33. A thin concurrent game (tcg) is an essp A with two addi-
tional isomorphism families A and A on A such that:

(@) The families A, and A_ are subsets of 4,

(b) If 0 € A N A_ then 6 is an identity bijection,

(c) If0cA_andf C— ¢ € Athent' € A_,

(d) f0c A, andf CT 0 € Athen € A,.
where  C~ 6’ (resp. 6 C* 0') means that 0 C ¢’ such that 6’ \ 6 only contains
events of negative (resp. positive) polarity. The triple (A, A_, A;) will be often
written simply A to ease notation.

In general, from a ~-game, one cannot extract such a decomposition because
of pathological cases. However, if one restricts to local isomorphism families —
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those generated by an equivalence relation on events — one can recover the decom-
position. Remark that this definition does not ask that tcgs be ~-games: indeed, it
follows from the axioms (Lemma [3.37).

Given a tcg A, we will write A_ for the event structure with symmetry (A, A_)
and A for (A, A4). Thin concurrent games support the usual operation on games:

DEFINITION 3.34. Given a tcg (A, A_,A,),its dual is
(A A, A )t = (AL AL AL
Note that the two additional isomorphism families are swapped.

Likewise, the simple parallel composition of (A, A_, fLr) and (B, B_, B+) is

performed component-wise:
(ArA*r AJr) ” (B, B'*/ B+) = (-A ” B, A H B*rA+ H A+)
where parallel composition of sets of bijections is defined as in Definition[3.7]

5.1. The decomposition lemma. We first make formal the intuition of decom-
position by showing that symmetries in .4 uniquely decompose into a part in .4 _
and a partin A4.

LEMMA 3.35. Let Abeatcgand x € €(A).

o Ifid, C* 0 € A_ then § = id, for some x Cy € €(A).
e Ifidy C~ 0 € Ay then 6 = id, for some x Cy € € (A).

PROOF. The two items are dual; we only detail the first. Since idy € A, (d)

entails that§ € A, ,s060 € A N A_, hence the conclusion follows by (b). O

PROPOSITION 3.36 (Decomposition lemma). Let A be a tcg. The following func-
tion is an order-isomorphism:

A_ XA A+ — A

6-,0M) 0 o8t
where A_ x4 Ay = {(67,07) € A_ x Ay | codom6* = dom 6~} is ordered by
pairwise inclusion and A is ordered by inclusion.

PROOF. The map is well defined because A_ and A are included in A.
Injectivity. Assume we have § = 0 00 = 60, 065 : x =4 y. In other words
we have the following commutative square:

21
\\l
f7/ Yoz
x Yy
\QLQX 0
7 o
X Zn
By using groupoid laws we get that 6] o (6;)7! = (91_)_ oy 1z1 2 zp €
A_ N A4 hence it is equal to the 1dent1ty 71 =125,0] =65 and 6, =6, .

Surjectivity. By induction on 6 € A we build a pre-image. If 0 is empty then
(@,) is suitable.
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e . 9+ 97
Assume we have the decompositionof 6 : x =; yintox =4, z=4; yand?¥
extends to 0’ : x’ = i/ by a pair of fixed polarity, say positive. We use the extension
axiomon 6~ togetd~ C 0’ :z/ =; . Itfollowsthato™ C (6/7) 1o :x' 2252
is a positive extension of 7 so it must belong to A by the properties of tcgs.
Hence 6/ = 6~ o ((¢/~) ! 0 ¢’) provides the required decomposition.

Monotonicity and monotonicity of the inverse. Clearly, the function is monotonic.
We prove that so is its inverse. Assume 6_ o060, C 0’ of,. We write _ 06, :
x =z yand 0 of, : ¥’ =; /;in particular we have x C x’ and y C /. But then
restricting 0/, to x yields 0 : x =4, z, and restricting 6" toz yields0” :z=; y,
where 0” o 0’/ is the restriction of 8/ 0 0, to x, i.e. 6_ o 6. By injectivity (proved
above), 0_ = 60" and 6, = 6. Thus, 6_ C 6’ and 6, C ¢',. O

As a consequence of this lemma, the following commutative diagram:

(A {idx |x € €(A)})

— T

(A, Ay) (A, A-)

is both a pullback and a push-out in £~. In particular, this means that A is
uniquely determined from A_ and A..

This decomposition is particularly useful to establish that thin concurrent games
are special cases of ~-games:

LEMMA 3.37. Let Abeatcg. Then Ais a ~-game.

PROOF. We first prove that A and A_ are ~-games. Let 6 : x =4, ywitha
positive extension 0; : x; = i and a negative extension 6, : x, = A, Y2 Lemma

2.59|implies x; U x, € €(A).

Using (Extension) of A twice to 0 and 6,, we get to the following picture:

91:x1Ux2%’A+y’1 9§:x1Ux2%A+y’2
| +
Ul Ul
01:x1 =4, 02:220=4 V2
XN\ 7
3 ¢
0:x=4v

By the (Groupoid) axiom on A, we have id, C 6] o 9{1 Yy =z, ¥i- By
(Restriction), we build ¢ = 6] o 6,”" | yo. By construction, we have id, C~ ¢ €
Ay, so ¢ = idy, by Lemma It follows that 6, C 6/, hence 6] = 61 U6, as
required. A dual reasoning shows that A_ is race-preserving as well.

Now, we deduce the result for A, using the decomposition of Lemma @
Assume 6 = 0~ o 67 has extensions 0 C* 61 and § C~ 6,, with decompositions
6, o6, and 6, o 6; . By monotonicity of the decomposition, we have 67 C* 6",
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6 Cm0y,60° CF 6; and 6~ C~ 6, . By race-freeness of A it follows first that
6 U6, € AL, and then by race-freeness of A_ it follows that 6; U6, € A_. Thus

(67 Uby ) o (6 U0 ) = (0, 06 )U (6, 06 ) =6,Ub, € A. O

5.2. Weak isomorphism and the bipullback property. A (pre-)~-strategy on
a tcg A is a (pre-)~-strategy on the underlying ~-game .A. We keep the notation
c:A0:S— Awhen Ais a tcg to introduce (pre-)~-strategies.

We can now define a coarser equivalence relation, weak isomorphism, that
compares strategies up to symmetry induced by the game.

DEFINITION 3.38 (Weak isomorphism). Two pre-~-strategies o : S — 4 and
T: T — A are weakly isomorphic (written o = 7) when there exists an isomor-
phism of event structure with symmetry ¢ : S = T suchthat To ¢ ~ 4, 0.

Remark that the definition uses the positive symmetry — .4 — instead of the
full symmetry. Both definitions are equivalent when instantiated to !A, but this
definition turns out to have fruitful consequences (eg. Lemma [3.40).

The corresponding triangle is said to commute up to symmetry. We use the
abbreviation ~ for ~ 4, when the corresponding A is clear from context.

To prove that = is a congruence, we need to show that 7 ® S satisfies a uni-
versal property up to symmetry, which we call the bipullback property — as in the
covered case this universal property coincides with that of a bipullback.

PROPOSITION 3.39 (Bipullback property). Leto : S — AL || Bandt: T —
Bt || C be pre-~-strategies. The ess T ® S enjoys the following universal property: for
all f: X = S || Cand g: X — A || T not synchronizing on neutral events, such
that To g ~ ¢ 0 © f, there exists (f,g) : X — T @ S, unique up to symmetry, with

o (f,8) ~gic, f and  Tho(f,8) ~z 78

This is summed up by the following diagram (where all squares and triangle commutes
up to ~ in the category of event structures with symmetry):

AlBlc

The proof of this result is delayed until the next subsection. We finish this
subsection by showing how this result implies that weak isomorphism is a con-
gruence. To do that, we notice that to build a weak isomorphism, it is enough to
build a weak equivalence, that is a pair of maps that are inverse of each other only
up to symmetry:
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LEMMA 3.40 (Weak equivalence lemma). Let o : S — Aand o’ : 8" — Abe
pre-~-strategies. Assume there exists f : S — T and g : T — Switho'of ~y, o
and go f ~gidgsaswellas fo g~y idy. Then fog =idrand go f =idgandasa
consequence (f, ) is a weak isomorphism between ¢ and o’

This lemma is necessary because the bipullback property (via its uniqueness
up to symmetry) naturally permits constructing weak equivalences rather than
weak isomorphisms. The proof of this lemma relies heavily on the thin hypothesis.

PROOF. By hypothesis, forall x € #(S), the canonical bijection 6y : x = ¢ (f x)
is in S. We show by induction on x it is always the identity hence g o f = ids.

The base case is trivial. Assume the result for x € ¢'(S) and suppose x extends
by s € S to x'. If s is nonnegative, then 6, = id, extends by (s, 6, s) which is also
nonnegative, so since S is thin we have s = 0,/ s as desired.

If s is negative, we know that To f ~T ¢ and as a result T ~* ¢ o0 g. Hence
o ~T cogof. Asa result, the obvious ¢, : 0 X' = 0 (g(fx')) isin A;. By
induction hypothesis, we know it is an extension of the identity on ¢ x. Hence
id, » extends in A with (05,0 (g (fs))) with s negative, so 0s = ¢ (g (fs)) by
Lemma [3.35 By ~-receptivity of o it follows thats = g (fs) = 6 s. O

+

This lemma is crucial to deduce that maps obtained from the universal prop-
erty of Proposition preserves essential events:

LEMMA 3.41. For f : A — Band g : B — A maps of thin essps, such that
gofr~aidg and  fog~pidg,
then f and g preserve nonnegative incompatible extensions.

PROOF. Let x € ¥(A) and a1, a, be two nonnegative incompatible extensions
of x. Assume that fa; and fa, are compatible extensions of fx. Then since gf(x U
{a1}) can extend by gfa, and x U{a1} = gf(xU{a1}) givenby go f ~ 4 idy,
x U {a} extends by some a}. This implies that idy € A extends by (a2,4}) (by
composition of restrictions of the previous isomorphisms). Since a, and a), are
nonnegative, it follows that a, = a), by thin. This contradicts the fact that x U
{a1, a2} is not consistent. O

All the ingredients are there to prove that weak isomorphism is a congruence:
PROPOSITION 3.42. Weak isomorphism is a congruence.

PROOF. Let 0,0 : & — At || B be pre-~-strategies and ¢ : ¢ = ¢’. Let
T:T7 = B |[Cand v : T' — B || C be other pre-~-strategies and ¢ : T = 7.
We firstbuildamapp: 7T &S — 7' & S’ as:

T®S ((All)eIly,(9l|C)olTy) T'®S

(well-defined by Proposition [3.39). Conversely thereisamapv: T'® S — T®
S. By the uniqueness up to symmetry, we get that yov ~yg¢ idpgge and vo
¢ ~T@s idTes. By Lemma [3.4]] it follows that 4 and v preserve essential events.
They inducemaps ji: T®@S - T®S andv: T®S" — T ® S that are still inverse
of each other up to symmetry and commute on the game up to symmetry. Thus
they meet the conditions of Lemma and actually form a weak isomorphism
TEIRTOU. O
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5.3. Proof of the bipullback property. We end this section by a detailed proof
of Proposition The proof relies on the observation of Lemma interac-
tions of dual pre-~-strategies have trivial symmetries. The difficulty lies in the
existence part of the universal property, as the following example demonstrates:

EXAMPLE 3.43. Consider the two following strategies on !proc:

o1 : 'proc o : lproc
run_'i run_fi
/ /
' 'y
done ™ done™!

that only differ by the choice of copy index for done. For each of them, there is a
unique symmetry that make them strong-receptive.
There is a weak isomorphism ¢ : 07 = 07. Consider the following strategy 7:

!proc + !proc

run 0
Iy
done ™ |

v
runt{J+1)
4 /

done /

\ /

Sdonet Uk

which represents x : proc - x;x : proc. The (-) symbol stands for any injec-
tion N* — IN needed to avoid index collision and thus guarantee local injectivity
(more on that in the next chapter, see Example [4.4).

In order to build a weak isomorphism between the resulting compositions
T @ 07 and T © 0y, a reasonable first step is to build a weak isomorphism between
the interactions T ® 07 and T ® 0. In particular, given a configuration of T ® Sy,
we should be able to build a canonical configuration of T ® S,. Consider e.g. the
following configuration of T & 5.

!proc + Iproc

done ™
\

[y \
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where events on the left hand side are drawn without polarity, as they are synchro-
nized between o7 and 7. It is easy to extract from this representation configurations
x € ¢(S1 || !proc) and y € € (T) such that
(o1 | tproc)x = Ty

and such that the induced bijection is secured.

In order to construct a configuration in T ® Sy, it is natural to try and replace
x with ¢(x) — and that would work out if ¢ was a strong isomorphism. But as it is
only a weak isomorphism, we do not have (03 || !proc) (¢ x) = Ty, only

~

(o2 || tproc) (¢ x) = ——— Ty

~ tproc|!proc

However, we can indeed extract from ¢ x and y a valid configuration of T ® S».
For our example, the only possibility is:

!proc

run(0)
[y
done!

run{’2)
Iy

done!

\

+ Iproc

run— "

/ \\

/
Bdone+'<1'1>

It appears that both ¢ x 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:

!proc + !proc !proc + proc
run— = run”/
run+(0) / run-+(i0) /
'y 'y
done " done !

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

!proc + !proc !proc + !proc
/ run—/ / run—"
run+r<iro> =T run+r<i10>
[y . [y :
done™ done™
9 &
run*/ (1) runt (2)

Likewise, by ~-receptivity of o, || !proc this extension is lifted to S || 5;0/9
and we then apply (Extension) on S,. And the process goes on, interactively be-

tween 0, and 7, until we get x’ 25”5;«

¢ x and y' =4 y such that (07 || !proc) ¥’ =

Ty’ (which in our example, is the configuration of the interaction above).
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Formalizing this process of using ~-receptivity on one strategy and extension
on the other yields the following lemma:

LEMMA 3.44 (Weak bipullback property). Let o : S — Aand t: T — At be
~-receptive partial maps of event structures with symmetry. Let x € € (S) andy € € (T)
and 6 : ox = ; Ty, such that the composite bijection

4
Y ye=ox | xllye =l Ty [lye =20 |y

is secured. Then, there exists z € € (S A T) along with s : x =¢ ITyz and Ot : Iz =5
Yy, such that T8t o 00s = 6. Moreover, z is unique up to symmetry.

PROOF. Unigueness. Assume we have such (z,6s,07) and (2,05, 67). Then it

~

is easy to see that 65 o 9;1 : Iz =¢ I1;2' and similarly 67 o 0 L Iz >4 L7
Those match on the game A, so they induce a z 2 z" in S A T as desired.

Existence. We proceed by induction on §; the base case is trivial. Assume 6
extends by (os, t) to ¢’ : ox’ = 7y’. For instance, s is positive. By induction, we
have 65 : x = Iz, and x can be extended to x’ := x U [s], so by the extension
property of the symmetry 65 extends to 6% : x" = z{. This means that 7 67 can be
extended by symmetric negative (for T) events so by ~-receptivity, 61 can extend
to 0} : 2 =gy, with 0z = 127 by construction. Since the bijection zg = z7 is
obviously secured, we get z’ € €' (S A T) that satisfies our property. O

To build a map, uniqueness up to symmetry is not enough, however since
our symmetries on pre-~-strategies are thin, uniqueness on the nose follows from
Lemma Mapification (Lemma gives us a way to define a map on con-
figurations instead of directly on the events. We can now assemble the pieces
together and prove the bipullback property:

PROOF. (Of Proposition(3.39).
Uniqueness. Assume there are two such maps w,w’ : X — T ®S. Letx €
% (X). The induced bijection IT; (w x) 2 IT; (w’ x) isin S || C as the composition

Hl ((/J x) gg”c fx gSHC Hl (w’ x)

Similarly I, (w x) 2 I1, (w’ x) € A || T and those two bijections match on the
game, hence wx = ' x € T ® S which means w ~7gs .
Existence. Consider the following pre-~-strategies:

(@llCce):Slicy = A Bl Ct (A7) A T = Al B C

Those are ~-strategies hence their pullback has a trivial symmetry by Lemma
This pullback has the same events as T ® S, only fewer symmetries.

Let x € ¢(X). By the above remark and Lemma [3.44]applied to f x € ¢(S ||
C)and gx € €(A || T) we get a unique z € € (T ® S) with IT; z =gc, fxand
hz=; 7 8x This construction induces a map ¢ : ¢ (X) — ¢ (T ® S) such that
I (px) = frand I, (P x) = gx.

To conclude we prove that ¢ satisfies the conditions from Lemma which
follows from ¢ being monotonic and preserving cardinality. Hence, we define
(f,g) to the map of event structures induced by . It preserves symmetry and
satisfies the desired equivalence by construction. O
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6. A compact-closed category

Since weak isomorphism is a congruence, we can build a category of ~-strategies
up to weak isomorphism: This definition leads to a

THEOREM 3.45. The following data forms a compact-closed category ~—tCG%:

Objects: thin concurrent games,

Morphisms from A to B: ~-strategies from A to B up to weak isomorphism,
Composition: The composition operator ® on pre-~-strategies,

Copycat: The copycat pre-~-strategy @ .

To prove this result, we need to establish the categorical laws (identity and
associativity) as well as the compact-closed structure. However, structurally, this
category is very close to CGg. Indeed, there is a way to regard an isomorphism

family A on A as an event structure A along with maps I4,74 : A A satisfying
various properties. Such structures will be called spans. It turns out that the struc-

ture of games and strategies neatly decompose at those two levels (A and A) and
allows us to import the results from Chapter
In this section, we follow the proofs of [CCW14].

6.1. From event structures with symmetry to spans of event structures. Event
structures with symmetry were first introduced as spans of event structures

E
ZN
E E
satisfying some further properties: Ig, rr 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 event
structures with symmetry can be represented as spans of event structures:

DEFINITION 3.46 (Span of event structures). A span of event structures is a

tuple A = (Z,A,IA CA A,rpc: A A).
. la. - 14

We also writespansas: A = A<—A——A.

We review how to go from an isomorphism family to a span. Let £ = (E, E) be
an event structure with symmetry. To turn E into an event structure we perform a
construction similar to the prime construction used to turn the space of interaction
states into an event structure. Define the event structure Pr(E) as follows:

e Events: those bijections in E between prime configurations 6 : [e] & [¢/]
(called prime symmetries),

o Causality: inclusion of bijections,

o Consistency: a finite set of prime symmetries © is consistent when there
exists @ € E such thatforalld € ®,60 C ¢'.

This event structure comes with two maps Ig,rg : Pr(E) — E mapping 6 :
[e] = [¢'] to e and € respectively. The axioms of event structures are direct to
check, along with the fact that /g, rg are maps of event structures. Note also that

this definition extends in the presence of polarities in a straightforward way.
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Just like for interactions (Lemma configurations of Pr(E) are in corre-
spondence with symmetries via a canonical isomorphism % (Pr( F)) = E.

A partial map of spans f : A —~ Bisapair (f: A — B f A— ﬁ) such that

A<t A 4
B~ B B
lB B

6.2. Spanning games and strategies. By moving from event structures to spans
of event structures, we can reproduce the construction of Chapter 2| A span of

event structures with partial (resp. total) polarities is a span (A, A,l4,74) where
A and A carry partial (resp. total) polarities that are preserved by /4 and 4.

A span-game isaspan A = A MZ g with total polarities such
that A and A are race-free. The constructions of dual and parallel composition
naturally component-wise extend to span-games.

Call a span with partial polarities thin when the projection maps preserve
nonnegative incompatible extensions. A span-strategy on a span-game A is sim-
ply a partial map S — A where S is a thin span of event structures (polarities
are induced by the mapping). The thin condition plays a similar role as for ~-
strategies, to ensure in particular that essential events are closed under symmetry
in the interaction.

Likewise, a span-strategy from a span-game A to a span-game B is simply a
partial map (¢,7) : S — AL || Bsuch thatbotho : S — AL || Band7: 5 — A™ |
B are essential strategies and S is thin.

6.2.1. Copycat. The copycat construction A — (C 4 extends to a functor & —
&, mapping f : A — B to CCy: C4 — (Cp, acting as f || f on events. With this
remark, the following span can be checked to be a span-strategy:

« «,
Cp~—t T — 2Ty
ifrA J{‘I; l‘IA

L
AL | a2l HAAl ||A AHAAL | A

6.2.2. Composition of span-strategies. The following lemma permits lifting com-
position of essential strategies to composition of span-strategies:

LEMMA 3.47. Consider two commuting diagrams between maps:

f 8

S1————=5; Thn——T1

Lo bk
I L g
Al || Bi——=Af | B, B |Ci——=By |G

where f and g are assumed to preserve incompatible extensions. Then, there is a map
8® f: Ty ®Sy — Tr © Sy such that the following diagram commutes:
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©
Ty ©5 g—f> T, © S,
110 1210LY}
hi ||k
A G Ay | G

and g © f preserves incompatible extensions.

Note that horizontal maps are tofal as they correspond to relabelling, while
vertical maps are pre-strategies and hence partial.

PROOF. Define g® f : T1 ® S — T, ® Sy by the universal property (Lemma
2.47) as ((f || h3) oI1y, (hy || §) o ILp) so that the following diagram commutes:

8®f
Ty ® $q T, ® S,
T]@U] T2®0’2
hit||hs
rae Ay | G

To conclude we need to show that ¢ ® f indeed restricts to amap T1 ©® S —
T, ® Sy. It is clear that g ® f preserves visible events (by the previous diagram).
We show that ¢ ® f preserves incompatible extensions, which in turn implies that
it preserves essential events.

Let x € ¢(T; ® S1) with p and p’ two incompatible extensions. By Lemma
and the fact that 07 and 7y are essential strategies that either I'lyp and IT;p’ are
both in S or ITp and IT,p’ are in T. Assume the former case for instance.

By using the fact that f preserves incompatible extensions we know that f(IT; p)
and f(I1;p’) are incompatible extensions of f(IT;x). From there, it follows I'Ty ((g®
f)p)and IT;((g® f)p') are incompatible extensions of Iy ((g ® f)x) which in turn,
implies that (g ® f)p and (¢ ® f)p’ are incompatible extensions of (g ® f)x.

Since g ® f preserves essential events, it restricts tog @ f : T; © 51 = TL © S
that still preserves incompatible extensions between nonnegative events. O

Thus, from two span-strategies

1 ~ r
S s S > S
I T [

14l ~
ALHB alll Al”BrA”rB ALHB

Te T T T

—

-
-
~)
~

BHC BHC

BL||c<L—=—BL||CE=BL|C
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we obtain component-wise a new span-strategy:

ITls ~ ~ r70rg
_—

lr@a Teor TEC
e ~ rillre
Al|cL=at | c2>al)cC

Together, we expect composition of span-strategies and the copycat span-strategy
to form a category. As for CG, it can be shown to be a bicategory (see [CCW14]
for more details). Isomorphisms of span-strategies are defined in the obvious way:
(7,5) = (1,7) when there exist isomorphisms ¢ : $ = Tand ¢ : § = T commuting
with the projections ¢ o Is = It o ¢ and similarly for the right projection.

By lifting the structure from CG, we get the following proposition:

PROPOSITION 3.48. The following data forms a category SpanCG:

o Objects: span-games
e Morphisms from A to B span-strategies from A to B up to isomorphism
e Copycat and composition: as described above.

6.2.3. Compact-closure of SpanCG. Compact-closure of SpanCG is established
as for CG, by lifting structural morphisms from the category of span of event struc-
tures to that of span-games and strategies.

A map of spans (f, f) : A — B such that both components are receptive and

courteous, as in Chapter can be lifted to a strategy (f, j?) obtained by composi-
tion in Span(€&):

@

CCA CCA
J(GJA i n l‘rA
AJ‘ ||A AHA ZJ‘ ||A AHA AJ‘ HA

lALf iALIf iALlf
L
Aty g2l Fy A 4

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

By the same argument as in Chapter 2} structural morphisms for the symmet-
ric monoidal structure of Span(€) can be lifted to SpanCG. The equations for a
compact-closed category can be easily deduced from CG (the fact that projections
are preserved is a routine check.)

6.3. Embedding of ~-tCG%. Our original goal was to show that N—tCG% isa
compact-closed category. To do so, we will embed it into Span(CG) and deduce
the equations from the embedding.

LEMMA 3.49. We have the following:

(1) Let Abea tcg. The tuple (A, Pr(A),l4,74) is a span-game.
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(2) Let A,Bbetcgsand o : S — At || Ba ~-strategy. Then the preservation
of symmetry of o induces a map o : Pr(S) — Pr(A)* || Pr(B) which makes
(0,0) a span-strategy from (A, Pr(A),la,ra) to (B,Pr(B),lg,rp).

PROOF. (1). The first item is routine: in particular, the race-freeness of Pr(A)
is an immediate consequence of Lemma

(2). The action of ¢ on a prime 0 : [s|] = [¢'] is given by the restriction of
00 : o[s] = o[s’] (which exists because ¢ preserves symmetry) to [os]. The only
claim left to prove is that (S, Pr(S), s, rs) is thin. Assume incompatible extensions
in Pr(S): let z € ¥(Pr(S)) that can be extended incompatibly by two nonnegative
01 : [s1] = [s1],02 : [s2] = [sz} € Pr(S). By the isomorphism ¥ (Pr(E)) = E, z
corresponds to a bijection 6 : x = y. We prove that x U {s1,s2} = Is(zU {6y, 62}) &
% (S) thus establishing that I preserves nonnegative incompatible extensions.

Assume that x U {s1,sp} is a configuration. Then 6 U #; must extend by a
pair (s2,s7) to ). Hence 0] [ ofy 1 1 [sh] = [s4] is a valid bijection of S that
extends the identity on [s;) C x by nonnegative (s}, s5). Since S is thin, s, = s.
This implies that 6 U 0; U {(s1,s2)} = 0 U 6; U 05 is a valid bijection in S, directly
contradicting the fact that §; and 6, are incompatible extensions of z. O

Having a way to send tcgs and ~-strategies to their span counterparts, we
now prove that this map is functorial. For copycat it follows from this lemma
proved in [CCW14]:

LEMMA 3.50. Let A be a tcg. Write A= Pr(A). Then, there is an iso making the
following diagram commute

N
Pr((CA) -~ €5
N/
" ,
Cy s A

and which also preserves the projections to the span-game
1 —_ —_
AL A2 AL | A Al ) A
In particular, this yields an isomorphism of span-strategies.

To relate both compositions, a bit more work is needed:

LEMMA 351. Leto: S — AL || Band T : T — B || C be ~-strategies. Write S
for Pr(8) and T for Pr(T). There is an isomorphism such that the following commutes:

lT@/ \IT@ZS

Pr(TeS)<-~T®S

YTOX /T©VT

and which also preserves the projections to the underlying span-game. In particular, this
yields an isomorphism of span-strategies.
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PROOF. Interaction. We first establish the commutation of the corresponding
diagram for the interaction:

I} &GEQI ©l
TE TLS

~

Pr(T®S) <—>T®S

YT@X / rT@ry

As above, configurations of Pr(T ® S) correspond canonically to symmetries in
T ® S. By definition (above Lemma 3.25), those correspond to commuting squares
between composite secured bijections x ~ y and x" ~ y/

[ T
x & ox = Ty ~
04015 orl;
o T
¥oox2 oo = o o~y

In particular, this gives a bijection between pairs (s,s’) € s and (t,t') € 0r.
This bijection is secured, since the upper and lower sides of the diagram are se-
cured by hypothesis and 05 and 0t are order-isos. The bijections 05 and 61 canoni-
cally represent configurations zg € % (S) and z1 € €(T) - so overall, diagrams as
above canonically correspond to secured composite bijections between zg and z7,
as required.

Hiding. An event e € Pr(T ® S) represents a bijection 0 : [p1] = [ps] in the
isomorphism family T ® S. By Lemma we know it induces a unique witness
0 : [p1]1es = [p2]Tes- By the previous point this witness corresponds to an event
¢ € T®S. If e is visible, since this isomorphism preserves the projection on the
game, so is ¢/. Moreover, if ¢ is essential, so is ¢’ because of the following triangle:

T®S
IT@S/ X [r@ls
Pr(T@S8)=~ T®s

and the projections preserve (and reflect as maps of event structures) incompatible
extensions. So the isomorphism on the interaction restricts to the hiding. O

From this result and Propositionit follows that N—tCG% is indeed a cate-
gory up to isomorphism — hence a category up to weak isomorphism. Moreover,
there is a functor N—tCG% — SpanCG which is faithful (up to isomorphism).

Finally to deduce the compact-closure of N—tCG% we use the same technique
as in Chapter [2] to lift the structural morphisms of the symmetric monoidal cate-
gory & to N-tCG%:

DEFINITION 3.52. Let f : A — B be a strong-receptive, courteous map of
essps. Then its lifting is the ~-strategy

f=ATfloc:Cq— A | B
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which is a morphism from A to B in ~-tCGZ (in particular, it is thin). Likewise, if
f: B+ — At is receptive and courteous, we define its co-lifting:

oL@y - AL B

¢ = (fl B)oas(c)

This lifting enjoys the usual property: composition with a lifted map amounts
to relabelling:

LEMMA 3.53. Let f : B — C be a receptive courteous map of event structures with
symmetry and polarities, and ¢ : S — AL || B be a ~-strategy. Then, there is an
isomorphism of strategies

foo=(At| oo

Likewise, for f : B+ — A receptive courteous and o : S — B+ || C an essential

strategy, there is an isomorphism of strategies:

cof=(flC)oc

PROOF. Using the embedding as span-strategies, we can apply Lemma
on both components. O

Since this lifting is compatible with that of SpanCG, we can use this lifting to
import the structural morphisms from £~ and deduce the equational laws from
SpanCQG, yielding:

PROPOSITION 3.54. N—tCGg is compact-closed.

PROOF. The proof structure is the same as for CGg,: associativity follows from
embedding in SpanCG. The symmetric monoidal structure is obtained by lifting
that of £7~. Finally, the compact-closed structure is the natural extension of that of
CGg: the dual of a teg A is A+ and the strategies € 4 and 174 extend to ~-strategies:

na + Ca = 1| (AT A
ea + € = (AJAHT 1 O

In the next chapter, we will see how to carve a cartesian-closed category within
~-tCGg by using duplicated arenas.






CHAPTER 4

Concurrent Hyland-Ong games

Vous pouvez répéter la question ?

Véronique, on nonlinearity in game semantics
(Télémagouilles)

In this chapter, we build a cartesian-closed category CHO arising as a subcat-
egory of N-tCG%. As such, it supports an interpretation of nonlinear higher-order
computation that will be central to the next chapters. Nonlinearity will be accom-
modated by the ! construction presented in Section [1|of Chapter

As a first example of the expressivity of this model, we show it supports a con-
current interpretation of the nondeterministic A-calculus that is adequate for must-
equivalence, result that relies on essential events to track hidden divergences.

Related work. The first work exploring nondeterministic games models ade-
quate for must convergence was [HM99], representing the hidden divergences as
stopping traces. Such an approach was replicated in our setting via stopping con-
figurations [CHLW14]. Both suffer the same drawback: even though they capture
more behaviours, these models are tailored for must convergence. For instance,
Harmer’s model is not sound for fair convergence. Our method, using essential
events, allows to prove a very strong link between the operational semantics and
the denotational semantics (Theorem from which adequacy for a variety of
notions of convergences can be derived.

Another line of work with similar goals is that of Hirschowitz et al. [Hir13}
EHS15] that provides models capturing fair testing. Their model has similarities
with ours, in particular it also records all internal events. However, they do not
investigate hiding or composition in their models.

Outline of the chapter. In Section[I} we recall the exponential-like operation
introduced in Section [I| (Chapter [B) and demonstrate informally how to interpret
nondeterministic A-terms in this setting. In Section [2} we present the cartesian-
closed category CHO. In Section 3| we properly define the interpretation of non-
deterministic A-terms inside CHO and show that it is adequate for may and must
convergences, for nondeterministic PCF.

Contributions of this chapter. The construction of the cartesian-closed cate-
gory in the setting without essential events is joint work with Pierre Clairambault.
This chapter presents a generalization of the construction of CHO to the frame-
work using essential events, introduced in Chapter 2}

95
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Ix:AFM:B I'FM:A=B 'EN:A
INx:AkFx: A 'FAxM:A=B 'FMN:B

r-Y:(A=A)=A Trtt:B THFHff:B TFchoice:B TFn:N

T'M:N I'-M:N I'-M:N r-m:B '=N;: X
I'FsueceM:IN T'FpredM:IN TI'FnulM:B F'Fif MNy Ny : X

FIGURE 1. Typing rules of ndPCF

1. Nonlinear nondeterministic strategies

Given an arena A (ie. an alternating forest — see Definition B.1), we have seen
how to expand A into a new arena !A such that strategies on !A can be seen as
nonlinear strategies on A. In this section, we illustrate how this can be used to
interpret terms from nondeterministic PCF, by providing examples of terms and
their desired interpretation.

1.1. Syntax and operational semantics of ndPCF.

1.1.1. Nondeterministic PCF. In this chapter and the following ones, we con-
sider a variant of PCF enhanced with a nondeterministic boolean choice. The
resulting language, ndPCF, contains the simply-typed A-calculus, a fixpoint com-
binator ) and primitives to manipulate base types (booleans or integers):

(Types) A,B == B|N|A=B

(Terms) M,N := x|Ax.M|MN]|)Y
| tt | ff | choice | if M N3 N
| n|succeM | pred M | null M

A typeis ground when itis B or N. We willuse X, Y, ... to range over ground
types. Typing rules are standard (with the exception that conditional branches are
restricted to be of ground type) and given in Figure[I] Conditionals at higher-order
type can be expanded to fit this presentation (eg. if b f g would be syntactic sugar
for the term Ax.if b (f x) (g x)).

As usual we write L for the diverging term ) (Ax. x). We also write M; N as a
short-hand for if M N N: evaluate M, discard its result and then continue to N.

1.1.2. Operational semantics. Figure[2|defines the small-step operational seman-
tics for weak head reduction of ndPCF terms. Write —* for the transitive and re-
flexive closure of —. A value is a term of the form tt, ff or n. Values are the only
terms of ground type that cannot be reduced any further (such terms are called
normal forms):

LEMMA 4.1 (Progress). Any closed normal form of ground type is a value.
PROOF. By induction on a closed normal form M of ground type. O

1.1.3. Notions of convergences. Since ndPCF is non-deterministic, there is no
canonical notion of convergence on which a testing equivalence can be based. In
this thesis, we consider two of the most common notions:

® M |may: M may converge whenever M —* v for some v € {tt,££,0,1,... }.
o M {must: M must converge whenever M has no infinite reductions.
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hoice = tt Choice-true m Choice-false
M- M )
Cong-if _
EMN Ny iEM N N, 8 IFHN N, o N, SLotrue
ifffNy Ny, — Ny If-false succn - n+1 Succ-n
Im Pred-zero m Pred-succ m Null-zero
M- M
- _ Cong-succ
nulln +1 — ff Null-succ succ M — succ M’ &
!
M- M ; Cong-null Fixpoint
null M — null M YM— M(YM)
M- M
Bet ————-— Cong-a
(Ax. M)N — M[N/x] °*2 MN = M/N E7%PP

FIGURE 2. Weak head reduction for ndPCF

Must-convergence implies may-convergence. The converse does not hold, as
witnessed by M = if choicett L that may converge to tt but must not converge
because of the infinite reduction sequence M —* L — ....

Both notions of convergence induce an observational equivalence, obtained as
a closure under context. A context for type I' - A is a closed and normal term C]
with a hole such that forallterm T M : A, C[M] : B. Twoterms '+ M,N : A
are may-equivalent (written M ~m,y N) if for all context C[] for type I' = A,
C[M] {may if and only if C[N] |may. Two terms T = M, N : A are must-equivalent
if for all context C for type I' - A, C[M] Jmust if and only if C[N] {must-

Even though may convergence is weaker than must convergence, the induced
equivalence relations are incomparable. Indeed, consider M = Ab. if choiceb L
and N = Ab. L. By induction on contexts, it easy to see that M and N are must-
equivalent. However C[| = [ tt is enough to distinguish M and N up to may
equivalence. As a result, instead of must equivalence, we will be more interested
in models well-behaved for may and must equivalence (M ~y¢m N whenever M
and N are may and must equivalent).

1.2. Informal interpretation into CHOg. In the rest of the section, we inves-
tigate informally what an interpretation of this language could look like using
~-tCGg as the framework, and using the expansion operation ! defined in the
previous chapter. The idea is to interpret types as arenas and terms as strategies
playing on the corresponding expanded arenas.

1.2.1. Negativity and call-by-name. To be a model of the call-by-name A-calculus,
our model needs to satisfy the law:

[(Ax.M)N] = [M] (x does not appear free in M)

This amounts to having a certain strategy e4 € ~-tCGg (A, 1) which is natural
in the sense that for all ¢ € ~tCGg(A,B), e @0 = ey € ~tCG(A,1). The
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natural candidate for this strategy is the minimal strategy on A+ || 1 that only
plays the minimal negative moves of A (to be receptive). However, if games are
allowed to have minimal events of different polarities (ie. they are non-polarized),
then this equation cannot be satisfied, already in the setting without symmetry:
consider A = © ® and ¢ playing on A+ || 1:

o At |1
O—>

Since o is a strategy, we have @; ©® o = ¢. However, in this case @; = e; hencee; © ¢
is distinct from e 4. This forces us to restrict ourselves to polarized arenas. Moreover,
as we want to model call-by-name computation, we need negative arenas: arenas
whose initial events are all negative. This issue is not specific to our approach: it
is already present in classic games models for the call-by-name A-calculus [HOO00,
AJMO00]. Dually, positive arenas can be used to model the call-by-value A-calculus
[HY97]. Polarization does not help to ensure that e, is natural if strategies are
unconstrained though: later we will also require strategies to be negative.

1.2.2. Interpretation of types as negative arenas. We now briefly sketch how types
are interpreted as arenas in our setting. The interpretations [B] and [IN] are simply
given by the arena with a single negative move (the question) which is initial, and
as many positive moves depending on it as there are values (answers):

[B] [N]
o q “ q
x v
tt+ fft ot 1t \4 .

These arenas are indeed negative. Negative arenas are stable under parallel
composition (which will be the categorical product of our CCC). However, nega-
tivity is not preserved by the operation -+ || -: for instance, B+ || B has a minimal
positive event. Hence, for the arrow type, we cannot simply let [A = B] = [A]* ||
[B] (as the compact-closed structure of N-tCG% suggests). To solve this problem,
we follow the standard approach in HO game semantics which is to use a specific
construction on arenas that preserves negativity:

DEFINITION 4.2 (Arrow construction on arenas). Let A, B be two arenas. Their
arrow is A = B, with the following components.

o Events, and polarity. Those of:

(Ibemin(s) A™) || B

o Causality. Given by:
5 AL)B w{((2,0),(1,(b,a))) | b € min(B) &a € A}

_(Hbémin

where min(B) denotes the set of minimal events in B.

EXAMPLE 4.3. The arena (B = B) = Bis:
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1.2.3. Interpretation of terms as strategies. Having defined the interpretation of
types, we can look at the terms. First, if ' = x1 : Aq,...,x, : A, is a simply-typed
context, then its interpretation is the arena [I'] = [A1] || ... || [Ax]. Open terms
[+ t: A will be interpreted as certain strategies on the game ![T]* || ![A]. In
particular, this is not a Kleisli construction. Even though it is possible to perform
a Kleisli construction on an exponential comonad inside N—tCG%, we follow this
alternative choice here for historical reasons.

The exact interpretation will follow from the cartesian-closed structure of a
category built out of N-tCG% in Section [2| In the rest of this section, we present
some examples of strategies arising from the interpretation. These examples are
used to illustrate the phenomena at play and problems that we will encounter.

EXAMPLE 4.4 (Duplication and the need for symmetry). To illustrate the need
for symmetry on expanded games, we look at the duplication J from an arena A
to A || A, crucial to model non-linearity. This duplication should be a strategy on
AL || {(A || A) depicted for a type A interpreted by the singleton arena q~:

5 A+ | A || A
g g7
q+,2iW

To satisfy local injectivity, we have to pick different copy indices for the two pos-
itive moves using the fact that !A = !A || !A (isomorphism of event structures).
Projections (terms: x1 : A, xp : AF x;: Afori € {1,2}) are represented by:

Naturally, when we pre-compose the two projections with § we obtain the
following two strategies:
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medé: AL || A med: AL | 1A

q” q
A/ A/

+,2i +,2i+1
q

q

They are not isomorphic in the sense of Chapter 2} when Opponent plays q~°,
then 71; © J answers with copy index zero while 77, © § answers with copy index
one. They are however weakly isomorphic (in the sense of Chapter [3). Symmetry
is here crucial to ensure (in particular) that the equation 7; ® § = 7, ® 6 holds,
necessary to model the call-by-name A-calculus.

Note that the phenomenon described here will resurface in the interpretation
of the simply-typed A-calculus to show for instance that the B-equivalent terms
z:AF (Axyx)zz : Aand z : A F (Axy.y)zz are mapped to weakly isomorphic
strategies (but not isomorphic strategies).

Next, we describe how our model represents higher-order computation:

EXAMPLE 4.5 (The Church integer 2). Consider theterm f : A = A,x: Al
f(fx) : A. Figure 3| depicts the interpretation of f where A is interpreted by the
arena proc = run~ — done™.

The reader familiar with HO game semantics will notice that prime configu-
rations (those with a top element) exactly correspond to P-views of the HO inter-
pretation of the term: our semantics computes an expansion of the P-view tree in
that example. (See Section T|in Chapter [6|for more details)

Each run™ move corresponds to a variable call (leftmost f first, then rightmost
f, then x in the causal order). Pointers of a done™ indicate the corresponding run~
it answers to. Copy indices are arbitrary and just here to ensure that the strategy
is locally injective: for that purpose an injection (-) : N* — NN is used to encode
indices of the negative moves appearing after the justifier of a positive move. We
will see in Chapter [6|a way, for well-behaved (innocent) strategies, to reconstruct
automatically this information.

EXAMPLE 4.6 (choice and branching point). In our model, choice can simply
be interpreted by the following strategy:

'B

—i

,
-q -
. N
’ \A\
/ \

* "ANANANNANANNN- K
1 |

v 4

1 s

Remember that strategies are not allowed to feature conflict between positive
moves, hence the need for essential events.

Using this operator we can represent more complex nondeterministic compu-
tations, for instance: x : B F if choice (ifx L L)x : B. This flips a coin: if it
returns false, then it evaluates its argument x and returns the result, otherwise it
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(P | (P = P))+ | P
run*? 3
v |
run_fk\l> done™”/ 1
/ run-+H20ki) +1 done 7

4/‘\ run "’ done"™"
\ \\ /
\
run (LK) done™™ |
v |
1
done™ " /
\A /
done™"

FIGURE 3. Interpretation of the church integer 2

ttd K wd ok

B+ [ 'B
q—,z‘
* % 3 \‘\
\7 ‘7 ! \\
qt qt CoY
v ™ v ™\ o

FIGURE 4. Retaining nondeterministic branching point

evaluates x and then diverges. The corresponding strategy, depicted in Figure [
differs from the interpretation of x : B I x.

That is due to our semantics remembering the nondeterministic branching
point (before the evaluation of x — when the coin is tossed). In this case, less in-

tensional semantics (eg. traces) do not remember the nondeterminism at all since
one behaviour is included in the other.

The interpretation of this term also differs from that of the term
x:BF if x (if choicett L) (if choiceff 1)

where nondeterministic choice is delayed after the evaluation of x.
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2. A cartesian-closed category

In this section, we prove that there is a certain subcategory of ~-tCGe which
is cartesian-closed. Its objects will be negative arenas A and, its maps from A to
B certain ~-strategies on the game !A+ || B. To get a CCC, we need to impose
further restrictions on ~-strategies.

Note that in this section, a ~-strategy on an arena A means a ~-strategy on !4,
and similarly a ~-strategy from an arena A to B means a ~-strategy on !A~ || !B.

Binary conflict. The first restriction we impose, even though not technically
necessary, is binary conflict (Definition [2.2), to get a more concrete grasp on strate-
gies. The languages of interest here can all be interpreted with binary conflict.

Since our arenas and their expanded games are all conflict-free, copycat is al-
ways conflict-free and consequently has binary conflict. This condition is trivially
preserved by parallel composition, and composition of strategies:

LEMMA 4.7. Let 0 : S — AL || Band T : T — B* || C be pre-strategies with
binary conflict. Then T ® S, and T ® S all have binary conflict.

PROOF. We first show that the interaction T ® S has binary conflict. Define
piresp’ when ITy piigcITip’ or Tlapf 4 rIlap’. That frgs indeed spans Conrgs is
a consequence of Lemma [2.45|

Now to conclude, we simply remark that if S has binary conflict, then so does
SinoranyVQSViaﬂswzﬁsﬂVz. O

Since binary conflict is preserved by all our constructions, from now on we
only consider event structures with binary conflict. Similarly, for an event struc-
ture with symmetry A we always assume that A has binary conflict. Note that
in general the event structure representing the symmetry, A (as built in Section@
Chapter [B), will not have binary conflict.

2.1. The cartesian structure. We start off by investigating which restrictions
on strategies are necessary in order to get a cartesian category. The empty arena 1
is the candidate terminal object and parallel composition is the candidate product.

2.1.1. Terminal object. To make sure 1 is indeed terminal, we need to go further
than in Section[1.2.T]and to cut down the space of strategies. Even though thereis a
unique ~-strategy on the game !1 (the empty strategy), it is not the case in general
that there is a unique ~-strategy on !A+ || !1 for a negative arena A. Since A is
negative, A does not have any negative minimal event, hence the empty strategy
eq : @ — At || 1is always a ~-strategy. However, it might not be the only one.
Indeed for A = O, there is another strategy on !A' || 1 which simply plays the
positive initial move of A+ with an arbitrarily chosen copy index. To forbid this
behaviour, we introduce negativity on the level of strategies as well: a ~-strategy
is negative when all its minimal events are negative.

LEMMA 4.8. Let A be a negative arena. There is a unique negative ~-strategy on the
game A+ || 1.

PROOF. The existence of such a strategy has already been established. As-
sume a negative ~-strategy 0 : S — Al || 1. If S is not empty, it has a minimal
event s € S which is mapped to an event ¢s necessarily in !A+, and necessarily
minimal. By assumption s is negative but o's positive, absurd. O
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From this result, we deduce that 1 is a terminal object in the category of neg-
ative arenas and negative strategies up to weak isomorphism — given that such a
category is well-defined:

LEMMA 4.9. We have the following:

o Forany game A, (C 4 is negative,
e Forany games A,B,C, if o : A—=B and t : B—=C are composable negative
strategies, then T © o is negative.

As a result the category of negative arenas and negative ~-strategies (up to isomor-
phism) exists and has a terminal object.

PROOF. The minimal events of (C4 are always negative, regardless of the
game A, since every positive move depends on its corresponding negative move
in the dual component, and as a result cannot be minimal.

Consider negative ~-strategies ¢ : S — !A+ || !Band 7 : T — B || IC. Let
p be a minimal event of the composition T ® S, and p’ a minimal event of [p]rgs.
As Il and I, are map of event structures, they preserve minimality. Moreover,
either I'l;p’ belongs to S or Il,p’ belongs to T. If IT; p’ belongs to S, it is minimal
there hence negative and sent to C. In other terms, p’ is visible and p = p’ which
proves that p is negative as desired.

Otherwise, with the same reasoning IT,p" belongs to T and is minimal there:
it is a negative move sent to B. This implies that I'T;p’ is also in S, but positive and
also minimal, which is absurd. O

Remark that, in particular without restricting to negative arenas, there is a
subcategory of negative strategies in CG. However, it is not cartesian as illustrated
above.

2.1.2. Projections. To show that || actually defines a categorical product, the
first thing to do is to define projections from A || B to A and B. Those strategies
are obtained by co-lifting (Definition[3.52). Recall that if f : A — B is a courteous
and receptive map of event structures with symmetry between games, it induces
a strategy f from B+ to A+. To define the projections, it is thus enough to provide
suchmapsig :!A — (A | B)andig: !B — (A || B).

We only detail the case for the left projection. The map i 4 is defined as follows:

1A = (A | B)
@) (a0, 0NN
’ "7 (0,a") v a(a))

Checking that this is a map of essps which is courteous and receptive is rou-
tine. Since expansion and parallel composition commute with duality, we can
define the projection as follows:

M =1, € ~tCGg(I(A || B),1A)

My =g € ~tCGe(I(A || B),!B)

2.1.3. Pairing. Given strategies o from A to B and 7 from A to C, we now form
their pairing (o, ) from A to B || C. First, we remark that if o and 7 have disjoint
image in the game ! A, then the pairing is easy to define.
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LEMMA 4.10. Let 0 : S — A+ || 'Band T : T — AL || IC be negative ~-
strategies such that no event of A is played by both o and .
Then the following map defines a negative ~-strategy (o, T)) from A to B || C:

{0, T) = [(1A* |l ip) o0, (1A* | ic) o 7]
S| T —1A (B ©)

where [f, g denotes the set-theoretic co-pairing (remember that the set of events of S || T
is the set-theoretic coproduct of the set of events of S and T).

PROOF. First, the assumption on ¢ and T being disjoint on ! A implies directly
that (o, T)) is locally injective. It is routine to check that it is actually a map of
event structures with symmetry which is courteous.

Strong-receptivity requires more care and relies on the fact that arenas are

forests. Assume 6 : x5 || x7 = ys || yr € S| T such that (o, T)) can be ex-
tended by negative (dy,do) € !A+ || /(B || C). The problem is to know whether to
apply strong-receptivity of o or 7. If d; and d; are minimal, then they live either in
!B or in !C and we can apply the corresponding strong-receptivity of ¢ or 7.
Otherwise, because the game is a forest, there exist unique ¢; — d and ¢; —
dy with (c1,¢2) € ({0, T)))0. The pair (c1, cp) originates either in ¢ or in T and we
can apply strong-receptivity of the corresponding strategy to conclude. O

Note that this pairing operation obviously commutes with forgetting essential
events: (¢, 7)), = (0}, 7)) (both having S| || 7| as underlying event structure
with symmetry). This pairing behaves well with respect to projections:

LEMMA 4.11. Let 0 : S — A+ || 'Band T : T — AL || IC be negative ~-
strategies as in Lemma Then we have the following weak isomorphisms:

me{ot)=o me (ot T

PROOF. We only detail the projection on A. We prove that the interaction
11 ® (o, T)) is isomorphic to @ ® 0, and that the obvious restriction to the visible
parts 7y @ ({0, 7)) and @ ® 0] commute with the projection on the game !A || IC.
We deduce the final isomorphism by composing with «p ® o = ¢ which comes
from o being a ~-strategy.

By Lemma it is enough to build an order-isomorphism between %'(7; ®
(o, 1)) and € (a;p ® o). We recall that configurations of the later are isomorphic
to pairs (x,y) € €(S) x €(Cp) withy Cip 0 x.

Configurations of 711 ® ((¢, T)) correspond to secured bijections

(xs I xr) 12 = ya |l (xs [ x7)s | (v || )

where x5 € %(S),xr € G(T), (o,T) (xs || x1) = ya |l (isy}), and v} | 43 €
% (Cyp), and where the bijection is the unique such that the image of events through
the labelings (o, T)) || !B and !A || 717 match. As aresult, (o, T)) (x5 || x7) does not
reach !C. But any minimal events of xt are negative by negativity of 7, and hence
must be in !C (since A is negative). Therefore, x is empty. Hence mapping the
secured bijection to (xs,y%) which corresponds to a configuration of @ ® o ex-
tends to a bijection between domains of configurations, that preserves symmetry,
yielding the desired isomorphism. O
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So, we know how to construct a pairing behaving well with projections, when
the paired strategies happen to have a disjoint image on ! A. However, for arbitrary
c:8 = !A+ | IBand T : T — !A"’ || IC, there might in general be collisions:
eventss € Sand ¢t € T such that cs = 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 7, 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

LA 1AL L 1A+ — 1At

such that ¢, ~ id, 41, but such that ¢, and ¢, have disjoint codomain.

1A 1AL
For definiteness, say that (. sends (necessarily positive) minimal events with copy
index i to the same events with copy index 2i, and preserves the copy index of
other events. Likewise, (, could follow the injection i +— 2i + 1. These maps

preserve the index of negative events, so that ¢, ~A. lo ~A. idj g1
Given arbitrary 0 : S — A+ || IBand 7: T — A+ || IC, define:

Ge= (e ||'B)oc  To=(4]!C)oT

From i, ~~ 1, ~~
€ 1AL 0 Ay

now have disjoint codomams oe (resp. T,) only reaches indexing functions in !A
whose index for minimal events is even (resp. odd). Therefore, using Lemma .10}
we define the pairing of ¢ and t:

id, 41 it is obvious that ¢ = ¢, and T = 15, but ¢, and T,

(o, 7) = (e, )

We have, as required, 711 ©® (0, 7) = 711 ® (0¢, T)) & 0. & 0, and for the same
reason 71 ® (0, T) & 7. It is an immediate verification that (—, —) preserves weak
isomorphism, so it will still make sense as an operation on the quotient category.

2.1.4. Surjective pairing. The last property we need in order to build a cartesian
category is surjective pairing: for all negative ~-strategies ¢ from Ato B || C,

cx(meo,mmeo0).

Unfortunately, this property does not hold for negative strategies in general.
Indeed, in (711 ® 0, 1 ® 0), there cannot be any causal links (or conflicts) between
what is played on B and on C: the two components are independent. Such a
requirement is not imposed on ¢ that is free to have events depending on moves
both from B and C, as in the following examples:
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o l(proc || proc) (Mmoo, meo): !(proc I proc)
run—/ run—/ run— run
2
done™/
o (proc || proc) (111 © 09, T © 07) : !(proc I proc)
run—/ run—/ run— run—/
2 2 2 v,
done ™0 ~~ done ™ done™*? done ™

This operation ¢ — (/11 ® 0,1, ® ) removes interferences (causal depen-
dence or conflicts) across components. To hope for surjective pairing, we need to
forbid such behaviours, through the notion of single-threaded strategies:

DEFINITION 4.12. Let o : S — A be a pre-strategy. 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 min(s).
(2) Whenever s1 f s in S, min(s;) = min(sp).

This condition indeed ensures surjective pairing:

PROPOSITION 4.13. Let o : & — AL || (B || C) be a negative single-threaded
~-strategy. Then, we have:

= <7T1©0',7T2@0'>
PROOF. First of all, we define two subsets of S as follows:

Sg = {s€S|o(min(s)) € B}
S¢ = {s€S]|o(min(s)) € C}

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

By single-threadedness, Sp and S are disjoint and down-closed, with no im-
medjiate conflict spanning both components. Via projection, Sp and S¢ can be seen
as event structures and we have thus that S = Sp || Sc. Moreover, it is direct to
check that the restrictions of ¢ (along with a simple relabeling to !B/!C)

op:Sp — 1AL || !B oc:Sc — 1AL IC

are receptive and courteous, i.e. are strategies.

This decomposition also works at the level of symmetries. Any 6 € S pre-
serves Sp and Sc. Indeed if (sg,sc) € 6, then (min(sp), min(sc)) € 6 as well:
absurd, since one maps to !B and the other to !C. It follows that 6 = 6p || 6c where
0 and ¢ are bijections between configurations of Sg and Sc respectively. The set
of restrictions to Sp (resp. Sc) of symmetries in S yields a set of bijections between
configurations of Sp (resp. Sc), which is easily checked to satisfy the conditions for
an isomorphism family Sg (resp. Sc). The labeling functions ¢p and o preserve
symmetry. Strong-receptivity and thinness follow directly from those for o, so op
and oc are (negative) ~-strategies.
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By construction, g and o¢ have disjoint codomain; so we can form their pair-
ing ((op, o¢)) without relabeling. Then, the aforementioned bijection S = Sg || S¢
extends to a strong isomorphism of ~-strategies:

o = (0B, 0c))

By Lemma[4.11} we have 71y ® ¢ & ¢ and 7, ® 0 = o¢. But (03, 0¢)) = (0, 0¢),
and (—, —) preserves weak isomorphism, so we have surjective pairing foro. 0

This prompts us to look at the category of single-threaded, and negative ~-
strategies. For such an object to exist, we need first to check that single-threadedness
is stable under composition. Since this property is independent from symmetry,
we state the problem in the setting before symmetry:

PROPOSITION 4.14. Let A, B, C be negative arenas, o : S — AL | Band t: T —
Bt || C be negative single-threaded pre-strategies. Then, T © o is single-threaded.

PROOF. We first prove by induction on ¢ that for any secured bijection ¢ :
xs || (yr)« || xc =~ ya || (xs)« || yr representing a configuration of T ® S, ¢ can
partitioned into a finite union of disjoint ¢; (for 1 < i < n) where each ¢; has one
minimal event. Indeed, assume ¢ extends to ¢’ via (c,d) and ¢’ fails this condition.
Necessarily, either ¢ represents a nonnegative event s in S or d a nonnegative event
in T. Assume the former. Then, the immediate visible predecessors of (c,d) in
<, must be (c1,d1),...,(cn,dp) (using Lemma where all the ¢; are negative
events s; of S and s; — s.

By hypothesis, there are 1 < 7,j < p and distinct 1 < k # | < n such that
(ci,d;) € prand (c;,d;) € ¢;. But @y (resp. ¢;) must contain an event synchronized
with min(s;) (resp. min(s;)). Since ¢ is single-threaded and s;,s; € [s] we have
min(s;) = min(s;), which contradicts ¢; N ¢ = @.

Now, we go on to prove single-threadedness.

(1) Prime secured bijections have no non-trivial decomposition as above, there-
fore they have a unique minimal event. This is true in particular for the visible
prime secured bijections. Condition (1) of single-threadedness follows from T ® S
being negative: its minimal event are always negative.

(2) Finally, assume there is a minimal conflict ¢ ~ 3 in T ® S between visible
prime secured bijections. This means that there are prime secured bijections ¢’ C
[9lres, ¢ C [Y]res, such that ¢/ ~ ¢’ in T® S. Writing ¢ (resp. ¢"') for ¢’
(resp. y') without its top event, minimality of ¢’ ~ ¢’ means that ¢” U¢"” is a
valid secured bijection. Therefore, it decomposes:

(P// U lp“ — L_ﬂ (Dl
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 ¢’ ~ ¢’ implies that their top elements are in min-
imal conflict in S or in T. Assume the former: the top element of ¢ corresponds
to sy, € S and that of ¥ to sy € S with s, ~5 sy. By receptivity and courtesy of
o, we have pol(s,) = pol(sy) = . Since n > 2 and ¢ is single-threaded, cour-
teous and receptive, there is a visible predecessor s; € S of sy in ¢ ands, € S
of sy € ¢ belonging to distinct @; and ®@;. Since s; < s, and s < sy, we must
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have min(s;) = min(sy) by single-threadedness of ¢. There must be an event in ¢
corresponding to this minimal event, but such an event would be in both @; and
@; that were assumed disjoint. O

At this point we have everything to build a cartesian category. A CHO-strategy
on an arena A is a negative, single-threaded, ~-strategy on A.

PROPOSITION 4.15. The following subcategory CHO% of ~-tCGg is cartesian:

o Objects: negative arenas,
e Morphisms from A to B: CHO-strategies on !A+ || |B. (up to weak isomor-
phism)

This category will be written simply CHO in the rest since no variations are
considered. If o is a CHO-strategy (ie. a particular representative up to weak

CHO
isomorphism) from A to B, we will write o : A — B. All operations on CHO
(related to the cartesian structure) are actually defined on the representatives and
then lifted to the isomorphism classes.

) ) . CHO CHO )
As in any cartesian category, given 07 : A —> B and 3 : C — D, we write

CHO
o X0 = (1 @m,0b@0m) : A| C = B || D. This is not to be confused

with the functorial action of || in ~-tCGg: 01 X 03 playson (A || C)* || (B || D)
whereas o1 || o3 plays on (1A || !IC)* || (!B || !D). However, there is a canonical
isomorphism of event structures with symmetry mp : |(A || B) = !A || !B. This
isomorphism can be used to relate the two actions:

CHO CHO .
LEMMA 4.16. Let oq : A —> Cand 02 : B —> D. We have a weak isomorphism:
0 X 0y = mE}D © (01 || 2) @A

PROOF. Direct consequence of Lemma since all mentioned compositions
involve a lifted map. g

2.2. Cartesian-closure. We now move on to proving the category is cartesian-
closed. The arrow of negative arenas A and B will be given by the arrow construc-
tion A = B (as A* || B need not be negative). To prove that this is actually the
closure for ||, we use the fact that in our restricted space of strategies the game
(A = B) and !A' || !B support the same strategies and hence we can take advan-
tage of the closure of N-tCG%.

First, !A+ || !B is less causally constrained than !(A = B), so we can build a
map of event structure from the latter to the former:

LEMMA 4.17. There is a strong-receptive, courteous map of essps:
Xap:!(A=B) — 1AL | 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[l} we use (—) : IN* — IN for any injective func-
tion; the collision with the pairing operation should not generate any confusion.

We set:



2. A CARTESIAN-CLOSED CATEGORY 109

XAB (A= B) — 1AL || !B
(a:[(0,(ba))] = N) — (0,a)
B:[(LD)] =>N) = (Lp)
where:
o [a] — N
a' o (tb,a((1,b)),a((0,(b,a')))) (ifa” € min(A))
a a((0,(b,a"))) (otherwise)
and:

g : )] - N
voo— B(LY)

With this definition x 4 p preserves symmetry, is strong-receptive (it does not
change the copy indices of negative events, since minimal events of A* are posi-
tive) and courteous (it only breaks immediate causal links from minimal events of
B to minimal events of A+, so from negative to positive). O

This allows us, from ¢ : S — IC* || (A = B), to define its relabeling:
D(0) : S—ICH| (1At ||!B)
= (Ctxap)oc
Before going on to the other direction, we note a further property of this relabeling.

LEMMA 4.18. Let o0 : S — ICt || {(A = B) be a CHO-strategy. Take s1,s5 € S
such that o sy has the form (1, B) (in the A = B component) with bl B = (1,b) (b €
min(B)), and 0sy = (1,a) with bl & = (0, (V/,a)). Then, b = b iff s; = min(sy).

PROOF. Straightforward consequence of single-threadedness. O

LEMMA 4.19. Let 09,05 : S — IC* || (A = B) be two CHO-strategies sharing
the same internal ess. Then, oy ~T oy iff ®(07) ~T O(07).

PROOF. if. Assume ®(07) ~* ®(07). Take x € €(S), and form 6 = {(o1s,025) |
s € x| }. We wish to prove that 6 is a valid symmetry on IC* || /(A = B). Firstly,
we remark that the following diagram of bijections commutes.

!CllXA,Bl ) R l!CL“CA,B
ech H (elAL H9‘3)

O(0y) x ————— D) x

where 6’ is the bijection obtained from ®(07) ~* ®(0).

It follows that 6 decomposes as 6,1 || 6,4 p) with 6,1 € !Ct, and we are

left to prove that 64 € !(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.
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We prove that it preserves immediate causality. The only nontrivial case con-
cerns immediate causal links not preserved by x 4 g, i.e. those of the form:

ors1 = (2,{(20) = n}) = (2{(2,b) = n,(1,(b,a)) = p}) = 015

But then, by Lemma we have s; = min(sy). Since labels are preserved by

0], and 0, and using Lemma again, we still have 0 (03 51) — 6 (02 52). The

argument also applies to the 6~*, which therefore is an order-isomorphism.
Preservation of labels also follows from Lemma Finally, 6 is a positive
symmetry as all bijections involved preserve copy index of negative events.
only if. By preservation of symmetry for x 4 g, and the fact that it preserves the
copy index of negative events. O

Relabeling from !C* || (IA+ || IB) to IC* || /(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, choosing 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 min(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.

LEMMA 4.20. For any CHO-strategy o : S — IC || (!A+ || !B), thereis ¢’ : S —
IC || /(A = B), unique up to positive symmetry, such that

o ~"(IC | xap)od

PROOF. We define ¢’ : S — IC || {(A = B). The domain of ¢’ is that of ¢. For
s €S, thenifo(s) = (0,7) weseto’(s) = (0,7).

Ifo(s) = (1,(1,B)) with B : [b] — N, then we set ¢’ (s) = (2, p’) with

g : [(LLb)] - N
(1L,b) = B)

Ifo(s) = (1,(0,a)) witha : [a] — IN, then by condition (1) of single-threadedness
it has a unique minimal dependency min(s) < s. By hypothesis, ¢ (min(s)) has
the form (1, (1, )) with B = {b — n}. Therefore we set:

« : [(0,(ba))] — N
0,(b,d")) +— a(d)
(L,b = on
and we define ¢/(s) = (2,a/).
It is routine to check that this map is strong-receptive and courteous, and that

its composition with IC || x 4 g is positively symmetric to ¢. It follows from Lemma
that it preserves symmetry, and that it is unique up to positive symmetry. [

From that, we deduce the following.

PROPOSITION 4.21. 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*+ || ({A+ || !B).
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Moreover this bijection is compatible with pre-composition: for all T : T — D+ || IC:
Pr)eTEP(coT)

PROOF. On the one hand ®(¢) is obtained as (IC* || x4 5) © ¢, while ®~!(¢”)
is obtained by the unique factorization of Lemma The bijection up to weak
isomorphism follows from Lemma as well.

We now prove stability under composition. By definition, we have ®(0) =
(IC* || xap) oc. But by Lemma m this is the same (up to isomorphism) as
XAB @0, so the action of ® can be obtained by post-composition via a lifted map.
Stability under composition follows by associativity of composition. O

And finally, we deduce:
THEOREM 4.22. 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 as-
sociativity and unity isomorphisms from the compact closed structure of N—tCG%
— those can be easily and uniquely recovered from the context.

For any two arenas A, B, we first define the evaluation ~-strategy (composition
is in ~-tCGQ):

CHO
evap : A||(A=B) —+B
= (eia || 'B) @ (1A || ®(ay(a=p))) ©@Ta,a=8

where €4 € N—tCG%((!A | tAL)+, 1) comes from N—tCG% being compact-closed.

CHO o
Likewise, for any 0 : A || C —> B, we define its curryfication as:

A@) : =B

= &AL | (coTac ) ® (ma | IC))

where 1714 € N-tCG%(l, (1A || 'A1)) comes from ~-tCG being compact-closed.
It is then a straightforward equational reasoning to prove the two equations
CHO

[LS88], foro: A x C —+= B,
(B) evap @ (AxA(r))
(1) Alevap® (A x0))

using mainly Proposition and the laws of the compact closed structure of
~-tCG, in combination with Lemma[4.16]to relate the cartesian structure of CHOg,
and the monoidal structure of ~-tCG - all the structural isomorphisms involved
in the definition cancel each other. O

g
g

12

2.3. Recursion. To conclude the section, we prove that CHO supports the in-
terpretation 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 sufficiently complete partial orders. Here however it will not be the
case: indeed, just as in AJM games [AJMO00], our cartesian-closed category is a
quotient (its morphisms being weak isomorphism classes). It is not clear how to
build a complete ordering on weak isomorphism classes. However, this is not a big
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issue: although weak isomorphism classes of ~-strategies might not form a com-
plete partial order, concrete ~-strategies do. Therefore, 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 concrete ~-strategies.

DEFINITION 4.23. Letoc: S — A, 7: T — Abe two ~-strategies on a tcg A.
We write 0 < T iff S C T, the inclusion map & — 7T is a map of essps, with all
data in § coinciding with the restriction of that in 7, and such that forall s € S,
os = Ts (and both are equi-defined).

The ~-strategies on A ordered by < form a directed complete partial order
(depo). 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 neg-
ative events of A. For each A we distinguish one <-minimal ~-strategy

Llyg:min~(A) = A

that has as events the negative minimal events of .4 with induced symmetry, and
as labeling function the identity. Not every ~-strategy is above 1 4. However,
for every ~-strategy o, we pick one ¢ = ¢ such that 1 4 < ¢ obtained by re-
naming the minimal negative events of . We write D 4 for the pointed dcpo of
~-strategies above L 4.

LEMMA 4.24. For any tcg A, D 4 is a pointed dcpo with L 4 as minimal element.
PROOF. IfI' = {7y : S, = A} C D4 is a directed subset of D 4, we form
vi=uy:Js, — A
yel

with all components defined as component-wise union.
This defines a ~-strategy, which is the least upper bound of T'. O

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 4.25. Composition, tensor, pairing, curryfication and the (—)" operation
defined above are continuous for <.

PROOF. Straightforward. O
From the above, we deduce the following.

COROLLARY 4.26. For any arena A there is a fixpoint combinator Yo : (A =
A) leg A, i.e. a single-threaded ~-strategy such that:
Va = evan© (VA Taa))
PROOF. First, using the CCC structure of CHO, we define the sequence:

~ t
op= 1 Opt1 T evo <Un,(13A©A> .
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Note that 0y, is (weakly isomorphic to) the interpretation of Af. f (... (f L))
given by the CCC structure of CHO. By induction, using Lemma and L =
0p < 07, it follows that 0; < 0;,1. As a result, we let

y:UUnr

nelN

which satisfies the desired equation by standard reasoning. O

3. Adequate interpretations of ndPCF

In this section, we prove that CHO supports two interpretations of ndPCF.
One interpretation is sequential and the other one is parallel: they only differ by the
interpretation of the if construct. Both interpretations are shown to be adequate
for both may and must convergences.

3.1. Semantics of terms and observational equivalence. We have seen in Sec-
tion [I| the interpretation of types of our language. To complete this, we need to
give the interpretation of terms. A term I' - ¢ : A will be interpreted as a CHO-
strategy [t] on ![T]*+ || ![A]. It is crucial that the interpretation of a term is an
actual strategy, and not an equivalence class, for the developments to come. We
build two such interpretations [t]par and [t]seq that only differ by their interpre-
tation of conditionals.

3.1.1. The two interpretations of ndPCF. The interpretation functions are built
by induction on the syntax as usual:

(A-calculus) Since CHO is a cartesian-closed category, we get automatically an
interpretation of the simply-typed A-calculus. For completeness, we recall here a
sketch of the interpretation, see [LS88] for the full details:

[L,x:Abx: A] = m: (1] || [A]) S [A]
(well-defined since [T, x : A] = [I7] || [A])
[CFAx.t: A= B]=A([x: ATFt:B]): [[] 9= [A = B]
[THtu:Bl=eve([TFt: A= B],[TFu:A]):[l]— [B]
(Fixpoints) The fixpoint operator is simply interpreted by that of CHO:
[[FY: (A= A)= Al =A(Va) @

(Ground types) The interpretation of values are as follows:

[tt] : B [££] - B [n]: !N
qf,i qf,i qf,i

v, v, V)

tt+,0 ff+,0 EJr,O

The symmetry is inherited from that on !B and !IN. The strategy for choice has
been given at Example The integer operators succ and null are defined as
follows (pred is defined similarly):
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[succ] : NN = N [null] : IN = B
Tq T q
,OA/ \\ ,0/4/ : \
q’ ‘. q’ -
v ! 7Y ;o
ﬂ_/] 1 O_r]O 17//1 // //
n+1+ ttto T

From those, we derive:
[T FsuccM: N] =succo [I' - M:NNJ
[IT+predM:IN] =pred® [I' - M: IN]
[TFnullM:B] =nulle [T+ M :IN]J.

Finally, conditionals are interpreted using two different strategies depicted in
Figure ifpar, ifseq : IBL || IBL || 1B || B:

[[if MN, NZ]]par = ifpar @ <[[M]], [[Nlﬂr [[N2H>
[[if M N; Nz]]seq = ifseq © <[[M]]r [[Nlﬂr [[NZH>

The strategy ifpar is not sequential: the three arguments are evaluated in par-
allel; and when the boolean evaluates to true and the first branch evaluates to
a boolean, then if returns that boolean at top-level (and similarly for the other
branch). However, the two implementations cannot be told apart by contexts aris-
ing from nondeterministic PCF (as a consequence of the adequacy results proved
later in this section). In the rest of the section, we use the notation [-] to mean any
of the two interpretations: a statement holds for both interpretations.

3.1.2. Testing equivalences. We now define semantic counterparts to may and
must convergences, and deduce the corresponding testing equivalences. A strat-
egy o € CHO(X) may converge when it contains a positive move. Two strate-
gies 0,7 € CHO(A) are may-equivalent (0 ~may T) when for all strategies & €
CHO(A, B), « ® o may converge if and only if # ® T may converge.

For must convergence, it is less clear how to generalize the syntactic notion.
Consider the term () = Y (Ax. ifchoice x x) that diverges while performing infin-
itely many nondeterministic choices. In particular both [()]par and [QY]seq must
not converge. However if tttt ()’ must converge, but its parallel interpretation
contains infinitely many events since it runs ' (but does not wait on it): it even
has an infinite configuration. To define must equivalence, we look at maximal
configurations: they correspond to maximal reductions. Such maximal configura-
tions must contain a positive move — otherwise, a maximal configuration without
positive event is a witness of a reduction that cannot lead to a value.

Write € (E) for the set of finite or infinite configurations of an event structure
E. A 0 € CHO(B) must converge if all its (possibly infinite) maximal configura-
tions contain a positive move. Two strategies o, T € CHO(A) are must-equivalent
when for all strategies « € CHO(A, B), « ® o must converge if and only if x ©® T
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ifper: B | BS | 1B | B
qf,i
o+ 4% AN
v $ v | S
t ff'k% |
\D b—&-,(l,j,l/) pr A2k
ifooq: BY | MBL | BB
qf,i
q+,i/ L
M ¢ \\ \\\
q+/<i,j> q+,<i,k> " \‘
% v ) !
bi'l b/_'l/ // "

pHALi) 2R

FIGURE 5. Two interpretations of if

must converge. Similarly, we write ¢ ~ngm T when ¢ and T are both may and
must equivalent.

It is key to look at infinite configurations: for instance the term
U = Y(An.if choice0 (succn))

which returns a nondeterministic integer must not converge but all finite configu-
rations of [U]seq can be extended with a positive move.
Remark that any syntactic context yields a semantic test: any C|] for type I -

A gives a strategy [C] = [Ah.Clhxy... x4]] € CHOg([I] = [A],[B]) where
IF'=x1:4Aq1,...,x,: Ay

3.2. Relation between the operational and denotational semantics.

3.2.1. The reduced part. As an anticipation of Chapter [p} we take advantage of
uniformity to cut down part of strategies that are redundant. Given a ground type
X, write X for the corresponding arena without the initial question. Any CHO-
strategy 0 : S — !X on X induces a ~-strategy: t(¢) : t(S) — !XT where t(S) is

115
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defined as (q € S is the initial question with copy index zero):

Sl{seS|s>qy},

where t(0) is obtained by restriction. Symmetry on t(S) is reduced to identities.
Axioms of ~-strategies are easily checked. The ~-strategy t(c) is called the re-
duced part of ¢. It characterizes o

LEMMA 4.27. Fora CHO-strategy o : S — X, 0 = ¢’ ifand only v(o) = (o).
PROOF. Consequence of uniformity. O

3.2.2. The reduction tree. From now on, unless mention of the contrary, we only
consider closed terms of a ground type X. The operational semantics on those
terms also induces a ~-pre-strategy on X as follows.

A (non-necessarily finite) sequence My — M; — ... — M, is called a re-

. . 7T . .. .
duction path. We write My —» M, to introduce a finite reduction path 7 from

My to M, and M L .. for an infinite reduction path starting at M. Reduction
paths are naturally ordered by prefix ordering. As a result, finite reduction paths
sharing the same starting point naturally organize themselves into a tree, regarded
as an event structure t(M) defined as follows:

e Events: non-empty finite reduction paths of the form 1 (M) Sy M.

o Causality: prefix ordering of paths,

o Conflict: two paths are in conflict if they are not comparable.
where 77(M) = MJif choicettff/choice]. The labelling function t(M) — X7 is
only defined on finite paths 7 that end on a value v. In that case, the corresponding
move of the game is v with copy index #(7r) where £(-) is a hashing function,
from reduction paths to natural numbers. The resulting labelling function gives a
pre-~-strategy t(M) on X" (secrecy holds because of the 17-expansion of choice
performed above).

3.2.3. Finite approximations. To handle terms with fixpoints, the notion of finite
approximation comes in handy. Given a term M, we write M,, for M where occur-
rences of ) were substituted by )V, (interpreted in the model as [Af. f" L]), along
with the reduction rules:

YVysrM = MYy M) and YoM — L.

Because composition is continuous and we have that [V ]seq = 0 (defined in

, we have that [M]seq = Jnen [[Mn]];eq (likewise [M]seq = Unen [[Mn]]‘;eq).
This makes sense since [M]seq is a particular representative and not an equiv-
alence class. As a result, we have:

t[M]seq = U t[My]seq-
nelN

/

Finally, any path M, LN N for N # 1 yields a path M, +1 7, N’ by
rewriting the subterms of the shape )y into V1. As a result t(M,) can embed
as a down-closed subtree of t(M,,11). In the following, this embedding will be
silent and we will assume that t(M,,) is a subtree of t(M,,1). As a result:

t(M) = | t(My)

nelN



3. ADEQUATE INTERPRETATIONS OF ndPCF 117

3.2.4. Must convergence and the reduction tree. By looking at the reduction tree,
we can prove that must convergence is finitary in the following sense:

LEMMA 4.28. For a term = M : B, the following are equivalent:

(1) M must converge,

(2) t(M) is finite,

(3) t(M) is finite and all leaves are positive event labelled by values,
(4) there exists M,, such that M,, must converge.

PROOF. (1) = (2) Since M must converge and t(M) is v finitely-branching,
t(M) is finite by Kénig's lemma.

(3) = (1) Obvious by the definition of reduction trees.

(2) = (3) Corollary of Lemma

(3) = (4) Since t(M) = | Jnen t(My), and t(M) is finite, this union is reached in
finite time. Hence there exists M, such that t(M,,) = t(M), and M,, must converge.

(4) = (2) If M,; must converge, then its reduction tree must be finite and all
leaves must be positive events. As a result t(M,) = t(M). O

3.3. Adequacy. We now prove a strong link between the operational seman-
tics and the denotational semantics: for the sequential interpretation, they com-
pute essentially the same tree (Theorem [£.29). Such strong results tying the deno-
tational semantics and the operational semantics are, to our knowledge, new and
rely heavily on essential events. This link allows us to deduce adequacy for may
and must for both interpretations as a corollary.

3.3.1. Sequential interpretation. To prove adequacy of the sequential interpre-
tation, we relate t(M) to t[M]seq. In general t(M) has more events than t[M]seq
which only retains the events where a nondeterministic choice was made. Gener-
alizing the notation of Chapter2|to ~-strategies, we write & (t(M)) for

t(M) | {s | s is involved in a minimal conflict or is visible}.

It is another ~-strategy on !X*. The interesting property of our model is that
this strategy, obtained from the operational semantics, exactly coincide the one
obtained denotationally:

THEOREM 4.29. For any term = M : X, there exists a weak isomorphism
¢ t[M]seq = &(t(M))

Theorem[4.29)is proved using realizability. Say that a term M realizes a ground
type X if it satisfies the condition of the theorem, and M realizes A = B if for any
realizer N of A, M N realizes B.

This definition satisfies the usual B-expansion lemma:

LEMMA 4.30 (B-expansion). Let x : A+ M : B be a term. If M[N /x| realizes B
for some realizer N of A, then (Ax. M) N realizes B.

PROOF. By induction on B. The only interesting case is the base case. In that
case, we have

t[(Ax. M') N]seq = t[M'[N/x]]seq = & (x(M'[N/x])) = &(t((Ax. M) N)),

where the second isomorphism is the induction hypothesis, and the third comes
from (Ax. M) N only reducing to M'[N/x]. a
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LEMMA 4.31. For every (open) term x1 : Aq,...,xy : Ay = M : B without
fixpoint, and terms = N; : A; such that Nj realizes A;, then M[N;/x;] realizes B.

PROOF. We proceed by induction on M.

Constants: straightforward, both event structures are reduced to a single event,
labelled with the corresponding value.

Choice: We have that (M) — if ttttff — tt and #(M) —? ff which means
that & (t(M)) and t[M]seq are isomorphic.

Application and variable: straightforward.

A-abstraction: Consequence of Lemma

Ground type operators: For instance assume M = succ My. Write M’ for M[N;/ x;]
and M, for My[N;/x;]. Itis a direct calculation to see that t[M']seq is isomorphic
to t[[Méﬂseq as an event structure, with the labelling function to !X, as follows:
Ibl(¢[M']seq) = succ o Ibl(v[M]seq) where we wrote Ibl(-) to denote explicitly the
labelling function of the corresponding strategies.

Similarly, t(M’) is similar to t(M) but each leaf labelled by n is replaced by a
tree of the shape x — 1 + n since it requires one more step to compute. This disap-
pears when applying &(-) hence t{M'[seq = & (t(M')) by induction hypothesis.

Conditionals: the conditional is implemented by a sequential strategy so the
same reasoning as in the previous case applies. 0

We can now complete the proof of Theorem using finite approximations:

PROOF. (Of theorem [4.29) Let = M : X be a closed term of ground type. By
Lemma[4.31} M}, realizes X, and there is a family of isomorphisms

Pn - t[[Z\/In]]seq = t(éE(MH))

Unfortunately, the ¢, might not agree with each other. For instance, both
event structures corresponding to if choice tttt have non-trivial isomorphisms.

First, since the t(&'(M},)) are all trees, it follows that the t[M;]seq are also trees,
and so is t[M]seq. Moreover, they are finitely branching (since we can only make
a binary choice at a time), this means that for any e € t[M]seq, there are only a
finite number of elements that it can be mapped to by the ¢,.

Now, we build ¢ : t[M]seq = &(t(M)) by induction on t[M]seq by main-
taining the invariant that for each e, there exists infinitely many n € IN such that
Ve' < e, p¢ = @ne’. Assume we have built the image of the predecessors of e.
Consider the set {¢n(e) | n € N,Ve' < ¢, ¢,(¢') = ¢(¢')}. It is non-empty by
induction and finite by the remark above, so there must be an element of the set
that corresponds to infinitely many n. Choose ¢(e) to be such an element — by
construction it satisfies the invariant. O

The result of Theorem implies adequacy of the sequential interpretation.

THEOREM 4.32. Let M be a closed term of ground type X. We have the following:

o M may converge if and only if [M] seq may converge
o M must converge if and only if [M] seq must converge.

PROOF. May convergence. Assume that M —* v with v being a value. By
construction, (M) has a move labelled with v which means by Theorem that
[M]seq contains a positive move. Conversely, if [M]seq has a positive move, then
so does t[M]seq and t(M) which means that there exists v such that M —* v.
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Must convergence. If M must converge, then by Lemma its reduction tree
is finite with positive leaves. As a result, by Theorem t[M]seq has the same
shape and [M]seq must converge.

Conversely, by Theorem t[M]seq is a tree, with positive leaves. Any
infinite reduction path 7r of M would yield a configuration x of t[M]seq that can be
extended to x’ containing a positive move s. Since 7 is infinite, x cannot contain a

/
positive move, and s ¢ x. Consider a path M s v with ¢(s) = n'. Write my for
the longest common prefix to 7r and 77’. By construction 77y can extend by a prefix
m; of 7t and a prefix 71} of 7r’. That 11 ~ 7} int(M) and {¢~'(m1), ¢~ (7))} C ¥/,
are contradictory with ¢ being an isomorphism. O

3.3.2. Concurrent interpretation. We deduce adequacy of the concurrent inter-
pretation from the sequential one by means of a logical relation. Define a relation
o ~4 0 where 0,0’ € CHO(A) by induction on types as follows:

o ~x 0 iff (0 Umust © 0 dmust) AT ~may 0’
Or~pspo  iff VT~ T,00T~pd @7
Then, the fundamental lemma for this logical relation implies adequacy:
LEMMA 4.33. Let x1: Aq,..., X5 : Ay = M : A bea term of ndPCF and o; ~ 4, 0]

be related strategies. Then
/

M]par@® (01, ..., 0u) ~a [M]seq® (01,...,00%)

As aresult, for a closed term = M : X, if [M] por must converge (resp. may converge),
then M must converge (resp. may converge) by adequacy of the sequential interpretation.

PROOF. Most cases are dealt with in standard way. The only interesting case is
if: assume that M = if N N N,, and without loss of generality that M is closed.
By inspection of the sequential and concurrent interpretations of if, we have:

[[if NNl Nzﬂseq U'must iff [[N]]seq l}must A (tt € [[N]]seq = [[Nl]]seq l}must)
A (ff € [[N]]Seq = [[NZ]]seq llmust)
[if N N1 NoJpar $must  iff - [NJpar dmust A (tt € [N]par = [Ni]par $must)
A (ff € [N]par = [Nalpar Jmust)
from which the result follows by induction hypothesis. O

From these adequacy results, we deduce that observational equivalence in the
semantics entails observational equivalence in the model.

COROLLARY 4.34. The interpretations [-]seq and [-]per are both sound for may,
must, and may&must equivalence.

Formally, for T = M, M’ : A two terms of ndPCF such that [M]seq and [M].,
are may-equivalent (resp. must-equivalent, may&must-equivalent), then M and M’ are
may-equivalent (resp. must-equivalent, may&must-equivalent), and similarly for [-] par

PROOF. The proofs for the three equivalences follow the same pattern. As-
sume for instance [M]seq and [M]5eq are may-equivalent. Let C[] be a context for
type I' - A such that C[M] may converge. Then [C[][seq © [M]seq may converge
which implies that [C[]]seq © [M']seq may also converge. If follows, by adequacy,
that C[M’] may also converge.
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Because of the expressive power of strategies, the converse is not true: two
terms could be indistinguishable by ndPCF but their interpretation could be dis-
tinguished by some strategy. The next part is concerned with cutting down the
space of strategies to ensure this does not happen, and isolate a sub-model of
CHOg which is intensionally fully-abstract, ie. where the converse holds. This
is done by generalizing the traditional notion of innocence and well-bracketing of
play-based game semantics to our partial-order based setting.



Part 2

Innocence



In this second part, we generalize the notions of well-bracketing and inno-
cence traditional in HO game semantics [HOO00], in order to understand what
properties strategies coming from a language without control operators (leading
to the notion of well-bracketing) or state (leading to innocence) satisfy. We finally
prove that the interpretations defined in Chapter i of ndPCF inside the class of
well-bracketed and innocent strategies are intensionally fully abstract.

Plan of the part.

Chapter |5 This chapter introduces our conditions of well-bracketing and in-
nocence, and proves that they are stable under composition so that we get sub-
cartesian closed categories of CHO consisting of the innocent, and well-bracketed
strategies. Moreover, in this chapter we show a very important property of visible
strategies (a property weaker than innocence): their interaction is deadlock-free.
This means that composition of visible strategies is relational.

Chapter [0} This chapter proves that our interpretations of ndPCF given in
Chapter @] are intensionally fully abstract (for may testing). In the process, key
properties of innocent and well-bracketed properties are investigated. In partic-
ular, we show that innocent strategies support a reduced form which generalizes
the P-view tree of strategies in HO games. This induces a notion of finite strategy.
We also show that innocent and well-bracketed strategies on a higher-order type
can be decomposed into smaller strategies of higher-order type and a strategy of
first-order type. This allows us to reduce finite definability to finite definability at
first-order types.



CHAPTER 5

Concurrent innocence and well-bracketing

C’est I'innocence qui est sommée de fournir ses justifications.

Albert Camus, On innocence in HO game semantics.
(L’homme révolté)

In this chapter, we introduce conditions on strategies of CHO to restrict their
discriminating power to that of the interpretation of ndPCF. Instead of defining
one condition that will exactly capture the expressive power of ndPCF, we decom-
pose it into several orthogonal conditions that capture more expressive languages.
In the sequential world, such a decomposition allows to understand orthogonal-
ity of computational effects. In particular, the condition of well-bracketing cor-
responds to the absence of control operators [Lai99} [Lai97], visibility to the ab-
sence of higher-order state [AHM98]| and innocence to the absence of ground state
[AM99a]. Consequently, the expressive power of PCF is captured by the innocent,
deterministic well-bracketed strategies.

Related work. The problem of concurrent well-bracketing was first addressed
and solved by Ghica and Murawski in [GMO07], where they obtain a full abstrac-
tion result for a concurrent language with shared memory, but without control
operators. Our notion simply recasts theirs into our causal setting.

To our knowledge, there are no prior solutions to the problem of innocence in
a nondeterministic and concurrent world. At the time this work was conducted,
even the problem of nondeterministic sequential innocence was still an open prob-
lem, closed independently by Ong and Tsukada [TO15] since then.

The first to extend innocence outside a sequential world are Mellies and Mim-
ram [MMO7] in the setting of concurrent and deterministic (non-alternating) strate-
gies on asynchronous games. This innocence is expressed via switching conditions
given by the structure of the type (in their case, a formula of linear logic). On the
contrary, our notion of innocence is intrinsic in the spirit of traditional HO games.
We would like to point out that the true concurrent setting of asynchronous games
allows Mellies and Mimram to design a notion of innocence ensuring that compo-
sition of innocent strategies is deadlock-free. This is similar to what happens here,
where visibility ensures deadlock-free interactions (Theorem [5.35).

The work of Hirschowitz et al. [Hirl4, [EHS15] also features a notion of inno-
cence defined as a sheaf condition (since their strategies are defined as presheaves).
This idea was recast in the A-calculus by Ong and Tsukada giving the notion of in-
nocence mentioned above. We believe that our notion of innocence can be formu-
lated this way (since it is possible to regard our strategies as presheaves), although
technical details have not been carried out.

123
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Outline of the chapter. Our conditions do not make use of symmetry, so we
define them in the setting without symmetry. They do make use of negativity, and
single-threadedness, so we first start in Section |0| by introducing the subcategory
of negative and single-threaded strategies of CGg. Then, Section generalizes the
well-bracketing condition of [GMO7] to our partial-order setting.

Section [2) introduces the problem of concurrent innocence and of its formula-
tion in a partial-order setting. It also introduces visibility which is key for innocence
to be stable under composition and locality restricting the shape of conflict.

Section 3| proves innocence and locality to be stable under composition and
builds a category of innocent strategies, CHOjpy.

Contributions of this chapter. The results presented in this chapter are joint
work with Pierre Clairambault. The conditions for the deterministic case are pub-
lished in [CCW15] where they are proved to correspond to PCFE. This chapter in-
troduces the new extension of visibility, locality that generalizes visibility to non-
determinism, as well as a new definition of well-bracketing that is independent
from visibility. These conditions of innocence and locality can be understood as
the restriction between which parts of the program can communicate, whereas
well-bracketing restricts which moves can be played (answering several times the
same question, etc.)

0. Negative and single-threaded strategies

We now introduce the formal setting where the development of this chapter
takes place. Because symmetry is not of concern when defining innocence and
well-bracketing, we only consider negative arenas, and negative, single-threaded,
essential strategies on them. They organize themselves naturally in a subcategory
of CGg:

PROPOSITION 5.1. The following defines a subcategory nCGg, of CGg,

Objects: negative arenas,
Morphisms: negative, single-threaded essential strategies on A+ || B.

Concrete CHO-strategies o : S — !AL || !B are erased to concrete strategies
o :S — 1AL || 1B in nCGg (!4, !B) in a composition-preserving way. This allows
us to lift any condition stable under composition in nCGg, to CHO.

Justifiers. A key notion throughout this chapter will be that of justifiers. Men-
tioned in passing in Chapters [3|and [4 they will be useful to formulate notions of
innocence and well-bracketing suited to our setting. Indeed, justifiers are key to
HO-based game semantics.

However, in the formulation of the previous chapters there is a slight hiccup.
Justifiers are defined on strategies (as a partial map from S to the game), but de-
pend on the target game. For instance, consider on the left @proc : lproct || !proc,
and its curryfication playing on !(proc = proc):
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Tiproc lproct || Iproc A(@iproc) : !(proc = proc)
run - run
X \\ - \\
runt’ : runt/ |
v I \v4 |
. 1 . I
done™”/ K done™”/ K
/ /
done ™’/ donet/

We see here that, on the diagram on the left run*/ has no justifier (since its
image in the game is minimal), but on the right it has a justifier. Intuitively, if o €
CHO(A), only minimal events do not have a justifier, but if - € CHO(A, B) this is
not the case anymore. This is problematic when defining conditions on strategies
that depend on the justifier structure. To solve this problem, we introduce an
extended notion of justifiers, taking advantage of single-threadedness to define a
justifier for those positive moves that are minimal in the game:

DEFINITION 5.2 (Extended justifier). Let ¢ : S — A be a partial map of event
structures to an arena such that S is negative and single-threaded. Fors € S
non-minimal, we define its extended justifier just,(s) as follows:

e If 05 is not minimal, then just,(s) is defined as the unique event s’ < s
with 0s” — s, exactly as before: just(s) = just,(s’),

e If 05 is minimal: just,(s) is the unique minimal move of [s] (well-defined
by single-threadedness).

In the following, we will say that s is justified by s’ when just,(s) = s’. Note
that, juste(e) < e for non-minimal e, and if ¢ is courteous, the extended justifier of
a negative move is always its predecessor in S (if it exists).

LEMMA 53. Letc: S — AL || Band T : T — AL || B be courteous partial maps
of event structures such that S and T are negative and single-threaded. Let f : S — T be
a map of event structures such that {(t(fs),os) | s € x} defines an order-isomorphism
T(fx) = ox for every x € €(S). Then, for all non-minimal s € S

f(just,(s)) = just,(f(s))

The general statement of the lemma allows for f to be part of a weak isomor-
phism when put in the context of CHO.

PROOF. Lets € S| non-minimal. First, notice that o's is non-minimal if and
only if T(fs) is.

If os is non-minimal, then o (just,(s)) is the predecessor of s in [0's]. As a re-
sult, since 7(f(just,(s)) is the predecessor of T(fs) in T(f[s]) = o[s], f(just,(s)) =
just,(fs)) by definition of the justifier.

Otherwise, if o's is minimal, then so is 7(fs). Let ty be the minimal event of
[fs], and s its unique pre-image in [s] (that exists [fs] C f[s] as f is a map of event
structures). Since ¢ is a courteous, and sy is negative and minimal, so must be s.
Therefore so = just,(s), and f(just,(s)) = to = just,(fs). O
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Note that if o, T are strategies in nCG%, the interaction T ® ¢ is courteous neg-
ative and single-threaded, so extended justifiers apply to T ® ¢. In particular, the
projections preserve (extended) justifiers, by the previous lemma.

Grounded causal chains. Another technical tool that is crucial to define the
conditions is that of grounded causal chain:

DEFINITION 5.4. A grounded causal chain (gcc) of an event structure S is a
non-empty finite set 0 = {0, ..., 04} with g9 € min(S) and ¢; —s 01 fori < n.

Gccs represent sequential sub-part of the strategy, or threads. The set of gccs of
an event structure S is written gee(S). Gees can be viewed as sets (as the definition)
or as sequences since <g restricts to a linear ordering on them. Note that gccs of
strategies in nCGg, are always alternating by courtesy and alternation of arenas.
The length of a gcc o will be denoted by |g], its last element by ¢, and segments
by 0i<_<k, 0<i O 0>;.

We now move on to the definition of conditions.

1. Well-bracketing

In this section, we introduce well-bracketing, a condition restricting the call/re-
turn disciplines of strategies to match that of a programming language without
control operators. Note that our definition differs from [CCW15], which is spe-
cialized to a deterministic and innocent setting. We show in the next chapter, that
up to observational equivalence, we can recover the conditions of [CCW15] in the
presence of innocence (Proposition[6.15).

Questions and answers. The usual device in game semantics to formulate well-
bracketing is that of questions and answers. Questions correspond to function or
variable calls (Opponent or Player) and answers to function returns or variable
values (again Opponent or Player). Each move of the arena is either a question or
an answer, which is formalized as a labelling on arenas.

DEFINITION 5.5. An arena with questions and answers (or, in the following,
Q/A-arena) is an arena A along with labelling map A — {2, &} such that:

(1) initial moves are questions,
(2) answers are maximal.

In the rest of the thesis, we only consider Q/A arenas that we simply call
arenas — replacing the previous notion. Constructions on arenas (arrow, product,
expansion) trivially extend to Q/A-arenas. If 0 : S — A € nCGgj is a strategy on
a Q/A-arena, the action of ¢ naturally induces a Q/A-labelling on S, .

Terminology on questions/answer. If S| has a Q/A-labelling, we say that an an-
swer a € S answers a question q € S when 0q — 04 (or, equivalently just(a) = q).
A consistent set X is complete if every question in X has at least one answer in
X, and affine if every question in X has at most one answer in X. Its pending
question (if it exists) is the greatest unanswered question in X. To introduce new

events that have a specific labelling we will use the notation “let 2" or “let a”"".

1.1. Intuitions from Idealized Parallel Algol (IPA). In [GMO07], a notion of
well-bracketing is introduced that captures exactly the expressive power of Ide-
alized Parallel Algol, a concurrent language with ground state. Our goal in this
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section is to illustrate and to justify by examples the challenges of concurrent well-
bracketing that are solved in [GMO07] and to deduce a definition of well-bracketing
adapted to our setting.

1.1.1. Syntax of IPA. IPA can be defined as the following extension of ndPCF:

A,B:= .- |proc | IN | N ref

M,N:= .- |newrin M (Reference declaration)
['M|M := N|incr M (Reference manipulation)
| M; N | skip (Sequential composition and skip)
M| N (Parallel composition)

The extension adds references on natural numbers and parallel composition.
We use wait (b) as a shorthand for ) (Ax. if bskip x) for the thread actively wait-
ing for b to become true. IPA naturally has a type proc of commands interpreted
inside CHO by the arena run~ — done™ (run being a question, and done an an-
swer). CHO supports an interpretation of Idealized Algol [CCW14], although we
only use it for illustrative purposes, to show that the patterns considered in this
chapter can happen in real programming languages and are not simply quirks of
the model.

1.1.2. Well-bracketing in a sequential context. In sequential HO game semantics,
well-bracketing states that when a strategy plays an answer, its justifier must be
the latest unanswered question. This typically rules out control operators, for in-
stance, the following strategy for call/cc:

call/cc: !(((proc =  proc) = proc) = proc)
run
7 A
4/ ‘ W
- W
run0 ~ - N
/ v o
SR iy —k F
e run/ done™ .
.7 / !
’ . I
runt? donet(0)
v ;

done™ \ ,

done {17

On this diagram, we see the last done™ being played despite run; not being
answered. This strategy can be used to discriminate terms of PCF by exploring
branches of computation that might not terminate. For instance the terms Ax.x; L
and Ax.L are distinguished by the context call/cc (Ak.[] (kskip)). However,
those terms are indistinguishable by contexts of IPA.

This can be expressed in our setting by asking that the gccs of a strategy should
be well-bracketed: an answer in the gcc should point to the latest unanswered
question of the gcc. This condition is part of well-bracketing in [CCW15]. How-
ever, this condition is not well-behaved in general — an event can be present in a
gcc but its justifier might not —, and not stable under composition without further
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((proc = proc) = proc) = proc

!
4/4% run—! S
_ - - /

- - ’ !

run+,0 run+,0 = -- K |
3% v , )

done ™ _ done ™! 7 /
/
done™ (%% donet OV

FIGURE 1. A configuration of call/cc

conditions, eg. innocence. However, this is satisfied by terms of PCF as we will see
later (Lemma|6.14). It is, however, not enough to cut down the expressive power
to that of terms of IPA.

1.1.3. Forking strategies. Since there are no conflicts in the arena B, the follow-
ing diagram defines a valid strategy on !IB:

fork : 'B

S
tt 0 0

The gccs of this strategy are well-bracketed, but it answers twice concurrently
to the toplevel. The consequence is that it will duplicate its execution context: one
copy will see tt and the other ff. This strategy is a a concurrent control operator, as it
is possible to define call/cc in an extension of IPA with fork. As a consequence,
it can be used to distinguish observationally equivalent terms of IPA.

Note that, receptivity implies that Opponent is allowed to answer multiple
times. Say that a strategy o is fork-free when for all configuration x of o, if every
positive question of x has at most one answer in x, then x is affine. This condition
was also part of the well-bracketing condition of [CCW15].

Note that in IPA, fork is also definable from call/cc by simply letting: fork =
call/cc (Ak.ktt || kff). This code makes two concurrent calls to its evaluation
context (via call/cc), one call is given tt and the other ff. As a result, it must be
that the strategy for call/cc must not be fork-free as well, even though it seems
that call/cc never answers several times at toplevel! In fact, it does, but hidden
behind our compact representation of strategies.

Figure [I|depicts a configuration of the strategy for call/cc, where Opponent
never answered twice, but the initial question is answered twice by Player. In this
configuration, Opponent called twice its continuation, resulting in two answers
at toplevel. As a result, call/cc is not fork-free. Actually, this intuition will be
key to show that innocent and well-bracketed strategies (to be defined later) have
well-bracketed gccs (Lemmal6.14).
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1.1.4. Well-answered questions. Answering twice the same question is not the
only way to wrongly answer a question. For instance, the strategy 111

i11: (B = B)

oo
//A/ ‘%/‘
q+,0 tt+,0
v
b

has a behaviour which is not IPA-definable. It answers the initial question, and in
parallel interrogates its argument. As a result, the I(P)A-term:

M = AfPFOCTPI¢ new v :=0in

if (f(r:=11))
(Ir=1)
1

that never converges on any IPA-definable function proc = proc, converges when
fed an argument behaving as the strategy i11. The problem here is that the ini-
tial question can be answered before the questions it justifies are answered. Such
behaviours are forbidden by [GMO07], and deemed not well-answered:

DEFINITION 5.6. Let ¢ : S — A be a map of event structures to an arena
where S is negative and well-threaded. A question q € S is well-answered in a
configuration x € 4'(S) when for all answer a € x to q and distinct m € x justified
by q (ie. just,(m) = q), then m is a question answered in x.

As a result, a well-answered question in x is always answered at most once.

We can now define well-bracketing in our setting. As before, we cannot force
Opponent to answer well all Player questions, so we should only force Player to
answer well when Opponent does:

DEFINITION 5.7. A strategy 0 : S — A € nCGg, is well-bracketed when for
all x € €(S) such that all Player questions of x are well-answered in x, then all
Opponent questions are well-answered in x.

Unlike the notion of well-bracketing introduced in [CCW15], this condition is
stable under composition with no further assumptions on strategies, as we will
see. It is clearly stable under parallel composition, and contains all the strategies
0 : A — A €nCGg (A) where o acts the identity on events (necessary to build the
open interaction).

1.1.5. Well-bracketing and causalities. Well-bracketing puts some restrictions on
the causal structure of 5, as witnessed by the following lemma:

LEMMA 5.8. Let o € nCGg, (A, B) be a well-bracketed strategy. If x € €(v) is a
complete and affine configuration, there are no negative answers that are maximal in x.

PROOF. Assume there exists a complete and affine configuration x of S that
contains a maximal negative answer s. It answers a question q;, justified by a
question q, . Moreover, this question has an answer a* in x.
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Iny:=x\ {s} € €(S), qy is not well-answered since it is answered but q; is
not (x is affine). However, all positive questions are well-answered since we only
removed an answer to a positive question. This contradicts well-bracketing. [

In particular, this means that a well-bracketed strategy is not allowed to run a
computation and discard the result concurrently to answering the initial question,
ruling out the example presented above.

1.2. The category of well-bracketed strategies. In this section, we show that
well-bracketed strategies form a subcategory of nCG%. We first check copycat.

LEMMA 5.9. The copycat strategy @ is well-bracketed for any arena A. As a conse-
quence lifted strategies are well-bracketed.

PROOE. For (i,a) € C4 let us write (i,a) = (1 —i,a) for the corresponding
event on the other component.

Let x || y be in ¥(QC4) such that every positive question is well-answered
and let q be a negative question in y (for instance) with an answer a € y to q and
a move m € y justified by q. We know that ¢ - q — m — m and similarly
q - q — a — a. In particular, q is positive and thus well-answered: 7 is a
question which is answered by ag < a. It follows that m is a question, answered
by ag as desired. O

1.2.1. Composition of well-bracketed strategies. We now look at composition of
well-bracketed strategies. Consider ¢ : S — AL || Band 7 : T — B+ || C, well-
bracketed strategies of nCGg,. We first prove their interaction is well-behaved:

LEMMA 5.10. Let z be a configuration of T ® S such that questions mapped to a
positive event of A+ || C are well-answered in z. Then any question is well-answered in z.

PROOF. By induction on z, we show that for all pairs m,a in z, sharing the

same justifier g2, that m is an answered question in z. If 2 and m are negative in
A' || C, since q is positive, it must be well-answered by hypothesis.

Otherwise, since a4 and m share the same justifier, they must be either both o-
actions or T-actions. Assume w.l.o.g that they are o-actions (ie. project to positive
movesin S || C1).

In ITyz, ITya and I'lym share the same justifier. Assume that I'Tym is not an-
swered in IT;z (which is equivalent to m not being answered in z). By well-
bracketing of ¢ || C applied to the configuration

xo = [{Thm, Iha}] C T [{m,a}],

there exists a positive question I1;q' < I1;q along with (IT;a"¥,TTym’) in xy such
that o’ answers q' and m/, justified by ¢/, is an answer or an unanswered question
in xg. Because they have different polarities, we have a # a’ and m # m’, hence
the pair (a’,m’) lives in a configuration strictly smaller than z, and by induction
hypothesis m’ must be answered in IT;x: a contradiction. O

LEMMA 5.11. The strategy T © o is well-bracketed.

PROOF. Take z € ¥ (T ® S) such that all positive questions of z are well-
answered. As a result, the witness [z] € ¢ (T ©® S) satisfies the conditions of
Lemma All questions in [z] are thus all well-answered, as desired. O
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1.2.2. The category CHOyp. From the previous section, there is a subcategory
of well-bracketed strategies that is monoidally-closed. But we are more interested
in subcategories of CHO. Given a strategy ¢ € CHO(A, B), we say it is well-
bracketed when its erasure o € nCGg, (!4, IB) is.

PROPOSITION 5.12. Negative Q/A arenas and well-bracketed strategies form a
cartesian closed subcategory CHOy, of CHO.

PROOF. As seen above, copycat and all lifted maps are well-bracketed. Com-
position of well-bracketed strategies is well-bracketed by Lemma By defini-
tion of extended justifiers, well-bracketing is invariant under currying. O

1.3. Observational equivalence in CHOyp,. It will be crucial in the next chap-
ter to understand which parts of a well-bracketed strategy are observable by well-
bracketed contexts (See Proposition[6.15). To do so, we now show that, up to (may
and must) observational equivalence in CHOy,, we can cut down parts of well-
bracketed strategies that cannot be explored by such contexts.

1.3.1. Complete part of a strategy. Letus fix o : S — !A+ || IB € CHOyb(A, B).
Call a positive event s € S observable when it belongs to a complete and affine
configuration. A negative event is observable when its justifier is observable or
it is minimal. Observable visible events are enough to capture the behaviour up
to may equivalence of c. However, to capture the behaviour up to must, we also
need to retain some essential events. An essential event s € S is observable when
its (negative or essential) predecessors are observable.

LEMMA 5.13. Observable events are closed under symmetry.
PROOF. Follows from symmetries preserving causality and justification.  [J

Write Scmp) for the set of observable events of S. By the previous lemma, we
can consider Seppl = S | Sempt and we get a map Oempl * Sempl — A+ || 'B.

By definition of observable events, S.yp is downward closed in S. In par-
ticular, we have that €' (Scmp1) € ¢'(S) and all complete configurations of S are
configurations of Scyp1- As a result, we do get a well-bracketed strategy:

LEMMA 5.14. The map Ocmyp) is a well-bracketed strategy.
PROOF. Routine check. (I

1.3.2. Relation between o and Templ- We now show that o and o¢pyp are obser-
vationally equivalent in CHOyy.

LEMMA 5.15. Let ¢ € CHOyp(A, B) and T € CHOu (B, C) be well-bracketed
strategies. For x € € (T ® S) a complete and affine configuration, (x| is also complete and
affine, and consequently, the configurations I1y [x] and I, [x] are also complete and affine.

PROOF. First, since x is complete and affine, then all questions of x are well-
answered. By Lemma so are all questions in [x], hence [x] is affine. To con-
clude, we show that any q € [x] invisible question is answered in [x]. We proceed
by induction on [(T ® 0)q] € !B.

If (T ® 0)q is not minimal in !B, then by induction hypothesis, its justifier is
answered in !B. Otherwise, its justifier is an initial (visible) question which is an-
swered since x in complete. In both cases, its justifier is well-answered (by the
remark above) and answered in x, so q must be answered in x. O
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THEOREM 5.16. For 0 € CHOuy (A, B), the strategies o and Uempl are both may

and must observationally equivalent for well-bracketed contexts, or more precisely for all
well-bracketed « € CHO(A = B, B):

(1) «® 0 may converge iff & © Oempl May,
(2) « ® o must converge iff & © Templ Must.

PROOF. (1) Since 0¢mp) is obtained by removing events from o, it easy to see
that if & © 0¢yp) may converge then so may a © 0.

Conversely, assume there exists a prime configuration [p"] € € (x © ¢) with a
top positive move. Since « © ¢ plays on B, it is easy to see that [p*] is complete and
affine. Hence by Lemma closing down yields a complete and affine witness
x € € (a ® o) whose first projection ITyx € €(S) is also complete and affine. Since
ITyp € TIix, p is observable and p € & © S¢yp) and & © Semp) may converge.

(2) Now assume that « @ o must converge. Let x € € («a @ Tcmpl) be a max-
imal (possibly infinite) configuration. Since €'*(Scmp1) € €*(S), we have that
x € €°(a ® 0) hence x extends in €*(« © ¢') to a maximal x’ where all questions
are answered. This means that x’ is complete (and must be affine because a ® ¢ is
well-bracketed), so that s is observable. Hence, since x U [s] € € (& @ 0cmp) and
x is maximal in €% (& © 0¢mp1), it must be that s € x as desired.

Finally, assume that a © 0¢p,p) must converge, and let x be a maximal (possibly
infinite) configuration of a ©® 0. Write x’ = {p € x | ITj[p] C Scmp1} € €= (x ©®
Templ)- By assumption, x’ can extend to x” € (& ® Omp1) With a positive s.

A minimal event in x”" \ x must be positive by definition of observable events.
From there, by secrecy it follows that x U x” is a valid (possibly infinite) configu-
ration of # ® ¢ and by maximality, " C x which implies that s € x as desired. O

So ¢ and 0¢pyp) are observationally equivalent for the induced may and must
observational equivalence in CHOy,. However, this does not remove all the be-
haviours unreachable by well-bracketed contexts. For instance, consider the fol-
lowing well-bracketed strategy:

'((proc =  proc) = B = proc)

runj m /
v ' )
+ ¥ +
done,, done<m,k/0> done<m/,k,l>

If Opponent is well-bracketed and answers ff, then we know that run; will

never be answered in a configuration where positive questions are well-answered.
As a result, the configuration shown above cannot be reached in an interaction
with a well-bracketed context, and removing it (for instance by adding a conflict

between donezrm,,k,1> and done,}) results in an observationally equivalent strategy.
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Such examples show it is hard to exactly capture the set of complete configu-
rations as an event structure built from S. However, although not precise enough,
this construction will be useful in Chapter [6|to deduce interesting consequences of
innocence and well-bracketing up to observational equivalence.

2. Towards a definition of concurrent innocence

In this section, we now investigate potential definitions of innocence in this
concurrent and nondeterministic setting. We introduce our innocence condition
in nCG% and show its lifting to CHO gives a sub-CCC of innocent strategies
CHOjnp. In the previous section, we had a language to illustrate well-bracketed
behaviours: IPA. However, to our knowledge, there is no concurrent and nonde-
terministic language to which innocent strategies should naturally correspond (by
means of a full-abstraction result). In particular, ndPCF is not suitable as it is also
well-bracketed. However, we will use IPA to explain informally some of our coun-
terexamples coming up in the rest of the section, and show that the causal patterns
considered do appear already in IPA. The causal and conflict patterns can be en-
coded using references. For instance, for causal links it suffices to write on one
end, and to wait for the writing to be performed on the other end. Hence, most
causal patterns in CHOyp, can be implemented this way. We would like to stress
that the strategies depicted are not the interpretation of the terms provided, but
simply that the term exhibits a causal pattern that is related to that of the strategy,
that both the strategies and the terms should be considered informal evidence.

The purpose of innocence is to restrict that causal structure to match that of
functional programs (without state). Note that, in comparison, well-bracketing
was about restricting which moves can be played (eg. Player cannot play two
answers to the same question, or answer a question before another).

In general we use the term interference (between moves, branches, etc.) to
mean “causality or conflict” at an informal level. In the following, we try to look
two kinds of interferences:

e interferences between syntactic branches (conditionals, arguments to the
same calls) leading to our notion of preinnocence,

e interferences between concurrent subcomputations, leading to the notion
of locality.

Each of these conditions is further broken down in a condition about causality
(—), and one about conflict (). The following diagram sums up our breakdown
of innocence in a concurrent and non-deterministic setting:
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- —— —locality _ __ _ _ _ _ _ > t-locality

—

_ - (aka visibility)
-7 -
- ~
~ ~
- ~
£ £
—>-preinnocence g-preinnocence \

preinnocence locality

\/

innocence

An arrow C --» C/ means that C’ is only stable under composition assuming
C. When applicable, a condition is the conjunction of its predecessors for —.

2.1. Interferences between external branches.

2.1.1. Non-innocent behaviours. Using state, one can create interferences be-
tween two Opponent branches: for instance two branches of the same conditional
or two arguments of the same function call, or even two Opponent calls to the
same variable. Such interferences can be used for instance to observe the number
of times a function uses its argument. Figure 2| depicts two strategies exhibiting
this kind of interference, one using causality, the other conflict. Intuitively, similar
behaviours are exhibited by the following IPA terms:

M_, = AfPrOSTPIC pew rin
f (incrr; wait (r > 2))

My = AfPIOSTPI¢ - new rin
f (incrr;wait (r = 1))

In M_,, f is called with an argument that can only converge when f calls it
at least twice concurrently. As a result, M_, diverges on Ax.x and Ax.x; x but
converges on Ax.x || x. Similarly in My, only one call to the argument of f will
converge. Note that Ax.x || x and Ax. x cannot be distinguished by pure terms of
IPA (for either may or must), but are distinguished by M_, for may-equivalence
and by M; for must-equivalence.

It is to be noted that the descriptions of Figure 2] are ambiguous: there might
be several strategies in which our diagrams can embed. Since our discussion is at
an informal level, we do not dwell on this issue, but we will show that for innocent
strategies this representation is non-ambiguous (Section[I]of Chapter [6).

2.1.2. Tracking forks via gccs. To formulate our innocence condition, we need a
bit of terminology about gccs. Let o : S — A € nCGg,. Two gees 0,0’ € gee(S)
are consistent when g U ¢’ € Cong. Two consistent gecs are forking if there exists
n € N such that ¢; = ¢} for i < n, and 0>, N oL, = @. Intuitively, they coincide
until a certain point (1) from which they are disjoint. In particular (n = 0), disjoint
gccs are forking. If defined, ¢, is the forking point. They are O-forking if n = 0
or 041 = 0,,_; is positive, and P-forking otherwise. Two forking gccs ¢, ¢’ are
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FIGURE 2. Interferences between independent branches

joined by s if 0, — s and @], — s, and are racing at s1, s, if 0y — $1 and 0w — S
with s; ~ s;. In picture, joined gces (left) and racing gces (right):

Oi+1 P -+- D OQuw Qi+1 > -+ > Qw > 51
N Y N
01 > --- > 0Oi s 01> --- >0
™~ Va M

/ / / /
Oigq D - > 0y Oipq D -or >0y D S2

We say that two forking gccs are interfering if they are joined or racing.

2.1.3. Preinnocence. Using this terminology, we can define preinnocence. A
strategy in nCGg, is preinnocent if its O-forking gccs are never interfering. For con-
venience, this condition will be split into two parts: a strategy is —-preinnocent
when two O-forking gccs are never joined and §-preinnocent when two O-forking
gccs are never racing. Unfortunately preinnocence is not stable under composi-
tion. Consider the preinnocent strategy bad of Figure 3| Precomposing it by aip
adds the causal dependence tt™" — tt~/1, resulting in the following strategy:
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tt+,m1 Qj\b done+,<jl ,1112>

FIGURE 3. The strategy bad

bad © @i : B = B

(k)

which is not —-innocent since O-forking gccs are joined at tt+0/%) (a similar counter-
example can be produced for f-innocence).

A possible syntactic reading of this is as follows. Preinnocence can be approx-
imated syntactically by restricting to terms of IPA that do not contain a read and
a write instruction on the same reference in “two Opponent branches”, which can
be branches of the same conditionals or arguments of the same function call. The
behaviour of the strategy bad can be defined in IPA by:

Afb.new r,s in
(if (f (wait(r=1))) (s:=1, L)1)
[| (i£b(r:=1; L) (wait (s = 1)))
If we put f = Ax. x tt we get a term equivalent to:
Ab.new r,s in
(wait(r =1);s:=1;1)
|| (1£b (r:=1; L) (wait (s = 1)))
which can be shown equivalent to:
Ab.new r,s in
(ifb(r:=1, L) (wait (r =1)))

in which there are operations of reading and writing on the same reference in
branches of the same conditional. The analysis here is that the two parallel branches
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of bad (via the references r and s) interfere in a complex way. It is not possible to
police the interferences between conditionals branches without also policing the
interferences between different threads, leading to locality.

2.2. Locality. To solve this issue, we need also to rule out the strategy bad.
For that, one can notice that there are causal links between two concurrent com-
putations (two different threads).

This behaviour can be ruled out by the condition of visibility introduced in
[CCW15|. It amounts to asking that each thread (seen as a sequential substrategy)
be a valid strategy, in particular that its image in the game be downclosed:

DEFINITION 5.17. If A is an arena, a partial map of event structureso : 5 — A
is visible when for every gcc o € gee(S), the set 0o = {00y, ...,00} is a configu-
ration of A.

As noticed in [CCW15]|, visibility is stable under composition. Moreover,
in the presence of visibility, —-preinnocence is stable under composition. We
prove both results in the next section, along with stability under composition of
#-preinnocence in the presence of visibility.

Visibility has an important characterisation in terms of justifiers:

LEMMA 5.18. Let A be an arena, and o : S — A a partial map of event structures.
It is visible if and only if for all non-minimal s € S|, and a gcc ¢ ending at s, ¢ contains
the justifier of s.

Note that this is the justifier as defined in Chapter[3]- not the extended justifier
defined in Section[0} as ¢ is not assumed to be single-threaded.

PROOF. only if. If o is visible, then o is a configuration of A hence it is down-
closed in A. As a result ¢ must contain the justifier of s.

if. Let o be a gcc and s € o with a — os. By assumption the justifier s’ of s is in
ohencea =05’ € 0)0. O

This characterisation in terms of gccs sheds light on an interpretation of visi-
bility as independence of concurrent computations. As a result, a player starting
two concurrent threads is not allowed to add causal links between them without
respecting the structure of types (the arenas), leading to another characterization:

LEMMA 5.19. Let o : S — A be a map of event structures to an arena. It is visible if
and only if, for all comparable s,s' € S, s and just(s’) are comparable (whenever defined).

PROOF. Assume ¢ is visible and let 5,5’ € S be comparable. If s’ < s then
the conclusion follows from just(s’) < s’. If s < s/, assume that just(s’) and s
are concurrent. This means that we can find two gccs of s/, one going through s
and the other one through just(s). Hence the first one does not go through just(s’)
contradicting visibility of o.

Conversely, assume ¢ satisfies the condition of the lemma and let ¢ be a gcc of
S ending at s. All events of ¢ are comparable to s so they must be comparable to
just(s). By transitivity, we must have two consecutive events ¢; and ;1 such that
0; < just(s) and just(s) < g;41 (since gy < just(s) and just(s) < g = s). Since
0; — 0;+1, it follows that just(s) € o as desired. O

Through this characterisation of visibility, one can understand visibility as
a constraint on causality with respect to justifiers (ie. with respect to the type).
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Following this intuition, we will also refer to visibility as —-locality. Replacing
causality by conflict in this characterization leads to f-visibility:

DEFINITION 5.20. A partial map of event structures ¢ : S — A to an arena A
is #-local when for all s§s’ in S then, if defined, s and just(s’) are not concurrent,
that is comparable or in conflict.

Say that an uncovered strategy is local when it is both —-local and f-local.
Canonical non-local patterns are depicted in Figure[d] Note that f-locality is a new
condition not appearing in earlier publications (especially eg. [?]). This condition
is actually used once in the technical development of this thesis, to prove that,
despite our weaker definition of well-bracketing, we recover all the conditions
from [CCW15] when restricting to innocent and well-bracketed strategies, up to
observational equivalence. Those conditions are key for finite definability. (See
Proposition [6.15).

Locality can be restated in a compact way:

LEMMA 5.21. A partial map of event structures o : S — A to an arena A is local
if and only if for s,s' € S, if s is concurrent with just(s") then it is concurrent with s’,
whenever just(s') is defined.

PROOF. A simple consequence of the definitions, since

e —-locality is equivalent to: if s and s” are comparable, then s and just(s’)
are not concurrent (since they cannot be in conflict),

e and f-locality to: if s and s’ are in conflict then s and just(s’) are not con-
current.

O

For o single-threaded and negative, the result works for extended justifiers:

LEMMA 5.22. Foranarena Aand o : S — A with S is negative and single-threaded,

(1) o is visible if and only if s' < s implies that just,(s) and s’ are comparable
(2) o is #-local if and only if ss” implies that just,(s) and s" are not concurrent.
(3) o is local if and only if, whenever just,(s) and s’ are concurrent, so are s and s'.

In these conditions, the quantification is over non-minimal s so that just,(s) is defined.

PROOF. (3) follows directly from (2) and (1) by a similar reasoning as in Lemma
Conditions (1) and (2) follow from single-threadedness, we detail only (1).

Assume that s < s'. If just(s’) is defined, the result follows from Lemma
If not, but just,(s") is defined, this means that os’ is minimal and just,(s’) is the
unique minimal event min(s’) in [s']. Since s € [s'], this implies min(s’) <s. O

In the rest of the document, we use visibility to refer to —-locality as it has a
central role (that fi-locality does not have) to show stability under composition of
various conditions. The next section studies innocent strategies and proves that
there is a CCC of innocent strategies.

3. Innocent strategies

The main technical challenge of this section is to establish that visibility, local-
ity and innocence are stable under composition.
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FIGURE 4. Interferences between concurrent subcomputations

3.1. Interaction of visible strategies. The main steps towards this goal is to
understand the interaction of visible strategies. Visibility seems to be quite a sim-
ple condition but it has strong repercussions on the concurrency patterns allowed
as evidenced by Lemma to come. Throughout this section, we mainly con-
sider two visible and courteous partial maps of event structures ¢ : S — A and
T: T — Al where A is an arena, and their interaction c AT : SAT — A. We
make no further assumption than courtesy at the moment, as it is already enough
to unravel interesting structure.

3.1.1. Views in the interaction. As a first step to show that visible strategies are
stable under composition, we would like to show that o A T, as a partial map, is
visible. However, given a gcc ¢ of S A T, I110 and 110 have no reason to be gccs
in general, making it hard to leverage our assumption on ¢ and 7.

EXAMPLE 5.23. Consider Figure 5| depicting the interaction of o = [Af. f3 +
f3] against T = [Ax.x + x] with a concurrent semantics for +. Moves of the
interaction are not annotated with the usual polarities 4, — but with the classifi-
cation of moves in an interaction: o-actions, T-actions, and external Opponent (-).
We have also drawn the extended justifier, well-defined as T ® ¢ is negative and
single-threaded. Consider the “leftmost” gcc of the interaction:

0= qf,i _ qO',O s qT,O _ 3(7,0 s 67— — 129,

Because immediate causal links are inherited alternatively from ¢ and from 7,
o0 does not project to a gccin S or T || 'IN. However, if we look at the events that
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2

120.(01),(01))

FIGURE 5. Interaction of o = [Af. f3 + f 3] against T = [Ax.x + x]

are smaller than 127~ in S, we get the following sub-sequence of o:
q—,i . q(T,O 6T 120’,7,
which is a not a gcc of the interaction, but once projected to o becomes a gcc.
Formalizing this idea leads to the notion of views:

DEFINITION 5.24 (Views). If ¢ € gce(S A T) such that Iy, is defined (resp.
IT0, is defined), its o-view (resp. T-view) is the sub-sequence [0]7 (resp. [0]7)
containing the gy such that I'l; o, < ITj0 (resp. Ihox < 110w).

We can show that the views actually do project to gccs:

LEMMA 5.25. Let ¢ € gee(S A T) such that 1110, and I1y0,, are both defined. If
ITy 0, (resp. I1y0.) is defined, then Iy [0]7 (resp. I1x[0]7) is a gcc of S (resp. of T)

PROOF. We prove the result for both projections, by induction on ¢. If ¢ is a
singleton, then this is trivial. Assume ¢ = ¢’ - e. There are several cases:
(1) ITje is nonnegative: write ¢’ := ¢/,. By assumption we have ¢ — e.
By courtesy — since Iye is either undefined or negative, I[Tie’ — ITje (in
particular IT ¢’ is defined). This, with o being a linear order, induces the
following equivalence for all g; € ¢

Iho; <Ilie iff Iljo; =eVILo <¢.

This gives [0]7 = [¢]7 - e, and we conclude by induction on ¢'.

(2) Ilyeis nonnegative: similar reasoning as for (1)

(3) Ije is negative: then Ilye is positive and by (2), IIx[¢]" is a gce. By
visibility of 7, just,(ITpe) € II[¢]". Since II, preserves justifiers, we
have I just,(e) = just,(ILye) € I1;[0]”. As aresult, just,(e) € [0]” by
local injectivity and just, (e) € ¢. Since IT; (just, e) = just,(ITje) < Ilye, it
follows that just, e € T1;[¢]“. We have again for ¢; € ¢:

g <Ilie iff I =eVILg <¢,
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since IT; (just,e) — Tlje (ITye being negative). This shows that [¢]7 =
[0<k |7 - e where k is the index of just, (e) in ¢, which impliesitisa gcc. [

The proof has made use of the following equations:
[o-e]” =T0]" ¢ (ITye nonnegative)
[0-just(e)-...-e]” = [o-just(e)]” -e (IT;e negative, non-minimal)

The reader familiar with HO game semantics may recognize the definition of
views in traditional HO game semantics. Indeed if o and 7 are deterministic and
sequential, this coincides with the standard definition.

The previous lemma implies that:

LEMMA 5.26. Let ¢ € gee(T ® S) with at least two moves, such that I1y0., is
defined. Write o, for the predecessor of 0., in [0]7. Then:

o If110. is nonnegative, then o, is the predecessor of 0., in o (ie. 0y —> 0w)
o If11j0. is negative, then g is the extended justifier of 0.

PROOF. Straightforward by visibility and Lemma O
From this construction we deduce that visibility is stable under composition.

LEMMA 5.27. Leto : S — At || Band T: T — B* || C be linear visible strategies.
Then T ® 0 is a visible strategy.

PROOF. We use the characterisation of visibility in terms of justifiers (Lemma
5.18). Let ¢ € gec(T ® S) ending in visible e such that (T ® 0')e is not minimal.
By filling in the gaps, this gcc induces (non-uniquely) a gee o' € gee(T ® S) that
contains o, ending at e. Since e is visible, just(IT;e) € IT;[¢’]7IC. This means that
just(e) € ¢’ and since ¢ is visible, just(e) € o. O

3.1.2. Forking lemma. Innocence and locality can be seen as a way to control
interferences between forking gccs. To show that they are stable under composi-
tion, we must, from a fork of an interaction of innocent strategies go back to a fork
of one of the strategies. Views allow us to extract gccs of the strategies from gccs of
their interaction. In this section, we show that this process preserves enough good
properties about the forking structure of the strategies. Throughout this section,
we consider o : S — A || Band 7 : T — B || C visible strategies of nCGg,. Write
o' :=0|[CwithS:=S||C),and v := A || T (withT' := A || T).

First, the operation ¢ — IIj[¢]” is not monotonic with respect to the prefix
ordering on gccs. However if x is a prefix of o butIT; [ x |7 isnot a prefix of IT;[0]7,
then they are O-forking. Indeed, if you consider the gcc ¢ of Example it is
obvious to see that the view (for o) of the prefix

o0 70 3(7,0

-0
X=9 7979
is itself. However, in this case, their forking point is q°* which is positive for .
This is always the case:

LEMMA 5.28. Let o, x be gces of T®S with visible maximal events and x C o. If
Xeo & [017 then T11[x 17 and T11[ 0] are O-forking gccs.

Note in passing that ., € [0]7 if and only if [x]7 C [0]” .
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PROOF. We proceed by induction on the sum of sizes of [¢]” "and [x1]7. If

[0]7 is a singleton, then [0]” and [x]° must be disjoint by assumption on xe
and O-forking (disjoint gccs are O-forking by definition). Moreover, if ¢ = x then,
the result is obvious as well so we assume X, < 0w-

Consider the predecessor ¢, of g, in [0]7. If 0, > X., then x C 0>, and we
can apply the induction hypothesis.

The most interesting case is 0r < X (Which is only possible if [x]|
subset of [0]7"). We have the following situation:

/.
7 isnot a

Since 0, / 0w, but o, is the predecessor of ¢, in [0]7, it must be that IT; o, is
negative and I1; ¢, positive (by Lemma5.26). In this case, if o, € [x]7, then g and
X are forking, and the forking point is ¢, which is positive as desired. O

LEMMA 5.29 (Forking Lemma). Assume we have two gccs o, 0" of T®S forking at
e. If 11y [ 0|7 and I11[o"]7 are not forking at I1ye, then they are O-forking.

PROOF. We proceed by induction on the length of ¢. Let ¢, be the predecessor

of 0, in [0]7 We write x for g<,. If 0, > e, then ) and ¢ are forking at ITje as well,
and we can conclude by induction hypothesis since

/ /
[e]” = [x17 U{ow}
The hard case is when ¢, < ¢, and we have x C ¢’. There are two sub-cases:
e If o, is nonnegative so that ¢, — 0. In that case, o, = ¢, and we have:

Ow
N
Q> >0 D> .- DO

™~

QG - > Q

In this case, by Lemma either Iy [x]7 C IT1[0']7, or I1;[x]¢ and
I1;[¢']7 are O-forking. The first condition implies that IT;[0]” and
I1;[¢']7 are forking at IT;0, = Ilje, and the second one that they are
O-forking.

e If 0., is negative, then we have the following picture:

T Ok > -+ > Quw

O > e >

Similarly, since x C ¢/, either [x]” C [¢]7 or I11[0] and IT;[o']7
are O-forking (by Lemma 5.28). Both conditions imply that IT;[¢]% and
I1;[¢']7 are O-forking, as desired. O
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As a consequence, if the gccs in the interaction are O-forking (from a point of
view of ¢’ or '), the corresponding gccs in ¢’ or T/ will also be O-forking. This
argument is key to prove stability under composition of innocence.

3.1.3. Stability under composition of locality. We now move on to stability under
composition of locality. To prove this, we hit a similar problem as for visibility:
a conflict in the interaction might not project to a conflict in the strategies. For
instance, consider the interaction of ¢ = [Af.f choice] against T = ap:

'(( ]Bl = B, ) = ]B3)
S N
i Bk}
-~ 7=~ 0,0 / N
/// qz // \\
s 7 N ’ \
a // \\ / \
T,O / \ // \\
1 // \\ , \
M/ \M / \ / \
- /’ \\ - I/ \\ Ir \\
iy T \ ! \
%7// \\\% I | | |
| 1 I I
£t ft70 ! v '

\Z\D\\D ,
7,0 7,0
tts ff3

The events tt; and ff3 are in conflict in the interaction (inherited from tt; and
tf1), even though in copycat those moves are concurrent. We remark that in the
views (both for ¢ and T) of tt3, tt; is absent: the conflict is invisible, hence there
is no way of appealing to locality of o or T here. However, we still have that the
justifier of tt3 (the initial question) is smaller than ff3 so that locality is not violated.

This intuition is captured by the following lemma:

LEMMA 5.30. Let o : S — AL | Band T : T — B || C be local strategies of
nCGg,. Consider the following situation in T ® S:

Q> DO >ep D
{

€

Ife; & [0]7 (resp. ey & [0]7) then no moves in [9] (resp. [0]7) are concurrent to e;.

PROOF. We prove the result for both strategies by mutual induction on such
gees. Write ¢ = ¢ - e and write ¢’ for ¢,,. In particular, we have e > e;. In the proof
we write [d]” when d € ¢ for [0]” N [d], and similarly for [d]7".

If Tye is nonnegative: in this case, [e]” = [¢/]7 - e and we can conclude by
induction since e is not concurrent to e, and ¢’ > e;.

If e is nonnegative: same reasoning.
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If T1ye is negative: If just(e) > e1, we can conclude by induction since

[]” = [just(e)]” -e.
Otherwise, we cannot simply use the induction hypothesis. We show that just(e)
is not concurrent to e, which implies just(e) < e, by minimality of the conflict
e1 ~ e,. This in turn implies that [just(e)]” C [e;] and implies the result.

Ife; ¢ [e]7, thensincejust(e) € [e]7, itis not concurrent to e; by the previous
point. Ife; € [¢]™, then we apply locality of 7’ as in this case ITpe > ITe; is conflict
with ey, which directly gives that just(ITye) is not concurrent to ITe;.

If I e is negative: same reasoning. O

LEMMA 5.31. Let o : S — At || Band T : T — B! || C be local strategies of
nCGg,. Then T ® 0 is local.

PROOF. By Lemma[5.27, 7 © ¢ is visible. We establish f-locality.

Let e and ¢’ be conflicting events of T ® S. By definition of the hiding and
minimal conflict, we can find ej,ep € T® S withe; < e, e, < ¢ ande; ~ en.
Consider a gcc of e going through e;.

If its ¢’-view contains e;, then b locality of 7, just(e) is not concurrent to e; as
desired. Otherwise, by Lemma [o] " does not contain any move concurrent
to ey, so in particular just(e) is not concurrent to e;. O

3.1.4. Deadlock-free lemma. A crucial property about the interaction of visible
strategies is that all visible strategies have deadlock-free interactions.

We first prove the lemma for dual visible uncovered strategies, on a game A
with only negative minimal events. So consider visible ¢ : S — A (necessarily
negative), and 7 : T — Al (non-negative). We assume moreover that events in S
(resp. T) that map to minimal events of A are minimal.

In such a situation, we have:

LEMMA 5.32. In a situation as above, for any x € €(S),y € €(T) such that
o x = Ty, the bijection

¢ixllye=xc|loxflye =2 |ty |l ye = x|y,
induced by local injectivity, is secured.

PROOF. Observe first that because s = T(¢(s)), it follows that ¢ preserves
justifiers: @(just(s)) = just(gs). We recall that ¢ is secured when the relation
(s,t) <y (s, 1) defined on the graph of g ass <g s’ or t <t t' is acyclic. Suppose it
is not, and consider a cycle ((s1,t1),..., (Sn, tn)) with

(S1, t1) <p (Sz, i’z) g ---<p (Sn, i’n) <p (51, i’1)
Let us first give a measure on such cycles. The length of a cycle as above is 7.
For a € A, the depth, depth(a), of a is the length of the path to a minimal event
of the arena — so the depth of a minimal event is 0. Then, the depth of the cycle

above is the sum:
d= > depth(ss;)
1<i<n
Cycles are well-ordered by the lexicographic ordering on (n,d); let us now
consider a cycle which is minimal for this well-order. Note: in this proof, all arith-
metic computations on indices are done modulo # (the length of the cycle).
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Since <g and <7 are transitive we can assume that sy, < spr1 and tpr 1 <
tok4o for all k. This shows that all involved events must be visible. It follows by
minimality that polg(sy) = — and polg(syxt1) = + so that the cycle is alternating.
Indeed, assume

(S2k+1, tok41) g (S;k+2/ torio) g (243, tak13)

2k+2
decomposes into tyr 1 <t t —>7 5 5, with by courtesy T¢ —4 Tip2. Note that
as A is alternating, this entails that pol(f) = +. There must be some (s, ) € ¢,
with polg(s) = —. Butsince 0s <4 0 syrip, We must have s <g sy as well,
therefore we can replace the cycle fragment above with

with fop 11 <7 topyo and sppin <g Sokys. The causal dependency for 1 <t t

(k1 tok+1) < (87,17) Qg (Sakr3, toks3)

which has the same length but smaller depth, absurd. By the dual reasoning,
events with odd index must have polarity as in (s3,, ;, t ;) as well.

Now, we remark that the cycle cannot contain events that are minimal in the
game. Indeed, by hypothesis a synchronized event (s, t) such thatos = 7t € Ais
minimal in A is such thats € S and t € T are minimal as well, so (s, t) is a root for
4y and cannot be in a cycle. Therefore, all events in the cycle have a predecessor
in the game, i.e. a justifier.

Since sy <s Spkr1, by Lemma just(soxr1) is comparable with sy in S.
They have to be distinct, as otherwise we would have osy; —4 055,11 Which in
turn implies ty <7 fprs1. This gives tp 1 <t tprio hence (sg, ty) and (g1, txi1)
can be removed without breaking the cycle, contradicting its minimality. By a
similar reasoning, just(fy, ) is comparable and distinct from #; 1.

Assume that we have sy, < just(sy,.1) for some k. Since just(spri1) < Sppi1
and just(fpry1) < togs1 < torro. Therefore, we can replace the cycle fragment

(S2k, tok) Qg (Sak41/ k1) < (S2k42, tok42)
with the cycle fragment

(saks tok) < (just(sakr1), just(tain)) g (S22, tokr2)
which has the same length but smaller depth, absurd. So we must have just(sy;11) <
Sok- Similarly, we must have just(tog o) < tor 1 for all k.
So we have that for all k, just(syr1) < sy with polg(sy) = —. By courtesy
and the fact that A is alternating, this has to factor as
just(saxi1) <s just(sax) ™ —s 5y
By the dual reasoning, we have that just(ty;,2) <7 just(foxy1), as

just(sak+1) # just(sax) and  just(fari1) 7 just(faxi2)

since they have different polarities.
So we have proved that we always have just(syr; 1) <s just(so) and just(tpr,2) <t
just(tpry1). That means that we can replace the full cycle

(Sl, tl) <p (Sz, i’z) g ---<p (Sn,i’n) <p (Sl,fl)
with the cycle

(just(sy),just(t1)) <p (just(su),just(t,) )<y
(just(su—1),just(ty—1)) <g - - - < (just(s1),just(ty))
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which has the same length but smaller depth, absurd. O

The lemma above is the core of the proof. However, some more bureaucratic
reasoning is necessary to reduce an open interaction to this setting.

Considerc : S — AL || Band 7 : T — B* || C which are both visible strategies
ofnCG%,and writeoy : S — At,03:S = B,13: T — Band 1 : T — C for the
component-wise maps. We cannot use transparently the lemma above, because
the interaction of ¢ and T involves the closed interaction of ¢ || C* and A || T on
the arena A || B+ || C, which is not negative.

However, we prove that any x € ¢(S) and y € ¢(T), synchronized in the
sense that cpx = Ty admit refinement x” and i’ playing on ((A = B) = C)* and
(A = B) = C respectively.

First, similarly as in CHO, we can turn any strategy of nCGg, on A+ || B into
a strategy on A = B using single-threadedness.

LEMMA 5.33. Let 0 : S — AL || B. The following function A(c) : S — (A = B)
defines a visible strategy in nCGg:

(1,09) (0s € B)
s€ x> (0,(0c(min(s)),os)) (os € A)
undefined  (otherwise, that is o's undefined)

PROOF. Straightforward verification. O

LEMMA 5.34. Let x € €(S) and y € €(T) such that opx = tgy. There exist
partial orders X and y such that

(1) the support of X is x || tgy and the identity function defines a map of event
structures X — x || gy

(2) there is a map of event structure o5 : X — ((A = B) = C)* which is a
uncovered strategy,

(3) the support of § is opx || y and the identity function defines a map of event
structures j — opx || y

(4) There is a partial map of event structure T, : y — ((A = B) = C) that turn'y
into a negative, and visible uncovered strategy

PROOF. We remark that by single-threadedness of 7, to each s € x corre-
sponds a minimal mint(s) € x. Indeed, ogs € opx = Ty hence there exists
t € y with gt = ogs. Then we set miny(s) := min(t).

Define & as the partial order (x || tgy, <,) where

<x= x|y V{((L, T(minr(s)), (0,5)) | s € x}.

This definition satisfies condition (1). For condition (2) define a map ¥ —
((A= B) = C)* as follows:

(0,5) = (0, (t(min7(s)), A(0)(s)))
(1,¢) — (1,0)

It is easily checked to satisfy the required properties.
Definition for 7 is similar. O

We can now conclude:
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THEOREM 5.35 (Deadlock free lemma). Leto: S — AL || B € nCGg, (A, B) and
7:T — B || C € nCGg, (B, C) be visible strategies. Let x € ¢(S) andy € €(T) such
that ogx = tgy. Then there exists a (necessarily unique) configuration z € €(T® S)
such that Tz = x || tcy and Iz = oax || .

PROOF. Consider such x and y. From Lemma buildoy : ¥ — ((A =
B) = C)tand oy, : ¥ — ((A = B) = C). Note that 7:x = T,¥, as a result there is a
bijection ¥ ~ 7. Since those extended strategies satisfy conditions of Lemma
this bijection is secured. Since causal dependence is more constrained in ¥ and
thanin x || y, || Tcy and c4x || x4 || y respectively, the deduced bijection

Xy |l tey = oax || x|y
is secured. As a result, it induces the desired configurationz € € (T ® S). O

3.2. Innocent strategies. To define innocence, we follow the intuitions given
in Section 2.1t

DEFINITION 5.36 (Innocence). Let o : S — A be an uncovered local strategy. It
is innocent when it satisfies the following two conditions:
o (—-preinnocence) Two O-forking gccs are never joined.
o (#-preinnocence) Two O-forking gccs are never racing

3.2.1. Innocence and the interaction. Leto : S — At and 7 : T — A be inno-
cent uncovered strategies. Since o and 7 are visible, the forking lemma induces
properties that will be key to prove that innocence is stable under composition:

LEMMA 5.37. Let o, ¢’ be forking gccs of T®S joined by p such that I1; p is nonneg-
ative in S. Then I1yp joins the gces Iy [0]7 and T1y [ 0" (which are forking by Lemma
, and similarly if I p is nonnegative in T instead.

PROOF. Since I1je is positive, we know that by Lemma that ¢, — e im-
plies Iy 0, — ITje by courtesy, hence IT; [0]” and Iy [¢']” are joined by ITie. [

LEMMA 5.38. Let g, ¢’ be forking gccs of T®S racing at e and €'. In particular, ITye
and T1ye' are internal for o or for T. Assume they are internal for o, then 111017 and
I, [0'1 are racing at I1ye and T1ye’ (well defined once again by Lemmal5.29)

PROOF. We have g,—»ITjp and ¢,—I1;p’ because IT;p and IT; p’ are internal
moves of S. By Lemma they must be in conflict and this conflict must be
minimal because Il reflects conflict. O

3.2.2. The category CHOjnn. The two previous lemmata allow us to conclude
that innocence is stable under composition.

LEMMA 5.39. Innocent strategies of nCGg, are stable under composition.

PROOF. Leto:S — AL || Band 7: T — B! | Cbe innocent linear strategies.
We already know that T ® o is local.

e (—-innocence) Consider two O-forking gccs 0,0’ of T ® S that are joined
at e. We can complete them into gces ¢ and ¢ of the interaction T ® S.
By courtesy, they are still O-forking and joined by an event ¢ < e¢. We
can apply Lemma and conclude that either (I1;[g]7,11;[@"]7) or
(IIx[@]7,I1[d]") are O-forking gecs that are joined (by either IT;e or

I1e).
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e (f-innocence) Similar reasoning using Lemma [5.38} 0

Define a CHO-strategy o : S — !A to be innocent when its erasure to nCGg,
o : S — !Ais innocent. Since innocence is stable under weak isomorphism, the
previous result induces:

THEOREM 5.40. Innocent strategies (up to weak isomorphism) form a cartesian closed
subcategory CHOjnn of CHO.

PROOF. Parallel composition preserves innocence, and all the structural mor-
phisms are based on copycat which is innocent (as it is a forest). Other construc-
tions (eg. curryfication) do not affect the underlying event structure. Finally, inno-
cence is trivially preserved by weak-isomorphism. O

We now have a notion of innocence and well-bracketing suited to our setting.
In the next chapter, we will see prove that the conjunction of these conditions ac-
tually characterizes purely functional nondeterministic concurrent computations.



CHAPTER 6

Intensional full abstraction for ndPCF

Let us go, through certain half-deserted streets,
Streets that follow like a tedious argument

Of insidious intent

To lead you to an overwhelming question ...
Oh, do not ask, “What is it?”

Let us go and make our visit.

T.S. Eliot, On proofs of full abstraction in game semantics
(The Love Song of ]. Alfred Prufrock)

In chapter |4} we have seen that our interpretations of ndPCF into CHO are
adequate. In particular this means that if two terms have observationally equiv-
alent denotations, they are observationally equivalent. This relies on the fact that
all contexts can be interpreted inside CHO. The converse, however, is not true
since not all semantic tests can be defined as ndPCF contexts. In Chapter |5 we
introduced conditions to cut down on the behaviours definable in CHO. The goal
of this chapter is to show that, up to may testing, those conditions are enough
to prove intensional full abstraction: that interpretation preserves observational
equivalence in CHOjnn,wb, the subcategory of CHO consisting in innocent and
well-bracketed strategies. This is achieved by leveraging fruitful consequences of
innocence and well-bracketing, to describe and decompose strategies. However,
we do not prove full abstraction for must equivalence as several arguments do not
scale to must equivalence: in particular that finite tests are enough (Section3.T). It
is not clear to us at this point how to fix these problems.

Note that throughout this chapter, we will informally refer to “intensional full
abstraction” as simply full abstraction.

Outline of the chapter. In Section |1, we construct reduced forms of innocent
strategies, that induce a notion of finite strategies. This is crucial in order to state a
theorem of finite definability: every finite strategy can be defined in the syntax (up
to may testing). In Section [2) we provide an inductive decomposition of strate-
gies at higher-order type, showing that innocence and well-bracketing ensure that
higher-order behaviours are those of the A-calculus (Theorem : this is the
main result of the chapter. This allows us to reduce finite definability at every
type, to finite definability at first-order types. In Section [, we finally prove inten-
sional full-abstraction of both interpretations for may-testing.

Contributions of the chapter. The full abstraction result in a deterministic
setting (for PCF), via reduced forms and decomposition is joint work with Pierre
Clairambault. This chapter extends this result to ndPCF with may equivalence.
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1. Reduced form of innocent strategies

This first section extracts reduced forms from innocent strategies of CHO. These
reduced forms contain no redundant information (and in particular no nontrivial
symmetry) and generalize P-view trees of HO game semantics. In particular, one
can see these reduced forms as some sort of “P-view dags” (at least in the deter-
ministic case). As a result, innocent strategies have two representations in our
setting: the usual one, as a strategy in CHO (the expanded form) or their reduced
form. On the one hand, reduced forms are more compact and can be finite, but
cannot be easily composed. On the other hand, expanded forms are always infi-
nite but can be easily composed. This dichotomy is reminiscent of the situation in
HO game semantics: innocent strategies as sets of plays or P-view trees.

1.1. Reduced form of an innocent strategy. One important consequence of
innocence is that, given two negative events sharing the same justifier and with
the same label, their future do not interfere with each other, and are isomorphic
due to symmetry. This means that Opponent cannot gain more knowledge about
the strategy by playing twice the same move, differing only by their copy index.
As a result, the behaviour of the strategy is completely captured by the fragment
where Opponent always plays with copy index zero.

We fix an innocent 0 : S — A € CHO(A) for the rest of the section.

DEFINITION 6.1. The reduced form of S is S, the projection of S to events
s € S such that all negative events below ¢s in ! A have copy index zero.

Note that S, is down-closed in S, meaning that ¢'(S,;s) C ¢(S). What is the
exact status of the reduced form of ¢? Even though it can be mapped to !A it is
not a strategy as it fails receptivity by construction. However, we can regard it as
a strategy on a subarena of !A. Define ! A, the subarena of !A comprising those
index functions & : [a] — IN that are zero on negative events of [a]. As a result
restricts to a map of event structures oy : Sy — ITA.

LEMMA 6.2. The map o, defines an innocent strategy in nCGg (I A).
PROOF. Straightforward. O

What about symmetry? The arena !™ A inherits an isomorphism family from
!A. The reduced form S,¢ also inherits a symmetry from S, but it is trivial:

LEMMA 6.3. If0: x 2 y € S is a symmetry between x,y € €(Sy) then 0 = id,.

PROOF. By induction on x. Assume that id, : x = x can be extended to 6 by
(s,s") € Sy If the pair is nonnegative, then by thin s = s’. Otherwise, we remark
that os = s’ as they have same label, justifier and copy index (zero). Receptivity
of o implies s = s’ O

Hence, we can also regard oy as a thin strategy on the tcg T A. The construc-
tion o — 0y clearly preserves weak isomorphism. Define a reduced form on an
arena A as an innocent strategy of nCGg, (" A).

EXAMPLE 6.4. As an example of a reduced form, consider the strategy ifpar
(or, rather its curryfication, playing on (B =B =B = B)) interpreting the if
construct concurrently (Figure f|of Chapter ). Its reduced form is given in Figure
Even though the diagrams have the same shape, there are minor differences:
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FIGURE 1. Reduced form for a parallel if

e Opponent indices can be omitted since they are always zero,
e Player indices do not need to encode earlier negative indices.

Our reduced forms are simpler (no Opponent indices, no complicated Player in-
dices) and at the same time formal because they describe exactly the event struc-
ture — no implicit unfolding of copy indices is swept under the carpet. In this case,
it is even finite as B is a finite datatype.

The main use of reduced forms is to give a notion of a finite strategies. A
reduced form is finite when it contains a finite number of positive moves, and an
innocent strategy of CHO is finite when its reduced form is. This is useful to prove
finite definability (in particular of tests), by induction on the reduced form. Notice
that not all finite reduced forms (in this sense) have a finite event structure: for
instance, non constant reduced forms on IN = IN are infinite by receptivity.

We now show how to go the other way: from a reduced form to a strategy.
This expansion procedure has to automatically reconstruct the right copy indices
of positive moves, depending on the indices of earlier negative moves.

1.2. Expansion of reduced forms. To define the expansion of a reduced form,
we apply a construction similar to the expansion of arenas. Let o : S — I A be
a reduced form. We make the assumption that S is countable. We construct the
event structure !~ S as follows:

e Events: index functions o : [s] — IN where s € S and «(sg) = 0 for any
nonnegative sy < s. The event s is the label of a (written Ibl(«)).
o Causality: inclusion of index functions
e Conflict: a : [s] = N and &’ : [s'] — N when s is in conflict with s’ in S
and for all sg € [s] N [s'], a(sp) = &’ (s0)-
The convoluted definition of conflict means that two events are in conflict in the
expansion if they are in conflict in the reduced form and do not come from different
opponent branches.

EXAMPLE 6.5 (Conflict in the expansion). Consider the reduced form for choice
on the left, and its expansion on the right:
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"B 'B
q q 7 qat ..
* W * * WM * * ’\/\/W\/\/\)(\\./\/‘ *
v, Y v, v oY N
0 ff 0 0 0 gt0 £+

The occurrence of tt7? above g~ and of ff™ above g~ project to conflicting
events of the reduced form, yet they are not (and should not) be in conflict in the
reduced form since their index for g~ differs.

As A, !”S has a canonical isomorphism family, given by: 0 : x 2 y € 1-S if
and only if § is an label-preserving order-isomorphism.

LEMMA 6.6. (1=S,1-S) is an event structure with symmetry.
PROOF. Similar as proving that 1A is an isomorphism family. O

To get a strategy, we need to explain how to map events from !~ S to ! A. This is
not completely straightforward since we need to make sure that the resulting map
is locally injective. As seen in Example we only have constant copy indices in
S, although we saw that in a typical strategy, the positive copy indices will depend
on the copy indices of negative moves below it. To recover this dependency, we
simply hash the negative history of the positive move along with its copy index:

To: 17§ — 1A
[os] - N
(w:[s)] > N) — s~ — a(s)

os™ = i(aly)

. _ . _ . X .
where, as before if 0s = (a4, «) thenind(cs) = a(a) and ¢ : UXe@f(S) N+ — Nisan
injective function from index functions to natural numbers (which exists since S is

assumed countable). This copy index assignment is brutal and can be be optimized
(for instance, copy indices below the justifier are not necessary).

LEMMA 6.7. The map !~ o : !~ S — A defines an innocent CHO-strategy.
PROOF. Clearly the symmetry on !™ S is thin, and !~ ¢ preserves symmetry.

Local injectivity. We proceed by induction on the product order S?. Consider
two consistent « : [s] = N,a’ : [s'] = N such that!"¢(a) = "o (a’). If sand s’
are minimal, then they are negative and « : {s} — IN is uniquely characterized by
(s,a(s)). Hence, (0s,a(s)) = (os’,a(s")) implies by receptivity s = s’ and « = o’.

If s and s’ are negative non-minimal, then we know that by induction just(«) :
[just(s)] — IN and just(«) : [just(s)] — IN are equal. Since s and s’ are negative,
we have [s] = [just(s)] U {s}, we just need to prove that a(s) = a'(s):

a(s) =1"o(a)(s) =" c(a)(s) = a(s)
If s and s’ are nonnegative, ! o(a) = !"o(a’) implies #(a) = #(a') and « = o’

Courtesy. Inherited from o.
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Strong receptivity. Assume 6 : x = y € !~ S such that !~ ¢6 extends by a negative
pair (a1, az). The justifiers of a; and a; belong to !~ ox and !~ oy respectively, let a;
and ay be their pre-image in x and y. By receptivity of o, there exist moves s; and
sp in S whose justifiers are respectively 1bl(a1) and 1bl(a;) and labels in A those
of a1 and ay. Define ] as the extension of a; with &/ (s;) = inda; and &} as the
extension of a with a}(sp) = ind a,. We have that &, a5 € I~S and

0 U {(«,ab)} €1-8.

Innocence. If & — &’ in !~ S, then we have Ibl(a) — Ibl(a’) in S. Hence —-
innocence of !~ S results from that of S. Consider two O-forking gccs o, Q/ of I”S,
forking at ¢; and racing at a1 and «,. We have two gecs 1bl(o1) and 1bl(0). Since
Ibl(a1) ~ Ibl(ay), they are also racing. Moreover by definition of the conflict in
[~ S, they must also be O-forking at Ibl(¢;). Indeed since ;1 and ¢}, ; are negative
and distinct, with the same justifier and also the same copy index since a;ffas, we
have that Ibl(g;41) # Ibl(0;, ;). As a result, Ibl(¢) and Ibl(¢’) are indeed racing at
Ibl(«7) and Ibl(a; ), contradicting the innocence of ¢. O

Reducing the expansion of a reduced form leaves it invariant:
LEMMA 6.8. For a reduced form o : S — I A, there is a weak isomorphism
o= (170)
PROOF. Straightforward. O
Moreover, the expansion preserves weak isomorphism.

1.3. Equivalence between the two representations. We now prove that ex-
pansion and reduction are inverse of each other up to weak isomorphism. To
prove this result, we need to study the normal configurations: those where Oppo-
nent uses a given Player move as a justifier at most once.

1.3.1. Normal configurations. Let us fix an innocent and countable strategy o :
S — !A. A configuration x € ¢(S) is normal when there are no two negative
events of x sharing the same justifier (where “sharing the same justifier” means
that either they both do not have a justifier or both have the same justifier). Equiv-
alently, x does not contain two O-forking gccs. Normal configurations cover what
configurations are represented by the reduced form:

LEMMA 6.9. For all normal configuration x € €(S), there exists a unique normal
configuration y € € (Sy) and a unique P : x 2 yin S.

PROOF. Replace the negative events with non-zero copy index by the ones
that have copy index zero, inductively, using receptivity of ¢. Uniqueness follows
from Lemmal6.3l O

As a special case of this construction, since prime configurations are normal
by —-innocence, we can map events of S to Sy¢. This map is well-behaved:

LEMMA 6.10. There exists a function nf(-) : S — S such that
(1) it preserves and reflects causal order,

(2) if s € S, nf(s) =,
(3) for all normal configuration x € €(S) then x = nf(x) in S,
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(4) for a subset x C S such that nf(-) is injective on x and nf(x) is a normal config-
uration then x is a normal configuration,

(5) two events s, s’ € S are in conflict if and only if nf(s) and nf(s") are in conflict,
and [s) U [s") is a normal configuration of S.

Note that this function is not a map of event structures (in particular it is not
locally injective since all initial moves are collapsed). Condition (4) is reminiscent
of the definition of the conflict in the expansion.

PROOF. For s € S, by innocence, [s] is normal hence there exists a unique (by
Lemma [6.3) configuration y € €' (S,s) with [s] = y (Lemma[6.9). As a result, write
nf(s) for the top-element of y, so that y = [nf(s)]. Properties (2) and (3) follow by
construction of nf(-). (1) follows from [s] = [nf(s)].

(4) Because nf(-) preserves and reflects causality, x is down-closed and has
no distinct negative moves sharing the same justifier. We simply need to check
that x is consistent. Assume there is a minimal conflict s; ~ sy in x. Write y =
[s1] U [s2) € x: it is a normal configuration of S by #-innocence. The symmetry
y = nf(y) extends by (s),nf(sy)) for some s, € S. By thin, we must have that
sh = sp, hence s1 and s, are compatible: this contradicts the assumption.

(5) If s and s’ are in conflict, then there is a minimal conflict s; ~ s} with
si < sand s] < s’. By f-innocence, [s1) U [sp) is a normal configuration hence
mapped injectively by nf(-). Hence so is the set [s1] U [s2] which proves by (4) that
its image in S;¢ cannot be a configuration, ie. nf(s) and nf(s’) cannot be compatible.
Moreover, by #-innocence, there cannot be any O-forking gec in [s] U [s'].

Conversely, assume the right-hand side of the equivalence. If s and s’ were
compatible, then by assumption [s] U [s'] would be a normal configuration, and so
would be nf([s] U [s']) implying that nf(s) and nf(s") are compatible. O

1.3.2. Equivalence theorem. The desired theorem follows from Lemma 6.10}
THEOREM 6.11. For countable o € CHOjiny (A), there is a weak isomorphism
o217 (0y).

PROOF. We define the isomorphism ¢ by (s € S) — (a : [nf(s)]” — IN)
where a(s, ) = ind(csp).

By Lemma[6.10}(5), ¢ preserves and reflects conflict: indeed conflict in S and
I”§ are similarly related to conflict in the reduced form. By property (1) of Lemma
it is a rigid map of event structures. An easy induction shows that if 6 : x =

~

y € Sthen ¢f : px = gy € I-s. Moreover, the converse is also true: if 0 is a
bijection x ~ y whose image by ¢ is in !~ S then it belongs to S.

Injectivity. Assume that ¢x = @y for x,y € €(S). The natural bijection 0 : x ~
@x = gy ~ yisin S as @ reflects symmetry. We show then by induction over x that
this natural bijection is actually the identity, hence x = y as desired. The base case
is straightforward. Assume that x’ C x satisfies the inductive hypothesis 6, = id,/
and can extend by s € x. If s is nonnegative, we can conclude by thin. Otherwise,
fx(s) is a negative event with the same justifier and label as s. Moreover, since
@s = @s’ by definition of 0y, they also have the same copy index, hence s = s'.
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Surjectivity. By induction on « : [sg] = IN € ! S,y we build a s € S such that
@s = a. If 59 is negative and minimal, then this is a consequence of receptivity: S
has a unique minimal negative event s such that nf(s) = sp and ind(cs) = a(sp).

If 5o is negative and not minimal, by induction there exists s € S such that
@s = just(x). By strong-receptivity, there exists an event s’ € S whose justifier is s,
and label and copy index is given by a(sg). By construction ¢s’ = a.

If 59 is nonnegative, then applying the inductive hypothesis to all elements of
[x) we geta set x C S with gx = [a). Since ¢ is rigid and reflects conflict, x is a
configuration. Moreover, we have x = [sy) by construction. Since the right-hand
side extends by sg, the left-hand side must extend by a unique s € S. The negative
moves in [s) have index given by &, hence by definition of ¢, ¢s = a. O

The following theorem has a very important consequence: to compare inno-
cent strategies, there is no need to build an isomorphism at the level of event
structures with symmetry, but simply at the level of event structures. As a result,
the isomorphism family of an innocent strategy (up to weak isomorphism) can
regarded as a simple property (“there exists an isomorphism family”) since two
choices of isomorphism families will result in weakly isomorphic CHO-strategies.

COROLLARY 6.12. Let o : S — !Aand T : T — !A be countable strategies in
CHOynn(A). The following statements are equivalent:

(1) o and T are weakly isomorphic
(2) There exists an isomorphism of event structures ¢ : S = T withTo ¢ ~T o
(3) The reduced form o.¢ and ¢ are weakly isomorphic.

PROOF. Itis clear that (1) = (2) = (3). We show that (3) = (1).
By Theorem it is enough to show that !~ (0y) 2 I (7y¢). Since 03¢ & Ty by
assumption, and expansion preserves weak isomorphism, we can conclude.

As a result, the maps 0 — oy and o — !~ ¢ are well-defined on the equivalent
classes up to weak isomorphism and inverse of each other.

1.4. Reduced form of non-innocent strategies. Before moving on to the rest
of the argument of full abstraction, we would like to informally digress about the
extension of reduced form outside the innocent case. In the innocent case, the
previous section justifies the diagrams that we have been drawing with symbolic
Opponent indices for innocent strategies. What our expansion does, is explaining
how from the finite diagram of the strategy, the infinite mathematical object is
generated. In particular, in the innocent case, our diagrams were non-ambiguous
because of the equivalence between the representations: any other strategy that
has this reduced form must be isomorphic to its expansion.

In this section, we present informally the problems that naturally arise when
trying to generalize this picture to the non-innocent setting.

1.4.1. Ambiguous expansion. Remember the non-innocent strategy bad presented
in the previous chapter (presented again in this chapter in Figure[2).

This strategy calls a function f with a special argument that returns as soon
as f calls it twice. However, what is the expected behaviour when f calls its argu-
ment thrice? The question is legitimate, since in our world we can return several
times. Hence, this diagram does not denote non-ambiguously a strategy. Indeed,
to extend it to a strategy, we need at least to specify these missing causal links.
Two possible ways are:
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(proc = proc) = proc
run
7 ’ \\
4 \
runt? ____ .- !
~~ v !
H H —
run/ run 7/ done K
VR W) T/
, .
done™  done™’ donet*

FIGURE 2. An ambiguous diagram for a non-innocent strategy

e When f evaluates its argument, it returns once for each previous invoca-
tion of itself, and returns every time for any further invocation.

e When f evaluates its argument, if f already invoked it before, it returns
immediately, once. Otherwise it waits for another invocation and returns
as soon as one occurs.

Note that the second option makes the strategy nondeterministic (there is a
race). Also, those two choices give non-observational equivalent strategies (since
f will be able to observe whether its argument might return twice).

As an example, we detail the interaction of the first choice against the term
Ax.(x1 || (x2;x3)) (occurrences of x have been annotated to refer to them). How
many answers at toplevel shall it yield? First, it depends on the implementa-
tion of || and ;. Assume that “||” returns whenever its two arguments return —
in other words, for every pair of answers from its arguments, it returns — whereas
“;” spawns its second argument for each answer of its first, and returns all possible
answers of all invocations of its second argument.

Operationally, this is what should happen during the interaction:

(1) First xq and x, are spawned in parallel so they both return.
(2) x3 is then run which makes x; and x; return once more.
(3) the return of x; triggers a new invocation of x3, and we go back to (2)

So x1 is just enough to start a feedback loop between x; and x3, hence we get
infinitely many answers at toplevel. We spelled out this little example to demon-
strate the complexity hidden behind the apparent simplicity (and finiteness) of the
diagrams we have been drawing. Being able to avoid redundancy while still hav-
ing a non-ambiguous representation of non-innocent strategies is a real challenge.

1.4.2. Non-canonical symmetries. A subtle consequence of Theorem|[6.11]is that,
even though once S is fixed, it could support several isomorphism families. How-
ever, they would all yield weakly isomorphic strategies (indeed any isomorphism
on the event structures can be lifted to an isomorphism of event structures with
symmetry by Theorem [6.11). Outside the non-innocent case, this is not the case
anymore. Consider the following strategy description of Figure

Intuitively, given a function f, this strategy calls it and returns twice as soon
as f called its argument twice. Note that this is not well-bracketed. Consider the
symmetry 6 : [s1,s5] = [s1,s;] permuting simply s; and s, where s1, and s; are the
two negative questions in the leftmost proc. The following diagram depicts 6:
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(proc = proc) = proc

e run—/

done %7/} " donet 171"

FIGURE 3. A strategy supporting several non-weakly isomorphic symmetries

(proc = proc) = proc

run—"
7

4//
+,0 7
A 0

: '/
run"’ g run—/
e

Since [s1, 57] can be extended by s = done?bjw, f can be extended by (s,s")

for some s’. However, in this case, there are two particular resolutions leading to
two strategies: either s’ = sors’ = donezrlrjw. The two resulting strategies are not
weakly isomorphic because of the symmetry, but are observationally equivalent.
As a result, without innocence, symmetry is indeed a structure, and not a property
of strategies.

1.4.3. A syntax for non-innocent behaviours. In the previous chapter, we have
used IPA as a means to describe syntactically non-innocent strategies. However,
IPA is not a good language for that purpose. First, it is well-bracketed so that we
cannot express some important behaviours (such that returning multiple times).
Moreover, references are a inadequate way of communication between different
branches of the program, as they correlate causality and non-determinism (be-
cause of races). However, in our setting the two aspects are cleanly decomposed.

To end this prospective section, we would like to investigate some informal
syntax to crudely account for the phenomena presented above.

Causality via signals. We should have a way to create causal links between
parts of the program that are purely deterministic. To do so, we propose the usage
of signal-like primitives that allows a signal to be fired in a certain part of the
program and waited on in another. For instance, the syntax could be:

M == ... | newsignal s in M | wait ([sy,...,s,]) | fire ([s1,...,5x])

Both waiting and firing are parametrized over a list of signals and produce a
term of type proc. The idea is that wait ([s]) returns every time the signal s is fired.
Hence M = (fire ([s]) || fire ([s]) || wait ([s])) would return twice to the top-level.
The interest in firing and waiting on a list of signals is to be able to express subtle
synchronization patterns. To illustrate informally the need for lists, consider the



158 6. INTENSIONAL FULL ABSTRACTION FOR ndPCF

following two terms describing the two possible resolutions described previously.
M; = Af.newsignalss, tin f (fire (s, t])) || (wait ([s, t]); skip)
M, = Af.newsignalss, tin f (fire ([s, t])) || wait ([s, s]); (skip || skip)

Both terms call f in such a way that every time f evaluates its argument both
signal are fired. Operationally, a list of signal occurrences is kept (a signal occur-
rence is a signal along with a natural number). When firing [s, t], for instance, we
add the signal occurrences (s, 1) and (¢, 1) (where n is a fresh occurrence number)
to the list. Waiting on [s, t] returns whenever we can find in the list an occurrence
(s,k1) and (t, k) with k1 # ko. Moreover if s = ¢, the order does not matter (so if
the list contains (s,1) and (s,2), we only match once).

So, when f calls its argument twice we end up with the fired signals

[(s,1), (£,1),(5,2), (£, 2)].

Then there is only one match for [s,s] — namely {(s,1), (s,2)} whereas there
are two matches for [s, t]: {(s, 1), (t,2)} and {(s,2), (t,1)}.

In M;, we still get two toplevel answers when f calls its argument twice, be-
cause there are two matches. Since the two events come from the same occurrences
of fire (-), they will be symmetric in the strategy (corresponds to the s # s’ choice
above). On the other hand, in M; there are two syntactically different occurrences
of skip that are not symmetric (corresponds to the s = s’ choice above).

Nondeterminism via explicit races. Signals are purely deterministic. To add non-
determinism to this language, we use a construct to induce races between arbitrary
parts of the program:

M := ... | race(x,y). M

where in M, x and y are bound variables of type proc. The idea is to interpret race
by a strategy similar to that depicted in Figure 2] (Chapter[5). When M evaluates
x and y there is a race, only one of x and y will return (and allow the program to
continue) but not both.

An implementation of parallel-or. As an example of expressivity, an implementa-
tion of parallel or in this setting would be:

por = Ab.Ab' .newsignal s inrace(x, ).
(1if b (x; tt) (wait ([s]); ff))
I (£ 0" (y;tt) (fire ([s]); L))
Signals are used to make sure that we only return ff when both evaluations
have returned false, whereas races are used to prevent two answers at toplevel.

Having recovered a notion of finite strategies, we now explain how to decom-
pose strategies at higher-order type inductively.

2. Higher-order decomposition of strategies

We now move to the main argument underlying the full-abstraction result:
any finite innocent and well-bracketed strategy with a higher-order type can be
defined by a A-term that has access to all first-order strategies (Theorem[6.23). One
can think of CHOjpnp, b as the free depo-enriched CCC over its full subcategory of
first-order types, though we will not aim at formalizing this intuition.
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2.1. Properties of innocent and well-bracketed strategies. To build the de-
composition, we need a few more properties about strategies of CHO;np, wb.

LEMMA 6.13. Let 0 : S — AL || B be an innocent and well-bracketed strategy in
nCGg,. For a question g™ € S, and a™ an answer to just,(q), q is answered in [a).

Note that since q is positive, it is not minimal, and just,(q) is well-defined.

PROOF. Let a be an answer to just,(q). By innocence of o, the positive ques-
tions in [a] must be well-answered, hence by well-bracketing, all questions of
[a] are well-answered. Since just,(q) is answered in [a], for just,(q) to be well-
answered in [4],  must be answered there. O

2.1.1. Well-bracketed gccs. First, as hinted at in Section [1.1.3| (Chapter[5), in the
presence of innocence and well-bracketing, threads are well-bracketed. We now
make this claim formal. For a gcc 0 € gee(S), the pending question at o; is the
latest unanswered question in gg< <;. Call a gcc ¢ € gee(S) of a visible strategy
o0 : S — A well-bracketed when for every answer ¢; € ¢, the pending question
in g, is just(o;).

LEMMA 6.14. All gccs of a strategy in CHO1nn,wb are well-bracketed.

PROOEF. Leto : S — !A € CHOjinn,wb(A), and consider ¢ a gec of S which is
not well-bracketed: there exists an answer a € g that answers a question q, € ¢ but
the pending question q; € ¢ at a is strictly after q,. Hence we must have a positive
(as Opponent always answers the previous question) and q, and q,; negative, as
well as the situation q, < q; < a. Write q} for a negative question which has the
same justifier and label as q; but with an index that does not occur in [a].

Consider the configurationy = {s € [a] | s 2 q;} € €(S). The identity on y
extends to 0 by (q;,q}) in S by ~-receptivity. Since y U {q, } extends to [a], there

~

exists #’ € S and a further extension 8 C ¢’ such that ¢’ : [a] = [a'], as follows:

T g Bt
e /V
Q > >
\\\ M
\\\\\ q’l__b...:{?a/'i'

The convoluted construction of ' guarantees the following key property:
0's #s & sEy & s> q

By innocence of o, [a,4'] must be a configuration, in which q is not well-
answered because it has two answers: 4 and 4’. By well-bracketing of ¢, this im-
plies that there exists a positive question q; in [4,4’] that is not well-answered.
This means that there exist negative a,m; € [a,a’] where a5 is an answer to q,
and m; is justified by q, but not an answered question.

By innocence, we cannot have a, and m; both below a or both below a’. As-
sume for instance a; < a and my < a’. First, since m; is negative, its only prede-
cessor in S is q,, its justifier. This means that q; < q, if and only if q; < mo.
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If both hold, then q; < my < a’ and q} < 4’ contradicting innocence. If both
do not hold, then 6'q, = q, and 0'a, = a,. Applying ¢’ to a, < ayieldsa, < @/,
hence both m5 and a, are below a’ — a contradiction. |

2.1.2. Complete threads. We now prove that, up to observational equivalence,
innocence and well-bracketing ensures that before a join (or a race), the two threads
must be complete. In other words, it is not possible to merge two threads with
unanswered questions['| A prototypical example of such behaviours is the follow-
ing strategy:

T(proc = (proc = proc) = proc)
ST —/;;:: run
- runt! S runt0
I e ~~
run+2
v
done™

At the merge (run*?), two negative run~ are unanswered. This strategy lives
in CHOjpp,wb but is not definable (up to weak isomorphism in ndPCF). How-
ever, there is no way to extend this strategy to contain an answer at toplevel: this
would break well-bracketing. This strategy, even though not definable itself, is
may equivalent to L, hence it is not a problem for intensional full abstraction.
This intuition is captured by the following proposition:

PROPOSITION 6.15. Let ¢ € CHOinn,wn (A, B) be an innocent and well-bracketed
strategy. The strategy Oemp) satisfies the following properties:

(1) For every forking gces 0, 0" € gec(Sempl) whose divergence is o; = ¢ joined by
a visible-bounded event, then the segments o~ and ¢’ ; are complete.
(2) For every forking gccs 0,0" € goc(Sempt) whose divergence is ¢; = o} that are
racing at visible-bounded events, the segments ¢~ and ¢’ ; are complete.
An event s is visible-bounded when there exists sy € S| with s < sp.

PROOF. (1) Consider a visible event s > ¢, and s > ¢/, which is visible. With-
out loss of generality, by courtesy, it can be chosen positive. Fix a completion x
of [s] (since s € Scmpl). Assume that ¢; = o is the divergence point of ¢ and ¢'.
Assume the segment ¢-.; is not complete for instance and let ¢; be a non-answered
question in ¢ with j > i. Write q := just(s). By visibility, g must be before the
fork g;. If s is an answer, this means that extensions of ¢ to s are not well-bracketed
since their pending question is at least after ¢;. So s must be a (positive) question.
Since x is complete,  must be answered by an event a € x, and by Lemma [6.13]

*The reader familiar with [CCW15] may have recognized the conditions of well-bracketing used
there. This notion — unlike the one presented here — was not stable under composition. We show
here that, up to observational equivalence, we can recover those conditions that are key for finite
definability.
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s<a.Sinceq<g; <0 <s<a, there exist extensions of ¢ and ¢’ to ¢ and ¢’ such
thata € gN@'. Since ¢ is well-bracketed and q < ¢j, it follows that ; is answered
by some a; > s in g. This violates visibility, as ¢; = just,(a;) ¢ ¢’ buta; € ¢

The proof is summed by the following picture (Where s ~~ s’ means s < s'):

/ 1
Qi+1 ~Anmasnny O,

(2) Assume ¢ and ¢/, positive s > ¢, and s’ > o/, with sfs’, and an unanswered
question ¢; in the segment ¢~.;. We follow a similar reasoning as for (1): because
gecs are well-bracketed (Lemma [6.14), the event s must be a question. In a com-
pletion of [s], q := just,(s) has an answer a. By Lemma s < a, and because
gces of 0emp) must be well-bracketed, there exists an answer 4; to ¢; between s and
a, depicted as follows:

7T Qi1 v Q) Ry Qw v S ey I S

/ / /
Qi+1W}QwMS

This time, §-locality is violated: aj is conflict with s’2 but its justifier, 0j, is con-
current to s. O

We cannot apply directly this proposition to strategies of CHOjnn,wb. Hence,
in the decomposition procedure described in the next section, we consider strate-
gies 0 of CHOjnn,wb satisfying the further assumptions (a) o equal to its comple-
tion (ie. oempr = ¢) and (b) that all essential events are visible-bounded. Condition
(b) erases behaviours up to must equivalence, but it does not matter here as we are
only interested in full abstraction up to may testing. It is however not a fundamen-
tal problem: if one wanted a decomposition result robust for must equivalence,
one can consider strategies satisfying conditions (1) and (2) of Propositionm as
those conditions can be proven stable under composition.

In this chapter, we choose to instead show that every strategy of CHOj:pnn, b is
may equivalent to a strategy satisfying (a) and (b):

LEMMA 6.16. Let o : S — !A be a well-bracketed CHO-strategy. There exists a
strateqy o’ such that Uémpl = o’ and essential events of o’ are visible-bounded, which is

may-equivalent to o in CHOgp.

PROOF. Consider &', S projected to events s € S such that
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! T~/

e+l done™®

FIGURE 4. Reduced form of [M] = [Afg. fitt | f2ff || g (ftt)]

(1) sis observable (cf. Section[1.3]in Chapter 5),
(2) s lies below a visible event,
(3) if s is neutral, s is in minimal conflict with an observable and visible-
bounded event.
The restriction of ¢ yields a CHO-strategy ¢’ : S’ — A (point (3) makes sure it is
an essential strategy). We show that ¢’ is may-equivalent to opp1, which in turn is
may-equivalent to o by Theorem 5.16]

Consider a well-bracketed test « € CHO(A, proc). Clearly, if « © ¢/ may con-
verge, SO may & © Uempl. Assume now that a © 0¢yp) may converge and consider
a positive answer a € & © O¢ypy. To show that the interaction [a]a®gcmpl can be re-
played in a ® ¢’, it is enough to show that IT; [a]age,,, € ¢ (S || Iproc) contains
only visible bounded events. Assume it is not the case, and let s € I; [a],,(@(fcmpl be
amaximal neutral event. Then, the corresponding p € [a]xg0,,,,; Such thatIl;p =s
is maximal in & ® 0¢mp) s & cannot put causal links from neutral events of S. This
is absurd since it implies p = a. Asaresulta € « ©® ¢’ and « © ¢/ may converge. O

2.2. Definition of the decomposition. Consider a higher-order PCF type A =
A1 = ... = Ay = X (where X is a ground type). Each A; can be written A;; =
... = A, = X;. The integer (possibly zero) n; is called the arity of A;. Write
I'=A;]... | Aysothat A =T = X (arena isomorphism).
Fixo: S = !Ain CHOjnn,w(A). We decompose it in two parts:
e a first-order strategy oy called the flow,
e anumber of higher-order strategies o called the argument strategies.

This decomposition can be illustrated at the syntax level. Consider the term

M= Afg fitt]l foff || g (ftt)

with f : B = procand g : proc = proc. Occurrences of f have been explicitly
annotated. First, we look at the structure of toplevel function calls (called primary
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questions later), that forms the flow of M:
Mﬂow = /\fleg‘fl H f2 H 8

We split f into two arguments (one per occurrence) and we removed the ar-
guments to the calls of f and g. The flow of M expects one argument for every
toplevel call of M, representing their result. As a result Mg, has type proc =
proc = proc = proc — a first-order type.

Now, the calls needs arguments (one argument for each call in this example).
The arguments are extracted from the term as follows:

Mf1 = )Lfg.tt
My, = Afg. ff
Mg = Afg. ftt

Those will be called the argument subterms. Notice that they take the same argu-
ments as M — arguments can have access to any variables M has access to. Finally,
M can be recovered from its flow and its argument subterms as follows:

M =g, AfAg. Maow (Mg, f8) (Mg, f8) (Mg f 8)-

In this section, we perform a similar decomposition at the level of strategies.
The steps of this construction will be illustrated on [M] depicted in Figure

2.2.1. The flow substrategy. The flow substrategy captures the toplevel func-
tion calls made by o. It is not concerned with what arguments are fed to these
function calls. Define Sy, as the projection of S to those events s € S such that
oy[s] € !Xy = ...X; = X) seen as a subarena of !A. Since S, is closed under
symmetry, we get an event structure with symmetry Sgqy,.

A primary question is a positive question q* € Spgy. Such questions are
mapped to one of the X; for some i € IN called its index. If q is a primary question
of index i, we write Xq for X;, Aq for A;, Aq; for A;jand I'q for Agy x ... X Agn,,
so that, in particular: Aq = T'q = Xq (as arenas).

Write 2 for the set of primary questions of ¢ and 2; for those of index i € IN.
In our syntactic example we had 2 = {fy, o} and Z; = {g}. To construct
the flow substrategy, one needs to slightly modify the restriction of ¢ as the flow
strategy takes one argument per primary question, to have a map:

Oflow © Sflow — '(( H Xé H !X)'
qeZ;
Its domain is Sgow . For a visible event s € Sgqy, define its image ogows €
!((qu 2, X& || X) as follows, by induction on s € Sgqy:

e If os is mapped to !X, then oqqy () = 0.

e If s is a primary question g, then oy, q is mapped to the initial question
of the component of [[c 2 Xq corresponding to q, and copy index given
by ind(cs).

e If 0s is a (negative) answer to a primary question g, then ofq,,s is the
unique event in !(([qc2 Xé || X) whose justifier is 0oy, copy index
and label that of os.

LEMMA 6.17. The map 0q4 defines an innocent and well-bracketed strategy.

PROOF. Routine check. O
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A remark that will be crucial later on is that 0p,, is linear in all its arguments:
flowd is the only positive move of 0w (Siow) N (1Xq)
Computing the flow for [M] gives a strategy whose reduced form is:

IMJgow : 'T(  proc = proc = proc = proc)

- - run
\
. \
\
I‘ul‘l+’0 run*'l run+,0 \
\
v v v |
- — _ 1
done done done !
N /
done™?

2.2.2. Arqument strategies. We now move on to defining the argument strate-
gies. Remember that a primary question q € 2;, corresponds to a call to the ith
argument. As a result, ¢ is forced to provide n; arguments to this call. The tuple
formed by thesg arguments correspogds to a substrategy oq playing on !(I' = I'q)
whose underlying event structure Sg is:

Sq=S1{s€S|3'? € [s],just,(s') = q},

which contains the events of S lying above a question justified by q. Note that Sq
does not contain any answer to q by courtesy.

On the example M, the argument strategy corresponding to the call of g gives
a strategy whose reduced form is:

"( B = proc) = (proc = proc) =  proc)

- run
-7 \\\
run*ro \
A//// v |
— 1
q done K
v \ '
/ /7
tt 0 done ™

A key argument in the proof of the correctness of the decomposition is that it
forms a partition of S:

LEMMA 6.18. Assume that 0 = Ocpp) and that all events of S are visible-bounded.
We have (as sets)
S = Saow U S,
q

and moreover, this union is disjoint, and no conflict of S is spanning over two components
of this union.

PROOF. It is easy to see that an event not in the flow must be greater than a
question justified by a primary question, hence the equality of sets.

Disjoint decomposition. If s € Sgq,, N Sq for some q, then there is a contradiction
between ¢s] living in !(X; = ... = X) and being above a question justified by q.
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Ifs € SqN Sy for q # ¢, then either q < q', and there must be a (negative)
answer to q in between, forcing [s] to contain an answer and a question justified
by q, contradicting —-innocence. Or, q and q’ are concurrent, and s being visible-
bounded, contradicts property (1) of Proposition [6.15]

No conflict. Consider a minimal conflict between s; € Sgq, and s, € Sq for
some q € Z. If 57 < qthens; < s, absurd. If q < 51, then 51 depends on a
negative answer to q, and the conflict s; ~ s, violates f-innocence. Finally, if q
and s; are concurrent, s; ~ s, contradicts property (2) of Proposition [6.15] O

As the set Sq is closed under symmetry, Sq = S | Sq is an event structure with
symmetry that can be mapped to the game T+ || ITq. Remember that o can be
uncurried to A™!(¢) : § = IT'* || IX. We define 0q on (Sgq),:

e Every event s that is hereditarily justified by q (meaning ¢s > oq — hence
in particular is projected to Ay ; for some j) gets redirected to the return
type occurrence of Ag; (this is compatible with polarities — since the oc-
currence of A; ; in A is twice to the left of an implication.)

e Otherwise, we remark that os ¢ !X. Indeed, in this case, it would be a
(positive) answer, and gccs of s would not be well-bracketed since they
would contain an answer to the initial question before q were answered,
contradicting Lemma This means that A~!(¢)(s) lives in T and we
let: ogs = A~1(0)(s).

LEMMA 6.19. The map o, is an innocent and well-bracketed strategy from T to Ty
PROOF. Routine check. O

2.3. The decomposition theorem. We now prove that from the strategy oo
and the family (04)q, we can recover ¢ up to weak isomorphism. First, let us
introduce some notations. Define

€q="T M Iy x (Tq=Xq) &, Xgq (composition in CHOjnn, ub).
This strategy is called the evaluator for q.
We can then state our decomposition result:

THEOREM 6.20. Assume 0 = Oemp) and all events of S are visible-bounded. There is
a weak isomorphism
TR Ofow @ (€9 | 4 € 2)

The proof of this theorem is detailed in the rest of the section.

2.3.1. Characterisation of the evaluators. To establish our result, we first give a
simpler characterisation of the evaluators €q € CHOinn,w (T, Xq ). By Lemma
to compare innocent strategies, symmetries can be ignored, and by Lemma it
is equivalent to compare their configuration domains. Finally, since our strategies
are visible, interaction is deadlock-free so securedness is always verified.

As a result, configurations of the interaction T ® S corresponds to pairs that
we will write y ® x of a configuration x € %(S) and y € ¢(T) such that they
synchronize in the middle. This condition restricts the shape of x and y and will
be called the synchronization condition. Moreover, a configuration y ® x of T® S
is a configuration T ® S when its maximal elements are visible or essential. This
further restricts the shape of x and y and the corresponding condition will be called
the hiding condition.
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Finally, given a configuration x on the expansion of a composite arena (eg. x €
¢(((A ]| B) = C))) we will write x4 € ¥ (!A') its projection to the A component.
In particular, any configuration x € ¢(!(A || B)) decomposes faithfully in x* €
¢ (1A) and xB € %(!B) via the isomorphism m4 5 : !(A || B) = !A || |B. However,
the decomposition of x € € (!(A = B) into x* € €(!A+) and xP € ¥ (!B) obtained
via xap: (A = B) — AL || !B is not injective: the causal links from x5 to x* are
lost, and more precisely, for an event in x*, the minimal event in x? it depends on.
However, it is when x has a unique minimal event, as then there is no ambiguity.

First, we characterize the post-composition by the evaluation:

LEMMA 6.21. LetT = C || (A = X) bea contextand let ¢ : S — T+ || !A be in
CHOjinn,wn(T, A). Consider:

e=T 772, 4 | (A=X) %X,

Configurations of € with a unique minimal event are order-isomorphic to
{(x€€(5),z1 | 22 € €(Cx)) | x # D = z1 # D}

We only characterize the configurations of € that have a unique minimal event
as it makes the characterization simpler. We will be only using this lemma on
configurations of €q that come from the interaction with op,,,, which is linear, so
those configurations will indeed have a unique minimal event.

PROOF. Remember that the evaluation strategy is obtained from copycat: a
configuration of ev is a configuration of z; || z2 € ;5 x)- It is mapped to

2 |z || 2 € €A || (A = X)T || 1X).

Similarly, configurations of 71, are also given by configuration wy || wy €
(4= x) (mapped to itself since !(A = X) is a sub-game of IT'). Overall, a config-
uration of € is a tuple

(z11z2) ® (x5 | (w1 | w2)).
—— ~— ———
€ (Cyamx)) *€E(S)  €F(Cyamx))

The synchronization conditions give:

e forocandevon!A: cdx = z{‘

e for 71y and ev on (A = X): wp = 25.
The hiding conditions are given by the following diagram summing up the
interaction between the different copycats involved:

ev: 4 zX 2X
2.+.
LT ev
ClJ] (A= X——A ] (A = X)—X

T w] w) wy wy
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An arc connects two dual occurrences of a game connected by copycat. It
flows from the negative one (ie. those where the minimal moves are negative)
occurrence to the positive one. The symbol on the arrow sums up the relations be-
tween the two configurations, in a configuration of the interaction whose maximal
events are visible or essential. As a result, we get the following hiding conditions:

ozt =22\ = wil.
o X D7 X = wX CF wy, hence z{ C wy, in particular w) = w Nz,
° w{l D wﬁ‘
At this point, we are tempted to define the desired isomorphism as:
X X
(v, wr [| w2, 21 || 22) = (x, w7 [ 21)

as it is well-defined. Moreover, from (x, wi‘,z{‘), we can recover zf‘ = zé“ via

oAx. As a result, since z; has a unique minimal element (and so does z1), both
z1 and zp are determined by their projections on !A and !X. Similarly, wX and
wﬁ‘ are determined, so w is also determined. The missing determination is wf,
as we only know that c4x C~ wf!. However, by receptivity, x extends uniquely
to ext(x, w{!) so that o (ext(x, w1 A) = y, hence the following map is the desired
order-isomorphism:

(x, w01 || wa, 21 || 22) = (ext(x,wf!), wy’ | 27)

Injectivity comes from the synchronization and hiding conditions, surjectivity and
order preservation and reflection is routine. O

2.3.2. Putting it together. We can now prove Theorem

THEOREM Assume 0 = Ocmp) and all events of S are visible-bounded. There is

a weak isomorphism
Ugo’ﬂow@<€q ‘ q¢€ °@>

PROOF. Write 7 for the right-hand-side. A configuration of T corresponds to
a pair [(xq)qe2, Xf] with xq € ©(eq) and xf € ¢(Sgow). By Lemma [6.21) since
x ¢ contains one minimal question of each Xgq at most, each xq further decomposes
in (yq, wq I zq) € Sq % %(CCIXq) with yq # @ = wq # @. The synchronization
conditions gives us that ogqow (x f)xq = wgq, which shows that wq is redundant
(determined by xy). Moreover, the hiding condition give us wq = zq.

Define x = x¢ U |Jq¥q € €(S), consistent by Lemma and down-closed
because if yq # @, q € xy. By the previous remarks, the mapping [(xf, (xq))] = x
is injective since other components are determined from only x.

Conversely, by Lemma we can write x € ¢'(S) uniquely in the form

x=xfU U Xq
qeZ

Because the flow is linear, we know that each x4 has a unique minimal event.
Hence (xq, Ufi%lwx Al (Tzifwx £) corresponds to a configuration eq of €q by Lemma
Then the configuration [x¢, (eq)q] is a configuration of T as desired. O

If we have a finite reduced form, we can keep applying this decomposition
to argument substrategies of ¢. For instance in M, the argument strategy for the
call of ¢ (which corresponds to Afg. f tt) can still be further decomposed in a flow
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(Af. f) with one primary question, and a single argument substrategy Afg. tt. The
decomposition stops there since Afg.tt does not contain any primary questions.
What we are left with is a A-term M that depends on finitely many first order
strategies representing flows of substrategies. This intuition gives the following
lemma:

THEOREM 6.23 (Higher-order definability). Let ¢ € CHOsnn,wn(A) be a finite
strategy. There existsa PCF term x1 : By, ..., x, : By = M : A where the B; are first-order
types, and strategies T; € CHOjnn,wb(B;) such that

0 oy [M] © (T1,.++,Tn)
Remark that M can be assumed without fixpoint: it is in fact a pure A-term.

PROOF. First, if o does not satisfy the conditions of Theorem [6.20} we replace
it by the strategy obtained from Lemma|6.16|which is may equivalent to ¢.

This is a corollary of Theorem [6.20; the only difficulty is to show that the
decomposition does not actually need product types (unavailable in PCF), as all
considered strategies can be curried. We proceed by induction on the number of
positive moves in the reduced form of ¢. If there are none, then M = L (with

n = 0) satisfies the required condition. Otherwise, we know that

0= Oflow @ (€q | q € 2).

Remember that
<‘7q/77i> ev
eq=T ——Tqx (Iq=Xq) — Xq.

Define 0y; = mj @0y, : I = A; fqr 1 g j < n. Its currying. A(og;) is a
strategy on Ay = ... = Ap = X;. Since its reduced form is strictly smaller
than that of ¢ (it is a subset of that of ¢y), it contains less positive moves, and by
induction corresponds to a term Mg ;(¥q;) and first-order strategies 7, ; such that
[Mg,j] © (Tq,j)- We assume that ¥ ; are disjoint for different j or different . Then,

Eq:= Aay...ap.a; (Mg ay... ap) ... (Mgn a1... ap)
is such that eq = [Eq] © (¥4j);- Finally, we recover, for 2 = {qy,...,q, }:

o= [yEq, ... Eq,] © (Chow (T5/)q))

where y is a free variable chosen outside the (X ;)q; (put first in the context). [

3. Intensional full-abstraction for ndPCF

In this section, we compare the observational equivalences on the semantic
side to those on the syntactic side. More precisely, we show that two terms are may
equivalent if and only if any of their interpretations (the parallel or the sequential
one) are may equivalent.

To do so, we leverage the results obtained in the previous sections. The notion
of reduced form allows us to define a notion of finite strategies. Moreover, we have
shown how to use this reduced form to neatly decompose a strategy into a first-
order strategy and “smaller” higher-order strategy. This shows that with innocent
and well-bracketed strategies, there are no higher-order patterns that are not de-
finable in A-calculus, all the expressive power resides in the first-order strategies.

The outline of this section is as follows:
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(1) InSection[3.1} we prove that finite tests have enough discriminating power
to characterise may equivalence.
(2) In Section[3.2] we show how to represent the may equivalence behaviour
of strategies on ground and first-order types, by relations.
(3) In Section we show how to define first-order finite strategies in nd PCF.
(4) In Section we finally prove full abstraction by assembling the pieces
of the puzzle.
Note that, the hard part about extending the full abstraction result to must
equivalence is point (1).
3.0.1. Observational equivalence. In the category CHOjnn,wb, we have a coarser
observational notion of equivalence since there are fewer tests, less behaviours can
be explored:

DEFINITION 6.24. Two strategies in CHOinn,wb (A) are may-equivalent if they
may pass the same tests in CHOjinn,wb (A, proc).

A test & € CHOjinn,ub(A, proc) is finite when « as a strategy is finite (its re-
duced form contains a finite number of positive move). Naturally, observational
equivalence is a congruence:

LEMMA 6.25. Let 0,0" € CHOinn,wb(A, B) such that A(c) ~ A(c’) and T,7' €
CHOjinn, (B, C) such that A(t) ~ A(t"). Then A(t © 0) and A(t' © ¢’) are obser-
vationally equivalent.

PROOF. Consequence of the CCC structure of CHO. O

3.1. Finite tests. We now proceed to show that finite tests are enough to dis-
tinguish strategies up to may equivalence.

Leto: S —!A € CHOipp,ww(A). Write 0 : S;f — !TAand nf, : S — Sy
Given a subset X C S, which is maximal for C~, define Sx = S | nf,(X)
(well-defined because nf, ! (X) is closed under symmetry).

LEMMA 6.26. The restriction of o to Sx defines a strategy 0x € CHOinn,ub(A).

PROOF. Straightforward. (Receptivity comes from X being C~-maximal.) O

A strategy of the form oy is called an approximation of ¢. If X has a finite
number of positive moves, o is a a finite approximation of ¢.

LEMMA 6.27. Let « € CHOipn,ub(A, B) and ¢ € CHOunn,wb(A). We have:

o If X C Y are subsets of the reduced form of a, then € (ax © ) C € (y © 7).

o If X is a set of subsets of the reduced form of « then,

%(KUX ©0) = U C(ax ©0).
Xex

PROOF. Straightforward. g

LEMMA 6.28. Let 0, T € CHOjiny ,ub(A) such that there existsa « € CHOjnp,ub (A, B)
such that &« © o may converge but not & © t. Then, there exists a finite such «.

PROOF. From Lemma it is easy to see that o may pass « if and only if ¢
may pass a finite approximation of «, which entails the result. O
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3.2. First-order extensional behaviour. In this section, we characterize the
may-equivalence behaviour at first-order types, as the equality of some induced
functions. This proves that, up to observational equivalence, our terms have a
functional behaviour. (Or rather, since we are in a nondeterministic world, a rela-
tional behaviour).

3.2.1. Ground types. We start with ground types. For a ground type X, we
write X for the set of values of that type (eg. B = {tt,ff}) and | X for Z(X). We
first show that | X captures the quotient of CHOjnn,wb (X) up to may-equivalence:

LEMMA 6.29. There exist a bijection |: CHOinn,ub(X)/ ~may =1 X.

PROOF. Given ¢ € CHOjinn,uwb(X), define | o as the set of v € X such that
there is a move labelled v in ¢. First, we show it is well-defined. Assume that
0 ~may T. If | ¢ = @, then =(0 may). As a result (T |may) and | 7 = @.
Otherwise, assume for instance X = B. If tt €] o, then ¢ may pass the test
[Ab.ifbtt L]. Hence T may pass this test and tt €| . Similarly for ff hence
lo=|r

The map | is easily checked to be surjective, so we tackle injectivity now. Let
0,T € CHOipn,w(X) such that | ¢ =| T and &« € CHOjipn, (X, B). Assume
that « © 0 may converge: there is a configuration x of « ® ¢ that contains a positive
move. If IT)[x] € €' («) does not have any positive questions, then « is constant and
a © T may converge as well. Otherwise, there might be several positive questions,
each of them having an answer (played by ¢), yielding finally an answer. Since
1 0 =] 7, both ¢ and 7 can play the same answers and it is easy to extract from
x a configuration y of @ ® T which has a positive event, hence proving that T may
pass « as well, hence | is indeed a bijection. O

3.2.2. First-order strategies as functions. Given ¢ € CHOinn ,ub(X1 X ... Xy, Y)
we define

Vo Pe(Xn) x .o x Pp(Xy) — 2(V)
(Vl,...,Vn) l—>J,(0'@<T Vi,...,T Vn>)

where 1 is the inverse of | on ground types. We need to remember the action
on finite sets of values (representing nondeterministic values), and not a single
value. For instance Ax. L and Ax.if x (if x L tt) L have the same behaviour on
deterministic inputs, but the latter may converge on x = choice.

In this section, we show the following theorem:

THEOREM 6.30. Two strategies 0,T € CHOinn,wb(X1 X ... X Xy, Y) are may-
equivalent if and only if | o =] T.

The rest of the section is dedicated to the proof. We provide the proof in a
simplified case, where n = 1 as to convey the ideas of the proof clearly.

3.2.3. Question outcome. To prove this result, we look at the reduced form of
tests. By Lemma we know we can only consider finite tests . Consider
a finite « € CHO(X = Y,B). We write T for the event structure underlying
«, and Ty for the reduced form of T. If q is a question answered by a, we write
[9,a] :=={s | g <s < a} for the segment. At order below two, because of innocence
and well-bracketing, this only be contains questions and their answers.

The main difficulty is to show that if ¢ and T have the same extensional be-
haviour (| ¢ =] 7), then the initial questions of « ® ¢ and « ® T have the same
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answers. For that, we define a notion of “correct answer” with respect to a func-
tion Z¢(X) — Z(Y) in Ty, which are the answers due to occur in a pullback
against any o verifying | o = f.

Consider a function f : Z¢(X) — (V). The reverse order >t is well-
founded since T}t contains finitely many positive moves, and causal chains sy —
$1 — ... are alternating. By induction on >, we define for each question q € Ty,
a set 0¢(q) of potential answers as follows:

e If qis positive, then q is the initial question of Y, and by receptivity there
exists a (unique) negative question q; which is a successor of q. We let

05(q) = {a | just(a) = q & 3A; C O¢(qy),Ibla € f(Ibl(A1))}

This is well-defined because 0(q; ) is finite as q; is negative.
o If qis negative, we let

05(q) = {a €T | just(a) = q
&forq <a' <a,a € Of(just(a))}.

This is well defined: if a’ < a, well-bracketing entails (via Lemma [6.14)
thatjust(a’) > q. Note that this set is always finite because Ty has finitely
many positive moves.

This function ¢(-) assigns to each question of Ty its outcome in any interaction
against a strategy ¢ implementing f. An answer a of T is correct for f when a €
O (just(a)). Positive question (asked to Opponent) should be answered according
to f (first case), where as negative questions (asked by Opponent) should only be
answered by answers depending previous correct answers.

To prove that this intention is actually met, we define the actual outcome of
a question in the interaction as follows. Given ¢ € CHO(X,Y) and a question
q € a ® 0 we define 0,(q) = {Ibl(a) | just(z) = q} which is the set of answers to
g. We write p = nfoIl; : «a ® 0 — a,¢ to project an event of the interaction onto
the reduced form of a. Throughout the proof, we denote events of a pullback with
abar: g, 4, ..., while their projections by p is simply written q, 4, ...

LEMMA 6.31. Foroc € CHO(X,Y) and all § € a ® o, we have
P(00(7) = 010 (p0)-

This lemma states that for any question of an interaction with o, its answer
within this interaction coincide with the answers within T correct with respect to
o

We proceed to prove Lemma|6.31|by induction on >1.

3.2.4. Lemma — Negative case. Let q~ be a negative question of « ® o and
q := pq its projection.

Leta € 0,(q), and write a := pa. Consider an answer a’ to q' in [g, 4], and
' and q their corresponding events in [a]. By definition @ € &,(g') hence by
induction a’ € &,(q'). This proves thata = pa € 7 |,(q).

Conversely, let a € 0|,(q). If ¢ — a in Ty, then it is easy to build a corre-
sponding @ € a ® ¢ such that

a=ypic€ 0sq)
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Otherwise, [g, 4| contains only positive questions and their negative answers
(apart from q and a). By induction each question can be played by 7, and each
answer T expects will be played by ¢, since by induction those answers are correct.
This means all the answers a depends on will be played, and finally 7 is able to
play a resulting in the desired event @ € a ® o with pa = a. Hence, a € p(0,(q)).

3.2.5. Lemma[6.31]- Positive case. Letq € a ® ¢ be a question such that q := pq
is positive. We write q; for the unique question justified by q in Ty.

Let 7 € 0;(q). To show thata := pa € 0|,(q), we need to show that a is
a correct answer. Write q; be the unique question justified by q in Tys. In o, the
segment I [q, a] looks like:

ITiq~ H>H1q[1) —a; — ... = Iiqf — Ija, —a.

This very rigid structure is forced by well-bracketing and innocence. Write A; =
{a’ € [a] | pjust(a’) = q;} (which is {ay,...,a;} in the example) for the set of
answers provided to o by «. By definition of | ¢ we must havelbl(a) € f(Ibl(A7)),
as desired.

Conversely, let a € 0| ,(q). We know that there exists Ay C &,(q;) such that
Ibl(a) €l o(Ibl(Ay)). By induction, we know that for each a; € A;, there exists
4; € « ® 0 with pa; = a;. They must all be consistent, since they are justified by
different copies of q;. The configuration x = [dy,...,4,] mustextend by 4 € x ®
such that 2 = a since Ibl(a) €| o(Ibl(A1)). Hence, a € p(0,(q)).

3.2.6. Wrapping up. We can now prove Theorem [6.30}

PROOF. (Of Theorem [6.30) If 0 ~may T, since observational equivalence is a
congruence (Lemma [6.25), we have: | 0 =| 7.

Conversely, assume that | ¢ =| T and assume there exists a testa € CHO(X =
Y, B) such that « ©® ¢ may converge but not « ® 7. By Lemma we can assume
that a is finite. Assume q, and q_ are initial questions of « ® o and & ® T respec-
tively, both projecting to the same initial question q of Ty via p. By Lemma|[6.31}

P(00 (@) = O10(q) = O12(q) = p(02(T7))-
However, the left-hand side must be non-empty since « ©® ¢ may converge and
the right-hand side must be empty because a« ® ¢ is not may-convergent. O

3.3. First-order finite definability. To conclude full abstraction, we need to
prove finite definability. The only ingredient missing is definability on first-order
types. In this section, we consider A = X; = ...X;; = X a first-order type.

3.3.1. Image of a strategy. We will not prove finite definability up to may equiv-
alence (which is all we need for full-abstraction) but up to a stronger equivalence.
Givenac:S — !A € CHOjnn,w(A), its image is the set

i(0) = {ola] | a* € S} C %(14)
Unsurprisingly, having the same image is stronger than may equivalence:
LEMMA 6.32. Let 0,7 € CHOjnn,wb(A). If i(0) = i(T) then ¢ ~pyay T.

PROOF. Assumei(c) = i(7). Toshow o ~may 7, itis enough toshow | o =| T
by Theorem [6.30] By symmetry, we only show | ¢ C| T (point-wise inclusion).

Let (Vi,..., Vi) € Z5(Xq) X ... Xx P§(Xy),andy € L o(V4,..., Vy). By defini-
tion this means that there exists a positive answer a with label yinoc ® (1 Vy,..., 1
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V). As a result, [a] corresponds to a pair of a configuration [as] € ¢ (c) and
weE((tV,..., T Vy)) matching on X3 X ... X X.

Since ¢ is innocent, [as] is normal, and by Lemma we can assume that
ag is an element of the reduced form. As a result o[ag] € i(c) = i(7), and there

exists ar € Ty such that o[ar] = T[ar]. As aresult, [ar] and w are matching on
X1 X ... X Xj. By the deadlock-free lemma (Theorem [5.35), they correspond to a
configuration [a'] € T® (1 Vj,...,T V,;) witnessing thaty € | T(xy,...,xy). O

3.3.2. Deterministic case. We first prove that finite deterministic strategies are
defined with a method along the lines of [CCW15]. First, we introduce a bit of
vocabulary. Given a deterministic reduced form o : S — ! A where A is the arena
of a first-order type, a minimal action is a successor of the unique initial move
of 5. Minimal actions are always positive (there are no essential events since ¢ is
deterministic). If s € S is a minimal action which is an answer, then S;¢ has only
two elements.

If s is a question, then it is slightly more complicated. Pick s’ a negative move
justified by s. Because A is first-order, s’ is an answer. In that case, we define

S/(s,8")=S1{s"e€S|s" g[S I|A-(s"8)YN(" >s=5" >3}

The third condition ensures that if s” causally depends on the question s, then it is
in the branch of s’. Indeed, in S/(s,s’) we only want to keep those events that are
either in a call concurrent to s or in the branch given by the answer s’. Again, we
get a reduced form ¢/ (s,s") whose expansion is in CHOjpn,wb if that of ¢ is.

LEMMA 6.33. Let ¢ € CHOjinn,ub (X1 X ... X4, X) be a deterministic finite first-
order strategy. There exists a term M of ndPCF such that i([M]) = i(c).

PROOF. Write S for the event structure of the reduced form of . We proceed
by induction over S. If S has no minimal actions, then ¢ = [_L]. Otherwise, pick a
minimal action s € S. There are three cases:
e Itis a positive answer with label v € X. As discussed before, S;s = q — v
in that case, hence: 0 & [Ax1...x,.7].
e Itis a positive question. Write sy, ..., s, for the set of negative answers to
s (that exist by receptivity) such that a positive answer lies above them.
Since S is finite, we know that there must be a finite number of such s;,
even if the datatype is infinite. Then we get terms Mjy, ..., M, by induc-
tionon o/ (s,s1),...,0/(s,sn). Then it is easy to define a case construct
in ndPCF that will test for the value of the corresponding argument and
plug the corresponding term. Since we have a finite number of cases, we
get a finite term M which satisfies the required condition. O

3.3.3. First-order finite definability — general case. For a nondeterministic strat-
egy, the situation is a bit more complicated. Because we have few axioms structur-
ing conflicts in first-order strategies, an inductive construction as in the determin-
istic case is harder to define. However, we know that the observational behaviour
of such strategies are very simple: they are simply relations.

LEMMA 6.34. Let o : S = A € CHOinn,ub(A), and x € i(0). There exists a
deterministic strategy 0y € CHOunn ,ub(A) such that i(oy) = {x}.

PROOF. Let ola] € i(c) where a is a positive answer of the reduced form.
Consider the restriction ¢ : [a] — !TA. It is almost a valid reduced form: it fails
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receptivity. Write y for the maximal negative extension of [a] (well-defined as there
are no minimal conflicts involving negative events). It is routine to check that
o :y — ITAis an innocent and well-bracketed strategy of nCGg,. Its expansion is
the desired strategy. O

Write sum = [AxAy.if choicexy] € CHOsnn,w (X X X, X) for any ground
type X, and write 0 + 7 = sum ® (0, 7).

LEMMA 6.35. Let 0, T € CHOinn,ub(A). We have:
i(lc+1)=i(0)Ui(T)

PROOF. This is an easy calculation, since configurations of the reduced form
of o + T containing at least a positive move are in one-to-one correspondence with
those of the disjoint union of those of ¢ and 7. O

THEOREM 6.36. Let 0 € CHOjinn,ub(A) be a finite strategy. There exists a term
= M : A such that [M] ~yy 0.

PROOF. Since ¢ is finite, i(0) is also a finite set. By Lemmata and for
each x € i(0), there exists - M, : A with i([My]) ~may i(0x) = {x}. Then writing

M = if choice My, ... (if choice My, , My,)
we have
(M) =i(oy,) U... Ui(ox,) =1i(0),
by Lemmal6.35 O

3.4. Wrapping up. We can now conclude finite definability:

LEMMA 6.37. Let 0 € CHOjnn,ub(A) be a finite strategy. Then there exists a term
M such that [M)] is observationally equivalent to o.

PROOF. First, using Theorem we know that:
0 ~may [M] @ (T1,...,Tn)
where x1 : By,...,xy : By - M : Aand 7; € CHOjnn,w(B;) are strategies on a

first-order type. By Theorem there exist terms = Nj; : B; with [Nj] ~may 7.
Then it is easy to see that

0 ~may [M[N;/x;]]. O
And, finally, we conclude intensional full abstraction as well:

THEOREM 6.38 (Intensional full abstraction). Both interpretations of ndPCF in-
side CHOjnn , wp are intensionally fully abstract.

PROOF. Let M, N be closed terms of type A.

Assume [M] and [N] are observationally equivalent, and let a context C|[] dis-
tinguishing them. Since [C[M]] = [C[]] @ [M] and [C[N]] = [C[]] ® [N], it follows
that [C[]] distinguishes [M] and [N] by adequacy.

Assume M and N are observationally equivalent. Assume that there exists
a test & € CHOjinn,uwb(A, proc) that distinguishes them. By Lemma @ we can
choose & so that its reduced form is finite. By applying Lemma [6.37} there exists
a term T such that [T] is observationally equivalent to «. Because observational
equivalence is a congruence, & © [M] ~may [T M] and & ® [N] ~may [T N]. Then,
applying adequacy, we deduce that T distinguishes M and N which is absurd. [
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Extending this result to must equivalence is non-trivial because (a) it is not
clear that finite tests suffice and (b) we need somehow to ensure that everyone is
equivalent to a strategy verifying properties (1) and (2) of Proposition

This full abstraction result tells us that that our notions of innocence and well-
bracketing are restricted enough. However we believe that the main argument
in favour of these conditions is Theorem and its corollary Theorem that
with innocence and well-bracketing, higher-order behaviours are not exotic.






Part 3

Relaxed impurity



In this part, we are interested in modelling programming languages exhibiting
shared memory concurrency. In such languages, there is a way to start several
computations in parallel, and these parallel computations can communicate by
means of a shared memory. Typically, there is a set of “global variables” that each
computation can read and modify. Most semantics for these languages are based
on traces. Using the framework of Part[I} we propose to explore the space of partial
order models of these behaviours. We believe that such partial-orders models have
something to contribute to the semantics of shared-memory concurrency, yet this
is space that is barely explored in the literature.

Related work. Shared-memory concurrency has an interesting history from
the point of view of semantics. One of the first advocates for a formal account of
shared-memory programs was Lamport [Lam79] who defined the first mathemat-
ical model of execution for such programs, called sequential consistency (SC). In this
model, the memory is represented as a server that communicates with the threads.
Threads submit requests to write and read on global variables, and the role of the
memory is to sequentialize these concurrent accesses in a consistent way. Most
of the semantic work (denotational in particular) focused on providing models for
this paradigm: e¢g. Brookes [Bro96b] proves full-abstraction of a trace-based model
for Parallel Algol, a prototypical language featuring shared-memory concurrency.

Most reasoning techniques (program logics) and models have assumed this
model (and still do, for the most part), even though Lamport already remarks
at the time that this model, albeit rather simple to understand and reason with,
would induce important performance penalty on any implementations willing to
abide by this specification. As a result, hardware implementing SC is rather a
curiosity nowadays and mainstream technology (phones, laptops, ...) features
processors breaking away from this model to achieve adequate performance.

This went a long time underspecified, and recently the semantics community
has started showing interest in providing models for those architectures that break
SC [NSS™]. This led to a long series of work aiming at understanding the exist-
ing architectures and formalize the existing specifications provided by hardware
manufacturers that were often ambiguous or contradicting observed behaviours.

A few families of architectures were studied: TSO (and its variant) used for
instance by Intel, and ARM/POWER, used for instance in most phones nowa-
days. Two kinds of models emerged. On the one hand, operational (eg. [OSS09),
SSA™11]) models based on the description of the architecture as an abstract ma-
chine, and execution is represented as transitions on those states. On the other
hand, axiomatic models [MMS™12,[AMT14] axiomatize valid executions via rela-
tional algebra.

The two approaches have their qualities: operational semantics models tend to
be easier to understand as closer to the machine, whereas axiomatic semantics tend
to be more easily experimented with (in particular with the cat tool [AMT14]) and
better for verification purposes as it represents executions by partial-orders.

However, there is very little work on denotational semantics of such hard-
ware. To our knowledge, the only work building on tools of denotational seman-
tics is [JPR12] which presents a trace-based model for TSO. More generally, there
is very little work on compositionality for weak memory models (operational and
axiomatic models are not compositional by design).
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In this part, we would like to provide an application to the theory we have
been developing in the earlier parts of the thesis, to design new models for these
specifications. We focus on TSO, which is a simple yet relevant weak memory
model, and offers enough interesting behaviours to start testing our framework.

In the next chapters, we will build several models, trying to exploit concur-
rency as much as possible to avoid needless sequentializations. The style of the
following chapters will be more prospective, less thorough, as it tries to under-
stand the specifications from the point of view of our models. We believe we can
already make interesting points even though this work is preliminary.

Plan of the part.

Chapter[7] In this chapter, we give a model abiding by the TSO specification,
inside event structures of a simple assembly language. Because the language is
first-order, there is no need for the game semantics machinery to give an inter-
active and accurate model of it. The chapter defines several models that try to
exploit as much as possible the expressive power of event structures to build more
concurrent (hence more compact) models.

Chapter |8 We recast the constructions used on event structures in Chapter
inside our game semantics framework. We show that using strategies and their
composition it is possible to recast the model construction of Chapter [7]to get an-
other point of view. This formulation in terms of strategies represents better the
execution of programs on relaxed architectures and allows for simple tuning by
simply changing the strategies implementing the base operations. This permits
scaling in a simpler way to weaker architectures allowing more reorderings.






CHAPTER 7

Relaxed memory in a first-order setting

Pourquoi nier 1’évidente nécessité de la mémoire?

Marguerite Duras, on the necessity of tackling memory models
(Hiroshima mon amour)

The point of this chapter is to study models of shared memory concurrency
within the metalanguage of event structures. To do so, we pick a simple specifi-
cation of shared memory concurrency (TSO) and we explore the space for denota-
tional models in event structures. The main criterion we have in this chapter is to
prevent unneeded sequentializations of concurrent memory accesses, in order to
get representations of the possible executions as compact as possible.

Outline of the chapter. Section[I]introduces our toy assembly language and an
operational semantics respecting the TSO semantics. Section [2| gives a “naive”
interpretation in terms of event structures that is correct with respect to the op-
erational semantics (meaning that the traces of the event structure interpretation
coincide with those given by the operational semantics). Section [3| explores the
space of interpretations of the memory trying to sequentialize as little as possible
the memory accesses in order to avoid the event structure from blowing up.

Contribution of the chapter. The main ideas presented in this chapter were pub-
lished in [Cas16]], although the work on the desequentialization of commits is new.

1. An assembly language and its semantics

1.1. Syntax. We start by introducing an assembly language, whose programs
are parallel composition of threads, and its operational semantics. Consider a
countable set V of global variables, that threads share, and a countable set R
of registers (or thread-local variables) denoting variables local to a thread. The
language has simple instructions to access the memory. A program is decomposed
into threads which are lists of such instructions:
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ex=(keN)|(reR)|... (arithmetic expressions)
L= (instructions)
|7+ x|x:=e¢ reads and writes
| nfence barrier
tou= (threads)
| e
| ;¢
|[if (0==¢e) {t}{ ¢t} conditionals
pu=t| ... |t (programs)

Our arithmetic expressions are very limited but can be extended without chang-
ing the model (as long as they are considered up to simplification).

The instruction r <— x is a read of the variable x (onto the register r) and x:=e¢
a write of the variable x. The mfence instruction, a barrier, is specific to relaxed
memories and controls the propagation of writes to other threads (see Example
[7.2). An occurrence of a register r in a write or a conditional is free when not pre-
ceded by a read instruction to 7 (as a result, the expression r <— x;t can be thought
of binding r inside t). A thread is well-formed if there are no free occurrences of
any register. A program is well-formed if all its threads are well-formed.

EXAMPLE 7.1 (Store-buffering). A classic example for studying the properties
of a multiprocessor architecture is sb, store-buffering:

y:=1
S X

x:=1
Ty

This notation stands for (x:=1;7 + y;€) || (y:=1;s < x;¢€).

In SC semantics, one would expect that at the end of the execution, we have
r = 1lors = 1. Indeed, one of the writes needs to go first, and the corresponding
read will then read 1. In non-SC semantics, it is often possible to observer =s =0
if threads are allowed to have write buffers (or equivalently, are allowed to reorder
independent write/read pairs).

The specification we study in this chapter, Total-Store-Ordering (TSO) exhibits
the outcome r = s = 0. This specification is in particular implemented by Intel
processors, by means of write buffers. However, the semantics of TSO can also be
understood in terms of instruction reordering [BMS10].

To allow the user to flush the buffers (or equivalently, to prevent reorderings),
the TSO specification provides a specific instruction, mfence.

EXAMPLE 7.2 (Fences). To prevent this behaviour from happening, it is nec-
essary to prevent the optimizations of the processors. This is done by means of
an instruction called mfence. It forces the processor to empty its write buffer (ie.
makes the writes available to other threads) — or equivalently, from reordering a
write before the fence with an independent read after the fence. For instance, the
following variation on the program of the previous example:

x:=1 y:=1
mfence || mfence
Ty || s x
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does not exhibit the execution leading to r = s = 0 (both fences are necessary).

Fences are used to prevent the processor from performing optimizations, and
as such come with a performance penalty.

1.2. The TSO abstract machine. We describe the standard TSO operational
semantics following [OSS09], formalized as a transition system over machine states.

1.2.1. Machine states. A mental model to keep in mind when thinking about
TSO machines is the following picture:

processor 1 buffer 1

processor 2 buffer 2 memory

processor 3 buffer 2

Each processor has a (write) buffer that intercepts communication between
the processor and the memory. When modelling the system, each component (the
processors, the buffers and the memory) needs to be represented. To simplify
the modelling, it is easier to group the buffers either with the main memory or
with their corresponding processor (as hinted at in the picture). We choose the
latter here as it makes modelling easier. The state of the memory is simply an
assignment y1 : YV — IN of global variables. The state of a processor is a pair (¢ : b)
of a well-formed thread t to execute and a buffer state b € (V x IN)* representing
the list of writes waiting to be committed to the main memory.

Overall, the machine states have the following shape:

c={((t1:01) || ... || (tn : bp) @p)
where t; is a well-formed thread, b; € (V x IN)* abuffer,and yz : VV — IN a memory
state. If p = t1 || ... || ty is a program, let o, = ((t1: []) || ... || (ta : []) @ (_+— 0))

be the initial state of the machine corresponding to p (where [] is the empty buffer),
where all variables are set to zero.

1.2.2. Transitions. We can now describe the transitions between machine states
representing the execution of programs on a TSO architecture. The transitions are
given in Figure (Il We comment some of the rules.

(STORE), (IFZ), (IFNZ): By the well-formedness hypothesis, the arithmetic
expressions appearing in the first instruction must not contain any register, hence
must evaluate to a number. Note that this invariant is preserved in (BUFFERREAD)
and (MEMORYREAD) by performing the substitution t[k/r], which goes through ¢
and substitutes free occurrences of r by k.

(ComMmMIT): This transition can be performed by any thread which has a non-
empty buffer, to commit the last entry from said buffer.

(FENCE): A fence can only be performed when the buffer is empty, forcing
beforehand the processor to empty its buffer using the (COMMIT) rule.
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STORE

ol emkiti o) | @p) — (o || (i [ K)] +407) [ .. @ p)

COMMIT

(oo | G bp [ || -c-@uy — (o || (F:6;) || ... @pulx :=k])

BUFFERREAD
b; =1 ++[(x, k)] ++I»  x does not occur in Iy

ol ext ) [ @u) — (.. || Gk 0) [ ... @p)

MEMORYREAD
x does not occur in b;

(ol rextizb) [ @p) — G| (Elp(x)/r] 0 ] @)

FENCE

(... || (mfence;t;: []) || ...@u) — (.. || (i []) || ..- @pu)

Irz
k=0

TGEO =0 Lt Lureb)|-.@u)— (o [ (£:06) ]| ... @)

IFNZ
k+#0
0 L tFLurio)]...@u) — (|| (u:0) ... @p)

(... ]| (if (0 =

FIGURE 1. Operational semantics of a TSO machine

(MEMORYREAD) and (BUFFERREAD): Those rules are exclusive: when per-
forming a read, either there is an entry in the buffer about the variable we are
reading, or there is not. In the former case, the read reads from the most recent
entry in the buffer, while in the latter case, it reads from memory.

EXAMPLE 7.3 (Message-passing). Consider the following program mp:
x:=1
y:=1

One thread writes x (viewed as the data) and then y (viewed as a flag). The
other threads first reads the flag, and then the data. The desired outcome is that
if the second thread sees the flag to one (ie. r = 1), then it sees the update on the
data (ie. s = 1). As a result, we do not want to observer =1 A s = 0.

This property is guaranteed by TSO (without having to add barriers), because
of a subtle property. In TSO, the buffers are totally-ordered meaning that two in-
dependent writes are always committed in the syntactic order they appear in the
program. This means that x will be always committed first. If the second thread
sees the second writes, then it must also see the first one. Moving to partially-
ordered buffers where two writes on distinct variables need not be in the same

r<y
S X




1. AN ASSEMBLY LANGUAGE AND ITS SEMANTICS 185

order as in the program yields a weaker architecture, PSO, that allows the out-
comer =1As=0.

In general, weaker architectures (ARM/POWER) do not forbid this outcome,
as they allow more general reorderings patterns. Programs making use of this
programming idiom need to add fences to prevent reorderings.

1.2.3. Program equivalence. For y :V — IN, write 0y, for the final state in mem-
ory pu: oy = (€:[] || ... || €:[] @p). Given a program p, we write final(p) for the
set of final memory states reachable from p:

final(p) = {p | op —" ou}.

This set characterizes all there is to know about the execution of a closed pro-
gram. We run the program, and observe the memory in its final state. This leads to
a natural contextual equivalence, where the context is given by a program running
in parallel. Two programs p, p’ are contextually equivalent (p ~ p’) when for
all programs g, final(p || g) = final(p’ || q).

1.3. Labelled semantics. Our previous semantics only gives us the final states
reachable by a program but offers no observation of what the program does in the
course of the execution. In particular, it cannot be used to reason about the pro-
gram equivalence defined in the previous section. For these purposes, one often
defines a labelled transition system that permits observing the actions of the pro-
gram via labels on the transitions. Executions become traces of observable events.
Since we want a model that is sound for program equivalence (two programs hav-
ing the same traces are equivalent), the traces need to record enough information
about the execution of the program, in any context. This means in particular, when
issuing a read, the value is the result of a nondeterministic choice, since we do not
know what the context could have written before.

We could observe every transition made by the machine, however this records
too much information which is not needed. Informally, processes communicate via
memory, so we only need to record those transitions interacting with the memory:
the instructions (COMMIT) and (MEMORYREAD), leading to these labels

L = creg | Ryt
A thread state is a tuple ( : b) of a syntactic well-formed thread and a buffer

b. We define a LTS (¢ : b) EN (t' : b') where ¢ € ¥ U {t} is an action. The rules
are given in Figure 2| (The T label on internal transitions is omitted.) For a thread
state (¢ : b), write tr(¢ : b) for the set of words /... ¢, € £* such that

(£:00) —=* (F1:B1) B % (b by) = (e : ).

Writing « for the interleaving of traces, we define the traces of a program p = t1 ||
... || tu to be:

tr(p) =tr(ty : []) *... xtr(ty 2 [])

1.4. Consistent traces and outcomes. Among the traces of a program state p,
many are not reachable without the help of a context to provide the right values.
A trace t € X* is closed (or consistent) when every read on x of t reads the last
value written on x before it in ¢, or zero if there is none. Closed traces correspond
to those traces that can occur if a program is left on its own without any context.
Write C for the set of closed traces.
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STORE COMMIT

(x:=k;t:b) — (t:[(x,k)] ++b) (t:b++[(x,K)]) == (¢: b)

BUFFERREAD
b=1 ++[(x,k)] ++I2  x does not occur in /4

(r<x;t:b) — (t:b)

MEMORYREAD FENCE
x does not occur in b
(rx;t:b) = (¢[k/r] : b) (mfence;t: {]) — (£ ])
IrZ
k=0
(if ==k {t}I{ul:b)—(t:b)
IFNZ
k#0
(if @==k {t}Y{ul:b)—(u:b)

FIGURE 2. Labelled transition system for thread states

The outcome y(t) of a trace t € X* is the memory state defined as follows:

k the last commit c,._; on x in ¢ writes k

) = {;

PROPOSITION 7.4. Let p be a program. We have:
u(tr(p) NC) = final(p).
PROOF. Straightforward induction. O

otherwise

From this, we deduce:
LEMMA 7.5 (Soundness). For p,p’ two programs with tr(p) = tr(p’), p ~cx P’

PROOF. For any context q, we have:

final(p || q) = p(tr(p)  tr(q)) NC
= u(te(p’) xtr(q)) N C = final(p' || q). O

Note that the converse (akin to a full-abstraction result) does not hold, for
instance r <— x is equivalent to the empty program, even though they do not have
the same traces. This will be of little importance here, as we simply want to be
sure that our labels are rich enough not to lose any behaviours of programs up to
this program equivalence.

2. Modelling TSO using event structures

In this section, we investigate how to replay the previous picture in the set-
ting of event structures. What is the counterpart of the labelled semantics? Of
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consistent traces? In this section, we replace set of traces over the alphabet X by
Y-labelled event structure:

DEFINITION 7.6. A X-labelled event structure is an event structure E equipped
with a labelling function A : E — X.

A Y-labelled partial order is a X-labelled event structure where all finite sets
are consistent. As a result, partial orders considered in this chapter satisfy the ax-
ioms of event structures; in particular there is a finite number of events below a
fixed event. Usual operations of event structures, in particular parallel composi-
tion, extend to labelled event structures.

2.1. Thread semantics. We start by defining the event structure counterpart
of the labelled semantics. The labelled semantics of Section was defined in
terms of a LTS. Even though it is possible to give a definition of the generated
set of traces directly by induction on the syntax of threads, this is not completely
straightforward. Indeed, if we know the traces for a thread t, to deduce the set of
traces of x:=k; t is not completely direct. The write instruction should generate a
commit event, “later in the future”, but how late can it be?

This non-determinism about the actual occurrence of the commits can be el-
egantly expressed using partial-orders. For instance, in the thread x:=k;r v,
the commit event arising from the write can occur before or after the read. In the
labelled semantics, this is represented by having both interleavings. However, in
this setting we can represent explicitly the concurrency by declaring that the com-
mit event is concurrent to the read events arising from the read instruction.

To define this new semantics, we need a few operations on event structures.

2.1.1. Generalized prefix. To model writes, reads, or fences, given an event struc-
ture E (representing the continuation of the program) and a label ¢ € ¥ (represent-
ing the first instruction), we want to form the event structure ¢ - E where ¢ occurs
first, and then E. However, as we have seen, in the case of write, we do not want
the corresponding commit event to occur before all the events of E, only a subset.
We characterize this subset by their labels, hence we define an operation ¢ -p E
where D C ¥ is the set of labels of events that need to occur after £.

DEFINITION 7.7. Let ¢ € ¥ and E be a X-labelled event structure. For D C %,
we define ¢ -p E as follows:
Events: EU{ L} where L ¢ E.
Causality: The transitive and reflexive closure of

<e U{(L¢) | Ag(e) € D).
Consistency: X € Cony. g iff XN E € Cong.
Labelling: A(L) = ¢and A(e) = Ag(e) otherwise.

As a special case, write £ - E for { -y E.

2.1.2. Sum of event structures. When issuing a read, we have seen that we need

to nondeterministically pick a value, as there could be a context providing this
value. This is done by the sum of event structures:

DEFINITION 7.8. For E and E’ X-labelled event structures, define E + E’:

Events, Causality, Labelling: Thatof E || E/
Consistency: X € Cong, pr when either X = {0} x X, with X, € Cong or
X = {1} x X1 with X7 € Cong/
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The sum of E + E’ is very similar to E || E’ except that the two components
are not consistent. This operation extends to countable sums, and given (E,),eN
a family of labelled event structures, we write

> Eni=Eo+E+...
nelN

2.1.3. Causality of commits. Before being able to give the inductive definition
of our semantics, there is one aspect we need to understand. When calculating
the semantics of x:=k; t, which events of the semantics of ¢t depend on the commit
event generated by the write instruction? This is not made explicit by our LTS.
However, we see that:

(1) Any event after a fence needs to occur after the commit, since the fence
forces the commit to be issued before continuing.

(2) Since the buffers are committed in order, any commit arising from a later
write needs to be performed later as well

(3) External read (ie. from the memory) on x can also occur only after the
write has been committed: as long as the write on x is in the buffer, only
internal reads can be performed on x.

Condition (2) and (3) are easily expressed as a set of labels, but condition (1) is not.
This forces us to add an event for fences, hence our labels become:

¥; =X | mfence

2.1.4. Theinductive definition. We can now define inductively our semantics, as
a X;-labelled event structure. Since it only deals with threads in isolation (without
any synchronization), we call it the thread semantics, written .7 (t). It will be
parametrized over a buffer b : V — IN which is a partial map from variables to
values. We will see that we do not need to store the full list.

It is defined as follows:

Empty thread: 7 (e) = @ (the empty event structure)
Fences: Fences issue a mfence event and then carry on:
7 (mfence;t)(b) = mfence - 7 (1)(L),

where L is the never defined partial function: indeed, after a fence we
know that the buffers are empty.
Reads: The semantics of reads depends on the buffer:

Z Ry—n - 7 (t[n/7])(b) b undefined at x
neN
AR P U0 b(x) = k
+ ) Ry T(tn/7])(b\ )
nelN

As for the labelled semantics, there are two cases, whether there is an
entry in the buffer for x or not. If there is not, we have no choice but
to issue a read request to the memory. Otherwise, there are two choices:
either we perform an internal read, or, we decide to remove the entries
on x in the buffer (committing them) and issue a request.
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Writes: Let Dy = {mfence, c,.—t,Ry—¢ | ¥ € V,k € N}. We let:
T (x:=k;1)(6) = crog D, 7 (1) (6% := K]).

Conditionals: We simply check the condition:

T(t)(b)  (k=0)

T (u)(b) (k#0)

In this definition, we wrote b[x := k] for the partial function defined at x with
value k and behaving as b elsewhere; and b \ x for the partial function undefined
at x and behaving as b elsewhere. For instance, the interpretation .7 (sb)([]) of sb

(Example[7.) is:

T(if (0 == k) {t}{u})(b):{

Cyx:=1 Ry:() ANANANN Ry:l Cy;:] Rx:O R’X:1

Notice that the syntactic dependences between the writes and the next read
have been broken as they are not preserved by the processors.

2.1.5. Correctness. We now show that our semantics is correct: the traces of
7 (t) coincide with the traces generated by the LTS. However, .7 (t) includes ex-
traneous mfence events. We hide them via the projection of event structures:

F() = (7)) L AH(E)

where [] is the partial map nowhere defined.
First, we formally define traces of an event structure.

DEFINITION 7.9 (Trace of an event structure). Let q be a Z-labelled partial
order. A trace of q is a sequence A(eq)...A(e,) such that

€1 en
Q—C {61}...—C {61,...,6,1} =q

is a covering chain of q. The set of traces of q is written tr(q). We write tr(E) for
Uxew () tr(x) for a X-labelled event structure E.

PROPOSITION 7.10. Let t be a well-formed thread. We have:

tr(T(t)) = tr(t:[)).

PROOF. To show this statement, we need to show a more general statement.
Given a buffer state b = [(x1,k1),..., (xn,vn)] € (V X N)*, we write

tp = (x1:=k1;...;xn:=kn)

By induction on ¢, we show for every buffer state b € (V x IN)*

tr( T (tp; 1)) = tr(f: b).

Conditionals: straightforward
Fences: Since fences force earlier commits to occur, we have

tr(7 (tp;mfence;t)) = Cy .k, *--- * Cxpick, = 7 (F)

= tr(mfence;f : b)
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Writes: We have:
tr(x:=k;t:b) =tr(t: b++[(x,k)])

=tr(T (tosr((rh)i 1)

=tr( T (ty;x:=k; 1))

Reads: We prove this result by a sub-induction on b. If b is empty, the result
is trivial. Otherwise, write b = b’ ++[(y, k)].
If x does not occur in b, we have:

tr(r < x;t:b)

= cpg - tr(r = x;t: ") U U Ry—p - tr(t[n/r] : b)
neN
{ Induction on b and t respectively }

= cyp - tr( T (bys 7 < ;1)) U U Ry—n - tr( T (ty; t[n/7]))
nelN
{ Simple examination }

=tr( T (ty;r < x;1))

The last equality follows from x not occurring in b, ¥ # x, and the event
cy.=k being concurrent to the read events on x.
If x occurs in b with value k, we have:

tr(r <= x;t:b) = cpmg - tr(r <= x;£: 0') Utr(t[k/7] : b)

{ Induction on b and  respectively }

= cymk - tr(T (byr; 7 <= x;1)) Utr (T (t; t[k/7]))

=tr(J (ty;r < x;1))

Once again, the last line is a careful examination of the shape of

T (tg;r+ x;8). O

2.2. Causal justification of the memory. In the world of traces, to recover the
correct executions from the labelled semantics, it is enough to consider the inter-
section of the traces from the program with a set of traces that we consider exhibit-
ing a consistent memory behaviour. In the end, we get a set of traces describing
the valid executions of a program.

In this partial-order world, we can do better and provide a causal justification
for the behaviour of the memory. For instance, in the store buffering example, we
know that R,—; can occur, but only after c,.—; has occurred (since it is an external
load). More precisely, we would like to sum up the memory behaviour of a closed
program with an event structure.

In our setting, we can look at memory behaviours that do not completely se-
quentialize memory accesses. Intuitively, the purpose of the memory is to en-
sure that the threads all see a consistent sequentialization of the memory accesses.
However, as long as the memory does not get caught, ie. threads observing an
inconsistency, all accesses do not need to be actually sequentialized.
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2.2.1. Sets of execution versus event structures. In traces, it is easy to describe
the consistent memory behaviours, leading to the notion of consistent traces. Such
anotion can be defined inductively (at each step, we allow any write, or a consistent
read, ie. a read that reads the last written value on the same variable before in the
trace) or globally (a trace is consistent when it does not contain any inconsistent
read). To get the consistent executions of a closed programs, we then intersect the
labelled semantics with consistent traces.

Event structures are easily built inductively (as for the thread semantics), how-
ever the behaviour of a concurrent memory is not easily defined by induction: it
is more easily described as a set of executions (partial orders) satisfying a global
correctness criterion. Remember that any event structure induces a set of partial
orders ¢ (E). If a set of partial orders is closed under prefix (intuitively if correct-
ness is “local enough”) then we can go back to an event structure by means of
prime constructions (Definitions and[7.23).

As aresult, in the rest of chapters, we will formalize memories as sets of partial
orders first, and then unfold these sets to event structures. Along the way, we will
need to understand the structure of the sets of partial orders we consider, which
leads to the notion of rigid families (Definition [7.15), the key notion that makes the
development go through.

The rest of the chapter is dedicated to building more and more concurrent
memories (Definitions and finally which are all equivalent (i.e.
given a program p, they all predict the same final states), but differ by the amount
of sequentializations they impose on concurrent memory accesses. In all cases, we
first build a set of partial-orders, and then go back to event structures as defining
directly the event structures is a difficult task.

To illustrate this methodology of going back and forth between sets of exe-
cutions and event structures and introduce the theoretical tools needed, we start
with a simple “memory”, which is still very much sequential, before trying to see
how to improve it (Section 3).

2.2.2. Consistent partial-orders. Consistent traces generalize naturally to con-
sistent (X-labelled) partial-orders:

DEFINITION 7.11 (Consistent partial-order). A X-labelled partial order q is
consistent when it satisfies:
(1) Two events (reads or commits) on the same variable in q are comparable
for <
—=q
(2) If e € q has label R,_j, then the latest write on x below e (well-defined
because of (1)) writes k to x.

This definition is quite conservative; as it asks that the history at each variable
is linear. We will see later on that we can do better. In the meanwhile, we have:

LEMMA 7.12. Traces of a consistent X-labelled partial order are consistent.
PROOF. Straightforward (and corollary of Lemma proved later). O

Write 2, for the collection of consistent partial-orders. Given a program p, to
combine 7 (p) with 2., we look at causal enrichments of .7 (p) that are in 2.
DEFINITION 7.13 (Causal enrichment). A X-labelled partial order q is a causal

enrichment of another partial order q’ (notation q < q’) when they have the same
support, and the identity map q — q’ is a monotonic map.
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We write < for the strict version of <: q<q’ whenq < q' and q # q'.

Remark that when q < q’, we have tr(q’) C tr(q).

Given q a Z-labelled partial order, a causal justification for q is a partial order
q € 2. such that q < q'. It is minimally so when there exists no q < q” < q’ with
q’ € 2. Write j(¢(E)) for the set of q € 2. such that there exists x € ¥ (E) of
which q is a minimal causal justification. Note that x must be unique, since its
support is that of q.

2.2.3. Rigid families. This set of partial orders has a very specific property: it is
closed under prefix.

DEFINITION 7.14 (Prefix ordering). Let q, q’ be two X-labelled partial orders.
If the support of q is included in that of q/, and the identity map q — q’ pre-
serves and reflect labels and causality, then q is a prefix (or rigid embedding) of
q’ (written q — q').

Note that to give a prefix of a partial order q, it is enough (and sufficient) to
give a down-closed subset of its support.

DEFINITION 7.15 (Rigid family, [Hay14]). A rigid family is a set 2 of X-
labelled partial orders which is downward closed for the prefix ordering (if q —
q € 2,thenq € 2).

Any rigid family can be turned into an event structure by means of the prime
construction:

DEFINITION 7.16 (Prime construction). Let 2 be a rigid family. We construct
the event structure Pr(2) as follows:
Events: those partial orders in 2 with a top element (called primes of 2),
Causality: prefix ordering,
Consistency: a finite subset X of primes of 2 is consistent when there exists
q € Z2suchthatforall q € X, qisa prefix of q'.

The fundamental property of this construction is the following:

LEMMA 7.17. For any rigid family 2, there is an order isomorphism:
¢ (Pr(2)) = 2,
where the right hand side is ordered by prefix.

PROOF. The isomorphism mapsa q € 2 to theset {q' € Pr(2) | ¢ — q}.
Conversely x € € (Pr(2)), there exists q' € 2 such that elements of x are prefixes
of q'. Write q for the prefix of q' defined by the subset of q' corresponding to | x.
Itisin 2 because 2 is a rigid family. The map x > q gives the desired inverse. [

By analogy with event structures, given a collection of partial orders 2, define

tr(2) = U tr(q).
qe2
2.2.4. Closed semantics of programs. We have now every needed to define the
semantics of closed programs. Given a program p, we first consider .7 (p) which
contains all the executions p that can occur in an open context: reads of p read
from the environment. Since we consider that p is closed, we are only interested
in the executions where the reads of p are actually justified by an early write of
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p: this is captured by the set of executions j(.7 (p)). From there, we can recover
an event structure via the prime construction. Henceforth, we define the closed
semantics of p as follows:

[Pl = Pr(i(Z (p)))
This is correct with respect to the trace semantics:

LEMMA 7.18. For p a program, we have:

tr(p) NC = tr([p])

PROOF. A trace of [p] is both a trace of a configuration x of 7 (p), and of a
consistent causal enrichment of x. By Proposition[7.10jand Lemma it belongs
to tr(p) N C, as desired.

Conversely if w € tr(p) NC, there exists x € ¢ (7 (p)) such that w € tr(x).
Moreover since w € C, we can regard it as a (linearly ordered) consistent partial
order, which is a causal enrichment of x by definition. The justification x < w
might not be minimal but we can extract a minimal one x < q < w. As aresult, q
corresponds to a configuration of [p], of which w is a trace. g

EXAMPLE 7.19. Computing [sb], the semantics of store-buffering, gives:

Cx:=1 Cy:=1

TV ORE Y

R.y:() AN~ Ryzl Rx:] o Rx:O

v v

Cy:=1 Cx:=1
v v
Ry=1 Ry:1

The memory sequentializes reads and writes on each variable.

2.3. Interaction with the memory. The operation defined in the previous sec-
tion captures the intended notion of causal justification. It is however not a very
familiar operation; in particular it does not fit very well in the semantic framework
presented so far in the thesis. Moreover, it does not quite correspond to what is
done in traces: to get the traces of p, we need to intersect the labelled semantics of
p against a set of valid traces. We would like to define [[p] in a similar way;, arising
as the interaction of .7 (p) and an event structure describing the memory.

2.3.1. Product of labelled event structures. In the first part of the thesis, we have
seen how to define the interaction of strategies by means of a pullback-like con-
struction on maps of event structures. This pullback-like construction can be seen
as a product of maps. To transfer the intuitions from the higher-order setting to this
first-order setting, we need to compute the product of labelled event structures. It
turns out that the two constructions are extremely similar.

Consider 2 and 2’ two sets of Z-labelled partial orders. An interaction state
between 2 and 2’ is a secured bijection ¢ : q ~ q' between partial orders q € 2
and q' € 2’ such that ¢ preserves labelling. Remember that in this case, ¢ inherits
a partial order defined as <* where (s,t) < (s',t') whens < s’ ort < t.

In the previous chapters, to define the interaction of strategies, we did not
need to carry explicitly the bijection since it was induced by local injectivity, but
here it is part of the structure. Note that, up to isomorphism, the partial order ¢ is
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a causal enrichment of q and q'. Define 2 x 2’ to be the set of interaction states
of 2 and 2'. Since secured bijections are equipped with a partial order relation,
2 x 2'is a set of partial orders.

LEMMA 7.20. If 2 and 2' are rigid families, then 2 x 2’ is a rigid family.

PROOF. Let ¢ : q ~ q' € 2% 2'. Let ¢ — ¢ be a prefix of ¢. Since ¢ is
the graph of a bijection, i is a graph of a bijection q, ~ qj,. Since ¢ is downward
closed in ¢ and ¢ is a causal enrichment (up to isomorphism) of q and q’, it follows
that q, and q() are downclosed in q and q' respectively. Since 2 and 2’ are rigid
families, this implies that q, € 2 and q) € 2/, hence p € 2 2'. O

Elements of 2 x 2’ can be seen as compatible superpositions of elements of 2
and 2’. For instance, the configuration of [sb] (Example[7.19)

Cx:=1 c

=1
v ORE v
Ryzl Ry=1
can be seen as the superposition:
Cx:=1 Cy:=1 Cx:=1 Cy:=1
Ry:1 Ry=1 R’yzl Ry—1

of causal links coming from the program (left) and the memory (right).
As a result, traces of the superposition are traces of both partial orders:

LEMMA 7.21. Let 2,2’ be collections of partial orders (not necessarily closed under
prefix). We have:

tr(2x2) =tr(2)Ntr(2")

PROOF. For ¢ : q ~ q' € 2 2, we have tr(¢) C tr(q) Ntr(q’) C tr(2)N
tr(2’) as ¢ causally enriches q and q'. This proves tr(2 x 2') C tr(2) Ntr(2').

Conversely, let t € tr(q) Ntr(q') with q € 2 and q' € 2'. Write the covering
chains of q and q' corresponding to t:

€1 €n
O—C...—Cgq
“ e
o—cC...—Cq
By construction, the function ¢ : q — q' mapping e; to ¢/ is a label-preserving
bijection. It is easy to see that ¢ is secured and that t € tr(¢) C tr(2* 2’). O

Given an event structure E, we can always recover a rigid family by consid-
ering its domain of configurations ¢'(E), each configuration being equipped with
the order induced by E. This prompts the following definition:

DEFINITION 7.22 (Product of event structures). For E, E’ Y-labelled event
structures, their product is defined as:

ExE' =Pr(¢(E)x%¢(E)).
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Note in passing that this operation is the categorical product in the category
of X-labelled event structures and label-preserving maps.

From Lemma(7.21) we have tr(E x E') = tr(E) N tr(E’) so this operation nicely
generalizes the intersection on sets of traces.

2.3.2. Describing the memory as an event structure. To complete the picture, we
simply have to describe the memory as a single event structure that will inter-
act with 7 (p). First, notice that consistent partial orders are closed under prefix,
hence form a rigid family 2.. However, there is an awful lot of them since each
partial order has an infinite number of isomorphic copies. A X-pomset is an equiv-
alence class of X-labelled partial orders modulo isomorphism. The prefix order on
partial orders naturally induces a partial order on pomsets (also called prefix).
Moreover, if 2 is a rigid family stable under isomorphism{"} then one can see it as
a set of pomsets, and we will abuse the notation this way. Pomsets can be used to
tweak the prime construction:

DEFINITION 7.23 (Prime construction, up to iso). Let 2 be a rigid family
closed under isomorphism. The event structure Pr~(2) is defined as follows:

Events: those pomsets q € 2 that have a top element (primes of 2),

Causality: prefix ordering,

Consistency: a finite subset X of primes of 2 is consistent when there exists
a pomset q’ of 2 such that for all ¢’ € X, q is a prefix of ¢'.

As for the usual prime construction, there is map 2 — ¢ (Pr~(2)) analogous
to the one of Lemma which is surjective, but not injective. However, two
partial orders of 2 give rise to the same configuration of ¢ (Pr~(2)), if and only
if they are isomorphic. As a result, this map induces an isomorphism:

2/~ =€ (Pr=(2)).

Since 2, is stable under isomorphism, it induces an event structure Pr~(2,).
However, there are still too many configurations.

EXAMPLE 7.24. Consider the simple program x := 1 || y := 1. Because
(cx=1 Cy=1), Cx:=1 —> cy:=1 and cy.—1 — cy.—1 are all consistent pomsets, the
product 7 (p) * Pr~(2.) looks like:

Cx:=1 Cy:=1

v oY

y:=1 Cx:=1

as the unique maximal configuration cy.—1 c¢y.—1 of 7 (p) can synchronize with
the three consistent partial orders listed above.

The presence of cy.—1 —> ¢;.=1 and ¢y.—1 —> cy.=1 in 2 is superfluous since we
know already that (cy.—1 cy:l) € Z.. We would like to only keep the elements of
2, that have no superfluous causal links, ie. that are minimal for <.

*There is a slight issue of sizes here, since strictly speaking no rigid families can satisfy this prop-
erty and be a set. In this chapter, we voluntarily remain vague on this aspect so as to avoid technicalities.
There are two possible ways of formally handling the problem. The first one is to consider a fixed set
of names (eg. IN) and ask that the support of all our partial orders should be included in this set. The
other one is to define rigid families as presheaves over the category of X-labelled partial orders and
rigid maps of event structures (ie. maps preserving causality).
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Given a rigid family 2, we define
min(2) ={qe 2|Vq' € 2, <q=q=4q'},
the set of J-minimal events of 2. In general it is not a rigid family [CC16].

LEMMA 7.25. A consistent q € 2. is minimal if and only if for every causal link
e — ¢ of q, e and ¢’ target the same variable.

PROOF. If q € 2 is minimal, and we have e — ¢ which do not target the
same variable, then we can remove this causal link without breaking consistency.
Conversely, if the only causal links are between events on the same variable, none
can be removed without breaking consistency. O

Hence the structure of minimal consistent partial orders is very simple: it is a
parallel composition of linear histories for different variables.

LEMMA 7.26. The set min(2.) is a rigid family.
PROOF. Consequence of Lemma|7.25 O

Write & = Pr~(min(2;)). From Lemma it is easy to derive that tr(&) =
C. As aresult,

tr(7(p)x &) =te(Z7(p))NC
and u(tr(7 (p) x &)) = final(p). However, we can show a stronger result:

THEOREM 7.27. For any program p, there is an (label-preserving) isomorphism:

T(p)x& =Pr(i(T(p))) (whichisequalto [p])

PROOF. We use Lemma to bring the statement at the level of configura-
tions. By Lemma applied twice, this amounts to building an iso:

(7 (p) x€(&) =i(T(p))-

Left-to-right. An element of ¢ (.7 (p)) = & corresponds to a secured bijection
@ : x ~ y between x € ¢ (7 (p)) and y € min(2;). Remember that ¢ is a partial-
order, and we have a bijection ¢ >~ x. Through this bijection, ¢ induces a partial
order q, on the support of x such that q, = ¢. It is easy to see that q, is a causal
justification of x, since x < q,. The hard part is showing that q, is a minimal one.

Assume that we have x 4 q < q, with q consistent. Assume that there is
a causal link e —¢4 ¢’ missing from q. Since q is consistent, this causal link is
between two events targeting different variables. It cannot come from x since x <
q, so it must come from y. This means that y has an immediate causal link between
events targeting different variables — this contradicts Lemma as y is minimal.
This proves that q, € i(7(p)).

As a result, this construction induces a monotonic map

(7 (p)x€(&) = i(7(p)))-
Right-to-left. By Lemma configurations of the right hand side correspond

to q € 2. such that there exists a unique x € ¢ (.7 (p)) with q a minimal causal
justification of x. Consider y defined from q by only keeping the causal links
between events targeting the same variable. By construction, q' € 2. Moreover,
there is a bijection ¢ : x ~ y, which is easily shown secured, such that, as partial
orders, we have the isomorphism ¢ = q. Mapping q to ¢ gives the desired inverse.

O
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This theorem shows that we can express this causal justification as an interac-
tion against a memory. This point of view will be very fruitful in the next chapter
where we move to the world of strategies.

3. Desequentializing memory accesses

In this section, we investigate improvements to the rigid family representing
the memory introduced in Section By forcing the operations on a common
variable to be linearly ordered, it leads to a blowup of the final event structure that
is not always needed. Indeed, even though every execution will actually exhibit
a total order on writes (as guaranteed by TSO), the memory can be smarted and
does not to sequentialize all the writes.

EXAMPLE 7.28. Consider the simple program x := 1 || x := 2. Its thread
semantics is simply cy.—1 cy.=p, consisting in two concurrent events. After syn-
chronization with the memory, [p] is slightly more complicated:

Cx:=1 ~ Cx:=2

v v

Cx:=2 Cx:=1

For this program, moving to event structures did not help, since the resulting
event structure does not exhibit any concurrency. We remark however, that this
event structure has the same traces as:

Cx:=1 Cx:=2
which exhibits more concurrency (and as a result is smaller).

The interesting point is that, as long as no one observes in which order the
writes have been performed, there is no need to sequentialize them. In this section,
we propose to change the notion of consistency in order to relax the assumption
that two events operating on the same variable must be comparable.

3.1. Considering only from-read and reads-from. An easy improvement on
2 is to only order writes and reads on the same variable. Since the end goal is only
to exhibit consistent traces, the order of writes does not matter, only their order
relative to the reads. This prompts us to replace the first axiom of consistency for
partial orders by a weaker version:

DEFINITION 7.29. A Y-partial order q is pre-consistent when it satisfies:

(1) if e € q has label R,_, then either there are no commits on x in [e] and
k = 0, or there is a top one, that writes k to x.
(2) aread on x and a write on x are comparable for <q

Write 2. for the set of pre-consistent partial-orders.
This is clearly a rigid family. Moreover, it is easy to see that q € 2/ is minimal
when it only contains immediate causal links between a read and a write on the

same variable. As a result, min(2)) is also a rigid family, and we can consider for
a program p, the event structure

7 (p) * Pr~(min(2.)).

We observe that, doing so we have not lost any traces:
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LEMMA 7.30. We have tr(2.) = C, and as a result
u(tr(Z (p) x Pr=~(min(2))))) = final(p).

PROOF. The final result comes from Lemma

If t € C, then t can be regarded as a X-partial order f. Since it is linearly
ordered, it follows thatf € 2/. Since t € [, t € tr(2}).

Conversely assume € tr(q) for q € x. Assume that f is not consistent. There
are two cases.

If there exists a read on x in t not preceded by any commit on x that reads
a non-zero value, then there are no commits below this read in q contradicting
axiom (1) of pre-consistency.

Otherwise there exists a read r on x which reads k but the last commit ¢ in ¢
before r writes k’. Since ¢ appears before r in t, we cannot have r <q c. Moreover,
as q is pre-consistent, r and ¢ cannot be concurrent by axiom (2), hence ¢ < r. Then
by axiom (1) of pre-consistency c is below the commit that commits the value seen
by r, yet it does not appear in t between c in r: absurd. O

As a result, even though we do not have an isomorphism:
T (p) *Pr=~(min(2.)) 27 (p) * Pr~(min(2,)),

both event structures have the same traces. At this point, if we want to keep the
constraint that we want a rigid family whose traces are consistent, there is not
much space for improvement since condition (2) is exactly what ensures the con-
sistency of traces. A little optimization could be to ask that reads and writes on the
same variable with different values be comparable. But not much else can be done.

3.2. Observing the coherence order. Consider the programp = x:=1 || x:=2||
r < x. If we compute its semantics according to the previous section, we get:

Cy:=1 "N Cxi=2 AN Rx:()
Ry=1 ~ Cx:=2 Ry=2 ~ Cx:=1 Cx:=1 Cx:=2
v v v v

Cx:=2 Ry=2 Cx:=1 Ry—1

which features little concurrency. Only when we read x = 0, we know that both
writes can occur after the read in any order. All these conflicts and sequentializa-
tion are necessary to ensure that the read is stuck in between the right writes so
as not to observe any inconsistent traces. However, if we are ready to relax these
assumptions, we can obtain the following event structure:

Cx:=1 Cx:=2
v v

Ry—1 ~ Ry=3 ~ Ry—0
W

This event structure has non-consistent traces, for instance cy.—1 - cy.—3 - Ry—o,
but it can be reordered to Ry—g - ¢y.—1 - €x.—» Which is still a trace of the same con-
figuration. As a result, the final outcomes predicted by this event structure (in the
end, either x = 1 or x = 2) agree with the predictions of the operational semantics.

This means that we allow ourselves to build a rigid family whose traces are
not all consistent. However, given a trace of a particular partial order in the family,
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it must be that it can be reordered to a consistent trace without altering the order
of commits. This ensures that the final outcomes (memory state) are not affected.
What do we need to fix if we drop axiom (2) of pre-consistency? Let us exam-
ine two examples illustrating inconsistent behaviours that become allowed when
removing axiom (2).
EXAMPLE 7.31. Remember the message-passing example (Example [7.3):
x:=1|r<y
y:=1| s+ x
On TSO, we cannot observe s = 0 A ¥ = 1. The partial order q;:r

Cx=1 Ry=1

v A v

Cy=1 Rx=0

does not satisfy axiom (1) of pre-consistency. However, this argument is not enough
to ensure that the behaviour does not occur without (2). Nothing forces the intra-
thread causality to be considered when checking if a partial order is consistent. As
a result, the following is minimal satisfying condition (1) of pre-consistency:

Writing 24 for the rigid family of partial orders satisfying condition (1), the par-
tial order q; does arise in .7 (mp) * Pr~ (min(2y))) as the superposition of:

Cx=1 Ry=1 Cxr=1 Ry=1
voov A
Cy=1 Rx=0 Cy=1 Rx=0

The problem here is due to the memory not being forced to observe the order
in which threads send their messages. In reality, the main memory sees in which
order each thread sends its requests, so we should force partial orders to observe
these intra-thread causal links.

EXAMPLE 7.32. Consider the following program:

y:=l|lr<x | s+vy

reylls+x

Since the commits need to be performed in a fixed order, we cannot observe r =
1A+ = 0 (meaning the commit on x was done first) and s = 1 A s’ = 0 (meaning
the commit on y was done first). However, the following partial order satisfies
axiom (1) (and moreover sees the intra-thread causal links):

x:=1

—
Cx:i=1 Cy:=1 Ry=1 Ry=1

\Y

Because our conditions are so lax, nothing prevents the two writes from being
concurrent hence to be observed in different orders by two different threads.
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3.3. A new rigid family. To work around those issues, we need to replace
condition (2) of pre-consistency by two weaker conditions. One to ensure that
consistent partial orders observe enough of the program order, and another to
make sure that there are enough causal dependence between writes to prevent
inconsistency between observations.

3.3.1. Adding thread-id information. To formulate the first condition, we need
to add thread-id information to the labels as the conditions rely on them. Given
a function f : £ — ¥’ and a X-labelled event structure (E,Iblg : E — X), we
can form a X'-labelled event structure (E, f o Iblg) that we write f(E). We define
then an alternative thread semantics which annotates events with the id of the
corresponding thread:

TRt || ) =T () |- [ a(T (1))

where p;(¢) = (i,¢). Consequently, .714(p) is a (IN x L)-labelled event structure.
If k € Nand ¢ € %, we will write (k: £) € N x X for the corresponding label.

3.3.2. Formulating the conditions. Having the right labels, we can formulate
the conditions for weak consistency. An independent read/write pair is a pair
of events (e,¢’) such that one is a read and the other a commit on different vari-
ables. Such pairs are not (immediately) ordered by the thread semantics so should
not be ordered by the storage semantics either.

DEFINITION 7.33. A (IN x X)-labelled partial order is weakly consistent when:

(1) if e € q has label R,_, then either there are no commits on x in [e] and
k = 0, or there is a top one, written j(e), that writes k to x,

(2) two events ¢,¢ € q occurring on the same thread are comparable when
they are not an independent read /write pair,

() ifr <q r’ with r and 7’ reads on different variable, and w a commit on the
same variable as 7/, then j(r) < w.

Axiom (2) prevents the memory from not observing the causality intra-thread,
and (3) forces the observation made by the program to be reflected in the causal
order. This is enough to kill example as the partial order:

Lier))  @icpr) - (B:he)  (4:Ry)
-
(3:Ry=o) (4:Rx=0)

is not valid anymore, and cannot be extended to a valid one: Ry,—1 < R,—( implies
that we must have cy.—1 < cy.—1, and similarly we should have ¢;.—1 < cy.—1. It
is straightforward to check that the collection of weakly consistent partial orders
forms a rigid family 2.

3.3.3. Correctness. We now show correctness of these axioms. We start by es-
tablishing an important property of minimal weakly consistent partial orders:

LEMMA 7.34. Let q € min(2y,). Assume e — ¢’ where ¢’ is a read on x. Then, one
the following is true:

e ¢ isacommit on x
e ¢ isa read on the same thread of T.
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PROOF. Assume both propositions are false: ¢ is either a commit on a different
variable, or a read on a different thread. Consider the partial order q = (q, <q
\{(e,¢')}) < q. It is easily seen to be weakly consistent, hence a contradiction. [J

LEMMA 7.35. Let q € min(Z2y,) be a minimal weakly consistent partial order, and
t =0y -...0y atrace of q. There exists a mapping f : {1,...,n} — {1,...,n} such that

(1) Ley - - Lg(n) is a consistent trace of g
(2) if £ and L; are commits and i < j, then f(i) < f(j).

PROOF. Write @jc e = q for the covering chain corresponding to ¢.

We prove the result by induction on the number of inconsistent reads in ¢ (ie.
reads that do not read the last committed value according to t). If there are none, ¢
is consistent and f can be the identity.

Otherwise, in t there is a commit c,._j (corresponding to e, in q) and later, a
read R,_p (corresponding to ¢, in q) with k # k’ with no commits on x in between.
Note that we cannot have e, < e, because this implies e < j(e,) but there are no
commits on x in { between e, and e,.

If e, is concurrent with the events e, e, 1, ..., e,_1, we can put e, before e,:

er ec €r—1  €r41
This covering chain does not permute commits and has one less inconsistent read
so we can conclude.

Otherwise, we look at the elements after e, in ¢ but below e; in q. There are
two cases:

o Either all such events are reads: then all these reads read from earlier
commits than e; in ¢, so they all can be moved before ¢, so as to get a trace
of q with at least one less inconsistent read.

e Or, more interestingly we have in q, e, a commit on y # x immediately
followed by a read e,» on y, followed by e,:

Cy:=p
Cl

P

Ry— Ry—
e —q er,y 4 Sq era

such that e, occurs after e. in . Because e, £ ey, ec and e = j(e,) are
concurrent. This violates axiom (3) of weak consistency sincee,s <e,. 0O

As a result, any outcome coming from a trace of a weakly consistent partial
order can be obtained from a consistent trace from the same partial order.

3.3.4. Semantics of programs. Can we use this new collection of partial orders
to get a more concurrent semantics of our programs? It turns out that it is not so
simple. Indeed, the collection min(2,,) is not a rigid family: it is not prefix-closed.
This is not surprising because axioms (3) and (4) are not “local” in a sense: to know
when to order commits, you need to know the future: is the rest of the program
going to observe it? For instance, the partial order

(1 : Cx::l) —> (2 : Cx:zz) — (3 : szz)

is in min(2y,) but its prefix (1 : cy.—1) — (2 : cy.—2) is not minimal in 2, as
(1:cyz1) (2: cp=n) is also in Zy,. Given any collection of partial orders 2, we
can turn it into a rigid family | 2 by downclosing it for the prefix order:

1 2={q[3d €294}
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However, | min(Z2y,) is not adequate since it contains the partial order we want to
remove (eg. (1:cy.—1) — (2: cx.—2) as seen above). Fortunately, given a program
p the collection of partial orders € (.734(p)) 2, exists, even though it is not a
rigid family. Then, we can recover the desired event structure as follows:

[p) = Pr(} (€(79(p)) * 2w))-
This computes the synchronization of the maximal configurations against Z,,, and
then down-closes to recover an event structure.

3.3.5. In practice. The last couple of definitions might seem a bit complicated.
However, they can be thought of (and implemented) more concretely. To compute
[pl’, it suffices to look at the maximal configuration of .734(p) and for each such
configuration, compute the possible causal enrichment that are in 2. This is done
by picking for each read a commit it reads from, and work out the generated causal

constraints to see it this assignment is possible. A single configuration of .734(p)
may lead to several such valid assignments which are the configurations of [p]’.

In conclusion, we have seen how to use the space offered by event structures
to represent memory behaviours that do not sequentialize all accesses on one vari-
able, yet ensure that no inconsistencies are observed. This memory behaviour is
non-local, it can add causal links between events because of later information about
the program. Despite looking odd, this behaviour is actually similar to what hap-
pens in weaker memory models such as POWER/ARM where the coherence order
is built incrementally as observations are performed. Commits are ordered only
when necessary to prevent threads from observing inconsistencies. That is why
this analysis, already fruitful in the case of the TSO architecture, is relevant for
weaker architectures. However, the models built in this chapter are just examples
of the space offered by event structures: it is nowhere close the final word.

In the next chapter, we will see how to recast this in a higher-order setting, by
interpreting our language into CHO. We will discuss the advantages of replacing
the low-level constructions on event structures and rigid families used here by the
composition of strategies.



CHAPTER 8

Relaxed state in a higher-order setting

Vous racontez ce qui s’est passé, d"un coup, sans vous arréter, et
si vous changez des trucs, je vous envoie le registre a travers la
gueule. Vu?

Pere Blaise, on weak memory models
(Kaamelott)

In this chapter, we continue inside CHO the study started in Chapter[7} More
precisely, we want to give a model of the assembly language inside CHO. Because
of the cartesian closed structure of CHO, this means that we can also interpret
a higher-order extension of this language directly, even though we do not do it
explicitly here. We believe however that this possibility is an important advantage
of our methodology since it will be crucial to model languages that both exhibit
higher order features and relaxed memory features such as Java. However, in
this chapter we argue that, even to interpret first-order languages, having a model
supporting higher-order is already useful.

The investigations of this chapter are extremely recent, and provide a way to
tie together Chapter 7] with the development. The goal of this chapter is twofold:

e recast the interpretation of Chapter [/|inside CHO, transforming the ad-
hoc operations on event structures by composition of strategies,

e a way to illustrate the expressive power of CHO by presenting some
strategies exhibiting complex concurrent behaviours.

Interestingly, the ideas presented in this chapter came first, and were later
simplified to give the framework of Chapter[7] This framework is more elementary
(as it does not mention game semantics) but we believe that it is harder to scale to
weaker architectures than what is presented here.

Finally, what this chapter presents is more future work than actual research.
But we believe that the story presented in this chapter is a nice way to round up
the thesis on a less technical and more exploratory note.

Outline of the chapter. Section [I|explains how to see terms of our assembly
language as certain terms of PCF augmented with constants to model memory op-
erations. We observe that, because of reorderings, these constants have naturally
a higher order type (order 2).

Section [2] interprets these constants inside CHO, and gives another point of
view on the interpretation presented in the previous chapter, closer to the execu-
tion of programs. The interpretation of programs is then obtained via the compo-
sition of strategies which does the heavy lifting of adding the right causal links,
according to the strategies interpreting the constants. These constants, along with

203
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composition of strategies allow us to abstract away from the very hands on defi-
nition of the previous chapter.

Section[B|generalizes the definition of memory behaviours seen in the previous
chapter to this setting. Memory behaviours become strategies on a certain arena
mem representing the protocol between the threads and the memory.

1. PCFmem: an extension of PCF with memory operations

The goal of this section is to translate an assembly program (as defined in the
previous chapter) to a term of an extension of PCF, PCFmem.

1.1. Syntax of the extension PCFmem. In the previous chapter, we considered
programs from a simple assembly language. We explain here how to view such
programs as terms of an extension with constants and types of PCFE. The resulting
extension, PCFmemn is given by

A,B:=... | proc | mem | mem; (types)
M,N = ... | get, | skip | sety | fence | hide | par (terms)

where the constants get, and set, are indexed over the set of global variables V.

The type proc represents the type of effectful computation, just like in IPA
[GMO07] (introduced in Chapter , whereas mem and mem; describe the memory
operations available to programs and threads respectively. They do not quite co-
incide since threads are allowed to issue fences, that are only visible to the thread,
and become invisible when considering programs (cf. Section[2.1.5 of Chapter 7).

Intuitively, an element mem can be seen as a family (gx, sx)xecy Where gx : IN
is a natural number, that, when evaluated, performs a read on x and returns the
outcome, and sy : IN = proc is a function that writes the given value in argument
to x. Similarly an element of mem; can be thought of as a pair (f, (gx,Sx)xeV)
where (gy, Sx)x corresponds to an element mem and f : proc triggers a fence when
evaluated. However, these are simply intuitions (confirmed by their interpretation
of arenas given in Section [2.1), and in PCFmem, the types mem and mem; remain
abstract and can only be accessed with the corresponding new constants.

The constants get,, sety and fence are used to perform operations on the
memory. The constant skip represents a closed computation of type proc that ter-
minates. The constant par is used to start parallel computation, and the constant
hide is used to convert an element of mem to an element of mem;, intuitively re-
alizing the mapping (gx,Sx)xey € mem — (skip, (gx,5x)x) € mem,;. It is used to
perform the hiding of fences described in Section of Chapter |7}

This extension is enough to define a translation from assembly to PCFmem. A
program p of our assembly language will be translated to a term of PCFmem m :
mem - p : proc, having a free variable m, used to perform the operations on the
memory. An individual thread t will be translated to a term m : mem, - f : proc.

1.2. Typing the memory operations. Before defining the translation, there is
a point that we did not address. What are the types of our new constants?

There is a natural way to convert our assembly language into an extension of
PCFmen akin to a state-passing translation. The thread x:=1;r < x;z:=r would
for instance be translated to:

m b sety1m (get, m (Ar.setyzrskip))
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naturally leading to the types
sety : N = mem = proc = proc get, : mem = (N = proc) = proc.

where the last argument represents the continuation (so as to avoid an explicit se-
quential composition). For the reader familiar with algebraic effects, these explicit
continuations are very much in the spirit of the algebraic presentation of the state
monad [PP02].

This is not completely satisfactory though. Ultimately our goal is to interpret
these constants into CHO in order to deduce an interpretation of PCFmem, and
in turn an interpretation inside of assembly code. What can a strategy on N =
mem => proc = proc representing a write on x do? Well it can issue the write,
then spawn its continuation. Or spawn its continuation, then issue the write. Or
spawn its continuation and in parallel issue the write. None of the choices are
enough to implement the subtle reordering behaviours of TSO.

This is due to the type of the continuation being too strict. The only thing sety
can do about its continuation is start it, and observe when it terminates. However,
when interpreting x:=7;t in chapter[7} some operations of ¢ should be concurrent
to the commit generated by the write instruction, and some should depend on
it. The write and ¢ are neither sequentialized, nor parallelized, but “in between”.
To be able to represent this inspection at the level of strategies, we need to en-
rich the type of the continuation so that set, can observe the memory operations
performed by its continuation.

sety : mem; = IN = (mem; = proc) = proc
get, : mem; = (mem; = IN = proc) = proc
fence : mem; = (mem; = proc) = proc
To interpret the other constants, there are no such subtlety at play. Their types
are consequently simpler:
par : proc = proc = proc hide : mem = mem; skip : proc
1.3. The translation from assembly to PCFmem. With these constants in hand,

we can define the translation of the assembly code to PCF by induction on the
syntax of threads and programs:

Threads: Given a thread t with free registers ry, ..., , we define
m:mem;,r; :IN,...,7, : NFF: proc
as follows:
€ = skip
if (0==e) {t}{ul}=if(nulle)tu

mfence;f = fencem (Am.f)

r< x;t = get, m(Amr.f)
x:=e;t = setyme (Am.t)

where ¢ is the obvious translation of arithmetic expressions using the cor-
responding variables for registers, and null : IN = B is the test operator
of PCE. Interestingly, each operation captures the free variable m of its
continuation. As a result, each operation has access to the dialogue of its
continuation with the memory and can tamper with it.
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Programs: Programs are translated using par to combine the threads, and
hide to forget about the fences, as the external memory does not need to
see them. If m : mem; - M : A, write hide M as a syntactic sugar for
(Ammemi Af) (hidem). Remark that m : mem F hide M : proc.

t || ... || tn = par (Am.hidet;) (par... (Am.hidet,)).
For instance, the thread t = x:=2;r < x;z:=r is translated as

t = setym2 (Am.get, m (Amr.set, r (Am. skip))).

2. Thread semantics in a higher-order context

We now recast our thread semantics inside CHO by giving an interpretation
of the constants involved in the translation defined in the previous section.

2.1. Arenas for the memory. Since we can translate our assembly code to
PCFmem, and we know how to interpret PCF inside CHO, to give a model assem-
bly programs inside CHO, we simply need to interpret the extensions. We start
with the types. The type proc is interpreted as usual by the arena run~ — done ™.

In the previous chapter, we had only one event representing a program re-
quest, and its answer by the memory. In this setting, because polarity is now
explicit (in our case, Program/Memory), we have to explicitly split labels into a
program request and a memory answetr, to obtain the arenas for mem and mem,.

These arenas represent this protocol from the point of view of the memory.
Since the memory should be seen as a server waiting for the program requests, all
the minimal moves will be negative (program actions). They represent requests
(to write or read a variable) and enable a positive answer (from the memory):
acknowledgements in the case of writes, and values in the case of a read.

2.1.1. The arenas mem, and mem;. This protocol is described by an arena mem,:

C;ZO C;::l R?;
v v X v
okt ok™ - ot 1+ .

The arena for memory is obtained by putting in parallel copies for each variable:
mem =||cy mem,.

Finally, mem,; is obtained from mem by allowing the program to issue fences.
Writing F for the arena fence™ — fenced*, we define mem; as F || mem. Keeping
in mind that parallel composition of arenas represent a product, these definitions
coincide with the intuition given in Section as mem, = proc || N, and mem; &
proc || mem (they only differ by the name of the events).

2.1.2. Executions of an arena and labelled partial orders. We can recover the set-
ting of partial orders by considering certain enrichments of configurations !mem-.
An execution on an arena A is a partial order q which is a causal enrichment of a
configuration x of A such that

(1) the identity labelling defines a receptive and courteous map of event
structures to A,

(2) it does not contain two negative moves justified by the same positive
move (the memory should answer exactly once to each request).
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Two executions q and q’ are isomorphic when there exists an order isomor-

phism q & q' living in !'mem*, i.e. preserving labels in mem.
LEMMA 8.1. There is a one-to-one correspondence between:

e Executions on 'mem* up to isomorphism,
o >.-labelled partial orders up to isomorphism.

PROOF. We consider executions on the dual (mem™) because executions are
considered from the point of view of the program, describing its actions. Courtesy
then ensures that the pairs request/answers are blocks that make sense from a
causal point of view: the program can only add causal links from an answer to
a request. Receptivity ensures that all blocks are complete (ie. each request has
one answer). As a result, we can simply collapse the blocks request/answer in an
execution to get a X-labelled partial order. O

A similar correspondence can be made between executions on !memf— and
Y;-labelled partial orders.

2.1.3. Another arena for the memory. If we wanted to model weaker architec-
tures that perform aggressive reorderings, we might like another representation
of this type. In weaker architectures, when the program issues a read request to
the main memory, the memory does not answer only with a value but also with
the identity of the write this value originates from. This is very important for the
processors to know when reordering two reads on the same variable is admissible.

In this case, we would like the answer to the read, to both depend on the read
request and the commit request:

C;:k R?;
v v
ok™T kKt

but the resulting partial order would not a forest, hence not an arena, making
us step out of CHO. To extend CHO to support non-forest like games requires
some care, in particular when it comes to single-threadedness, and we leave this
extension for future work as this feature will not be needed here.

2.2. Constants for threads. We focus first on the constants used in threads
(skip, get,, sety, and fence). First, the interpretation of skip : proc is simply the
strategy (given by its reduced form) run~ — done ™ in CHO(proc).

The reduced form of the innocent strategy for fence is given in Figure|l] In
this diagram, we only draw the pointers of positive moves not justified by the
initial move, so as to void clutter. This strategy is very simple: it first issues a
fence to the external memory (its first argument) and then runs its continuation,
forwarding whatever memory operation it does to its external memory. Up to the
isomorphism mem; = proc || mem, this strategy is the interpretation of

Am. Ak, km

where 711 m : proc describes the action of performing a fence. The notation r stands
for an initial move of mem: since fence forwards them all to the external memory,
there is no need to distinguish them. Similarly, a stands for an answer to r which
is automatically propagated back to the continuation.
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fence: mem; = (mem; = proc) = proc

/ run”
+,0

fence™
v
fenced™ \
runt?
v
r done™
\\ \A
i \ done™
v |
a //
\ /,
P!

FIGURE 1. A strategy for the constant fence

get mem; = (mem; = N = proc) =  proc

run
+0 /
R?;

v

k\

runt?
4’/A/ \7
r q done™
/ N \ T~
rtd ' k+ done™
4 |
a_ l/

ll+’l

FIGURE 2. A strategy for the constant get,

The strategy for get, is extremely similar as well, and is depicted in Figure[2]
It first performs a read on x, and then spawns its continuation, forwarding directly
its memory to the external memory.
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sety: mem; = N = (  mem; = proc) = proc

¥ Y | |
1 1
ad ac\b /I /I
/ /
/ /
=+, +,1

FIGURE 3. A strategy for the constant set

As for the thread semantics of the previous chapter, things start getting inter-
esting when modelling writes. The previous strategies were sequential, because in
TSO the program order from reads and from fences is always respected. As before,
we partition the initial moves of mem, into two sets:

Dy = {fence,R?y,C,.— |y € V,k € N} Cr={R? |y € V\ {x}}

The set Dy contains the requests that should depend on a previous commit on
x whereas Cy contains the requests that should be concurrent to previous commits
on x. The resulting strategy is depicted in Figure

In the diagram, c ranges over elements in C and d over elements in D,. This
strategy, in parallel, asks the value of the integer to be written, and issues the
corresponding commit request to the memory. In parallel, it runs its continuation.
Synchronizations occur when its continuation tries to issue a memory operation
that should not be concurrent with the commit in x. In that case, to forward it
to the memory, we have to wait until the memory has acknowledged receiving
the commit (formalized by the causal link ok~ — d*). Having put a causal link
ok~ — run™, we would have a sequential strategy performing no reorderings.

Notice that this strategy is only preinnocent and not innocent, as it is not vis-
ible: there is a gec of a that does not go through its justifier, d . However, the
reduced form can still be expanded non-ambiguously. ['|

With these three strategies, we can now interpret threads in isolation. Given a
thread  we can look at [f] € CHO([mem;], [proc]). Write S; for the event struc-
ture corresponding to [f]. Interestingly, it is conflict-free: as a result S; is a partial
order. We can recover a set of 2;-labelled partial orders from S; by considering all

* As, the expansion of reduced form of Chapter@actually only needs pre-innocence to work
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the executions q which is order-isomorphic through ¢ to a configuration of S;, and
converting them to X; partial orders.

EXAMPLE 8.2. Consider t = x:=1;r < x;z:=r. The thread semantics accord-
ing to the previous chapter gives the following event structure:

Cx:=1

~x v
Ry=0  Ry=1 Czi=1

v v

We have a commit event on z that is not preceded by a read on x since there is
a possibility in this example that the read is satisfied from the buffer entry of the
previous write. In that case, no request is sent to the memory. Our strategy sety
differs as internal loads are not permitted. As a result, the interpretation of [f] is:

mem; [ proc

run—
,0 /
Ceh
v
ok™
Y
r?;70
Y
- 1
v v
+,0 +,0
Cz::O Cz::l
Y v
o k_\’\b

done™ ~ done™t!

This mismatch is not problematic. As our strategy set, implements inde-
pendent write/read reorderings, this semantics will give the same final states as
the one of Chapter[7] The mismatch here is due to the inductive definition being
parametrized by a buffer. As a result, the model does not explain how the inter-
nal loads are represented at runtime since the buffer information “comes from the
sky” (ie. the meta-level). It is possible to represent internal loads in both semantics
directly, but the interpretation of writes becomes more complicated as they need
to capture (some) later read requests on x and answer the value just written. The
corresponding strategy becomes not f-innocent as there is a race occurring if the
continuation in parallel reads on x and (for instance) writes subsequently on x.
Conveniently, this does not occur in the image of our language.

2.3. Constant for programs. To complete the thread semantics, we still need
to give the interpretation of two constants: par and hide, depicted in Figure 4]
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proc = proc = Pproc mem = mem;
run— r—  fence™
~ A~ v
run+,0 run+,0 7’+’0 fenced+’0
v v \%
done” —done” "
done™ ato

FIGURE 4. Strategies for the constants par (left) and hide (right)

The strategy par simply spawns its two arguments in parallel and waits for
them to terminate before terminating. In the diagram for hide, r stands for any
minimal move of mem; except fence. This strategy simply forwards memory op-
erations, and in case of a fence, satisfies it straight away so that the program can
continue its execution.

By combining all the strategies, we can then interpret any program p into
CHO(mem, proc). By extracting the part playing on mem, we can recover a set
of X-labelled partial orders. The resulting set of partial orders does not quite coin-
cide with the configurations of 7 (p) as hinted above, however both models can
be slightly updated to match each other, and both methodologies may be used to
represent the same models. As a result, what does the formulation in terms of
strategies bring us?

2.4. Strategies as programs. In the previous chapter, our semantics was de-
fined by doing causal surgery on the event structures (especially for interpreting
writes). In this setting, we leave the causal surgery to the composition of strategies
and focus on the intent of the model: we believe that the formulation of strategies
gives a clearer picture of what happens at runtime, than the formulation of the pre-
vious chapter. Moreover, strategies are dynamic processes that could be described
syntactically. For instance, we can write the complicated strategy for sety in the
language introduced in Section of Chapter [6}

sety = Am. Ak. Ac. newsignal s in
(m(Cy._y);signal [s])
|| ¢ (function
| (C.— |R?y) asr — wait[s];mr
|R?, — m7)
Here we use a slight extension with ML-like sum types to represent the re-
quests. This rephrases clearly the intent of the write construction: spawn both
the commit and the continuation in parallel. Whenever the continuation emits a

memory operation that must depend on the commit, wait for the commit before
sending the request.



212 8. RELAXED STATE IN A HIGHER-ORDER SETTING

get,: mem; = ( mem; = N = proc) = proc

run_'0
R?;0 run™
v / Y
- da- c” T q” done™
\ \
r X Y
\ \
dato cto \ = k0 done™?
¢ & 1 |
I 1
— — 1 !
a a
’/ ’/
a;’o a?

FIGURE 5. An alternative interpretation of get, performing more reorderings

2.5. Towards weaker architectures. Throughout this part we focused on the
TSO architecture that features simple reordering patterns. However, when mov-
ing to weaker architectures, the setting of the previous chapter becomes slightly
harder to update [Cas16]. Computing directly the causal structure by induction
is more difficult, because of the problem of data dependency. On ARM/POWER,
any two instructions targeting distinct variables can be reordered, except if there is
a data dependency (or addr dependency in greater generality): in r < x;y:=1 we
can reorder, but in v < x; y:=r we cannot, since we need to wait for the value of r
to become available. In the world of strategies, it is extremely easy to deal with this
phenomenon by changing the strategy for get, to that described in Figure[5| This
strategy looks very similar to sety. We assume that the space of memory requests
has been partitioned into a set Dy of requests that causally depends on syntacti-
cally earlier read on x, and D, the set of operations that do not. (This depends on
the architecture considered). As before c and d range over Cy and D, respectively.
Data dependency is handled by making the answer to q~ (the continuation asking:
what is the value of 7?) causally depend on the outcome of the read. This mech-
anism works well and can give an account of the reorderings present in weaker
architectures, even with address dependency (in that case, we need to change the
arena for the memory but the ideas remain the same). It remains unclear however
how to represent speculation and read restarts.

3. Implementing memory

Having seen how to represent the thread semantics inside CHO, we see how
to represent the final semantics, with the memory wired in. Since our programs
are represented by strategies in CHO(mem, proc), it seems natural to represent the
memory as a strategy m in CHO(mem). However, as we will see, the strategies for

memory are never single-threaded: they cannot live in CHOE-I However, they do

P This phenomenon already occurs in the model for IPA by Ghica and Murawski [GMO07].
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live in N—tCG%, and we can consider the composition in N-tCG%:

m 171
1 —+ !'mem — !proc

It gives us a strategy playing on !proc, which is not very interesting. For this
reason, we consider rather the interaction [p] x m that keeps the internal events in
mem around. From this interaction, it is easy to extract a set of X-labelled partial
orders to compare with that from the previous chapter.

3.1. Synchronous memory. From Chapter[7, we have a good idea of the shape
of consistent executions. Say that an execution on mem is pre-consistent when its
collapse to a X-labelled partial order is pre-consistent in the sense of Chapter [7]
Define the rigid family 2, as:

2w =] {q | qis a pre-consistent execution}.

The pre-consistent executions are not closed under prefix (hence the prefix clo-
sure): in an execution, all requests must be answered, which means that eg. C;'::l
is not a execution. The prefix closure allows us to consider “partial executions”
where not all requests have been answered yet. Write &, for Pr(2y,): it inherits a
labelling m : & — !mem. However, it is not a strategy as it is not courteous. For
instance, it contains the following configuration:

- + — +
C,._q —ok" —R?  —R?]

which is not courteous because of the link ok™ — R?} is not present in mem.

As m is not a strategy, the composition [f] @ m has no reason to be a strategy
(courteous in particular). This is not a problem in this setting, as the interaction
[7] » m still exists, and it is unsettling. This is incompatible with interpreting lan-
guages where the memory does not come at the end, but it might be necessary
to wire in the memory before the whole program is known. An example would
be to implement a restriction operator ry : mem = mem such that r,(Am. p) is
a new program where all the actions of x inside p are synchronized together and
hidden from the outside world (akin to the new construct of IPA). To interpret such
a construct, we need r, to be a proper strategy, and as a result, m as well.

In this particular case, because m has an empty domain, [§] ® m is an essential
strategy in the sense of Chapter

LEMMA 8.3. Let 0 : S — A be a pre-strategy in the sense of Chapter |2 (ie. a partial
map of event structure) and T : T — AL || B an essential strategy of CGg, (A, B). Then
the composition T ® o is in CGg,(B).

PROOF. The proof relies on the characterization of strategies as composing
well with copycat (Theorem [2.79). The composition T ® ¢ is an essential strategy
if and only if g ® (T ® 0) is isomorphic to T ® ¢. By associativity, we have:

p®(T00) 2 (pOT)Pr=ETOC
since T is an essential strategy. 0

Our characterisation of essential strategies allows us here to derive that, at
least at the level of event structures, it does not matter that m is not quite a strategy.
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3.2. Asynchronous memory. This does not allow us to build a strategy in
~-tCG¥® since there is no similar characterization at the level of symmetries.
The problem is that m is synchronous, enforcing its own order on the event, re-

gardless of what the program does. Consider the following excerpt of the (infinite)
event structure &y,:

C._; ~R?;
v v

okt 0t
v v

R‘?X Cx::1
v v
1t ok™

The minimal conflict at the beginning means that, in a way, this pre-strategy non-
deterministically decides what is going to happen.

To recover an essential strategy out of this, we can use again the characteri-
sation of essential strategies, and the fact that copycat is idempotent. As a result,
M := Cimem © M is an essential strategy, which represents the asynchronous version
of m. For instance, the previous excerpt of m becomes in m:

Crg R?,
\Y v
*1 *2
" a "
okt R?S  ok' 0F

The two neutral events symbolize the races between the two causal histories:
if 1 is played, then the left causal history is chosen, where the commit goes first,
and if x; is played, the right one is chosen, where the read goes first.

To turn m into a strategy of ~-tCGg,, we need to build an isomorphism family.

DEFINITION 8.4. A symmetry between two configurations of &, is an order-
isomorphism preserving labels in !Imem. Write &, for the set of such symmetries.

LEMMA 8.5. The pair (&m, /5;) is a thin event structure with symmetry that extends
m into a ~-receptive map of event structure with symmetry, ie. a pre-~-strategy.

PROOF. Straightforward verification. O

Since pre-~-strategies compose, we know that Mm = @ypem © m is a pre-~-
strategy, which is also an essential strategy. So, by definition is ~-strategy, hence
m € ~-tCGZ (1, mem) as desired.

However, as seen in the previous diagram, m and m are not single-threaded.

However, a single-threaded strategy can be recovered if we are ready to change
slightly the type of memories.

LEMMA 8.6. Consider A, B negative arenas. Write

d = [Ax. (Af. fx)] € CHO(A, (A = B) = B).
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For any strategy negative o € N—tCG%(!A), the composition (in N—tCGg) deois
single-threaded.

As aresult, d ® m is a strategy of CHO(mem = proc, proc), that can be used
to interpret a IPA-like construct:

ILm:memF M : proc

I' F newmemory min M : proc

that could be used to restrict the access to a memory inside a sub-term.

3.3. Towards more concurrent memories. In the last chapter, we have seen
that the resulting strategy m is still more sequential than needed as it sequential-
izes more that can be needed. It is possible to do better, by trying to only se-
quentialize writes when the program later actually observe the writes. But this
quantification over a possible future makes it impossible to create a rigid family
(or in this setting a strategy), since when given two writes, we need to decide now
whether to order them or not.

A possible way to solve this problem is not to force the strategy implementing
the memory to actually put any causal link to order writes, but simply to let them
be concurrent. However, the memory keeps as an internal state the partial order
justifying that the current execution is correct. Because the partial order does not
represent the causality of the execution, but simply a justification for the current
execution, it is possible to add causal links in the past.

For instance, assume that the current execution is:

Cpm1 Crmn R
v/ Y Y
okt okt 1+

v
”—
R?,

This is already valid: there is no need to add causal links for this execution to be
weakly consistent. At this point, the memory is allowed to satisfy the read on y in
two different ways. It can answer y = 1 and make this answer depend on Cpy-
It can also answer y = 0, but in this case, the execution is not weakly consistent
anymore since the two commits are not ordered. Since both commits have already
occurred, the memory cell cannot go back in the past and enforce, actually the
commit on y depended on the commit on x. So the only thing it can do is to add
this causal link in its internal state:

Cpoy  Croy  RZ% ooy Croy  RZ%
v v v~ Y v
ok™ ok™ 1+ okt ok™ 1t
v v
R?y R?y
v v

ot 0+
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On the left is depicted the actual execution, on the right the internal state of the
memory justifying that the execution is correct. The internal state is used by the
memory to avoid answering in an inconsistent way. Imagine that, later in the
execution, another thread comes along and reads on y and then on x so that the
execution is now:

C;:1 C;::l R?; R?y_
v v
ok™ ok™ 1* 1+
v v
R?; R?;
v
ot

In this case, the memory could be tempted to answer x = 0 if its internal state
did not remind it that there is a causality from the commit on x to that on y, and
reading x = 0 would force it to put a causal link in the other direction, resulting in
a cycle. So the memory knows that it can only answer x = 1 in this context.

It is possible to turn this intuition into an event structure whose events should
be pairs of an event of a very relaxed notion of execution (with only intra-thread
causal links and links from a commit to the reads loading its value), along with a
causal justification that this execution is actually weakly consistent. However the
correctness of such a strategy is not completely straightforward to establish.

To give an example of what it can achieve, write m’ for this loosely-defined
strategy, and p the following program:

x:=1l|lr+x|si+<yl|y:=1
1’2<—y Sy <— X
Then, then the part of [p] *m’ on mem- is:
Cx:= R?y R? Cy:=1
J7//""g\/\AJ7 J7\4 zx-\é
ol<::::-(,lof_vs_ﬁ1\\A ’9_’\_/\_/\1&1—:—-:0k
R? L R? T.LR7,  RY

TN, N

In this diagram, we have represented differently causal links and conflicts
coming from [p] (solid) and those coming from m’ (dashed). The interesting thing
to remark on this diagram is the dashed conflict between “reading 1 and then 0”
on one thread, and same outcome on the other thread. Both events cannot be con-
current, since there is no justification for the configuration of .7 (p) which contains
them both, or equivalently, their internal state are incompatible since they disagree
on the order between the two commits. This configuration would correspond to
inconsistent observations by the threads.



Conclusion and perspectives

So pleased with ourselves
For using so many verbs and nouns.

Modest mouse, on writing mathematical texts
(Black cadillacs)

To conclude this thesis, we propose perspectives and leads left open, relative
to the developments presented throughout the thesis.

First part: concurrency

~-tCG up to weak bisimulation. In Chapter 2} we construct two related cat-
egories, one up to weak bisimulation without any hiding, and one up to isomor-
phism with some hiding. In the setting with symmetry, we only construct the
latter. We believe that having both categories is actually an advantage when mod-
elling programming languages. One can model a language in the category up to
weak bisimulation (where there is more space) and deduce a more compact in-
terpretation in the category up to isomorphism. Having both interpretations can
be useful to pick the right point of view depending on the result. For instance,
the strong link between the operational semantics and the denotational semantics
proved in Chapter [4 (Theorem could be even strengthened in the setting up
to weak bisimulation.

Study a subset of thin concurrent games. Our notion of thin concurrent games
is very general. In most applications we are interested in, the symmetry on games
is always local, ie. the symmetry boils down to an equivalence relation on events.
Note that the symmetry on strategies can be non-local as evidenced in Section[1.4.2]
of Chapter[6] We believe this particular case would greatly simplify the setting by
making the two sub-symmetries .A_ and A obtainable from A. As a result, in
these particular cases, the sub-symmetries may not need to be part of the struc-
ture.

Generalize CHO to non-forest arenas. As alluded to in Chapter [8} the fact
that objects of CHO must be forest-like games can be problematic when trying to
give sophisticated interpretations to the mem type (to allow a read answer to be
justified by a commit request). We believe that the construction of CHO should fol-
low through if we restrict to games that are not forest but simply single-threaded.
In this new setting, mem would not be a valid object but (mem = proc) = proc
would be, which would be enough to carry out the construction of the model.

217
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Reduced forms and metalanguage for non-innocent strategies. One of the
most interesting leads concerning the framework would be to understand the
structure of non-innocent strategies. In the innocent case, we know what finite
strategies are: those whose reduced form only reacts on a finite number of Oppo-
nent answers. The situation for non-innocent strategies is much less clear as their
structure is more complicated. This finiteness criterion would allow us to prove
definability results for non-innocent fragments by induction, something impossi-
ble at the moment.

A related problem is that to find a language corresponding to strategies, sup-
porting a definability result up to isomorphism of strategies (the one presented in
Chapter [6]is only up to may equivalence). A preliminary candidate is hinted at
in Section [1.4.3of Chapter[] As noticed in Chapter 8} this would allow us to eas-
ily implement models of programming languages, by simply implementing the
strategies interpreting the constructs of the language.

Second part: innocence

A language for concurrent innocence. Related to the issue above, it would be
interesting to have a language corresponding to concurrent innocence. It should
contain control operators of some sort to allow for non well-bracketed behaviours.
This result would help us understand better the situation of concurrent control
operators. Is call/cc enough, or is there new non well-bracketed behaviours that
appear in a concurrent world that are not definable from call/cc?

Link of our innocence with the sheaf-theoretic notion. In their line of work,
Hirschowitz et. al.[Hir13] introduced the idea of representing innocence as a sheaf
condition on strategies represented as presheaves. This notion was later recast in
the A-calculus by Tsukada and Ong [TO15]. We believe that there is a strong link
between preinnocence (ie. innocence without locality) and this sheaf condition,
since our strategies can be seen as certain presheaves over causal augmentations
of the game. It is not clear where locality fits in this picture and technical details
need to be carried out.

Generalize the intensional full abstraction result to must equivalence. In
Chapter 6|, we show intensional full abstraction for may equivalence. We believe
the model also supports a similar result for must equivalence, however several
obstacles are still in the way. The most important one is that finite tests should
have the same discriminating power as all tests. For may equivalence, it is easy to
show that finite tests suffice, but for must equivalence it is much harder since it is
not clear how, given a test discriminating (for must convergence) two strategies,
to extract a finite part, still discriminating the strategies.

Third part: relaxed memory

Investigate weaker architectures. We believe our model scales to weaker ar-
chitectures as the ideas presented in Chapters [/| and [§| explain how to deal with
complicated memory cells and sophisticated reorderings. However, the work re-
mains to be done. We have started investigating a thread semantics for POWER in
this framework.
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Language specifications. We have not mentioned language specifications in
this part (C11, Java for instance). They offer new challenges that cannot be dealt
with the techniques, in particular closure with respect to compiler optimizations.
In operational models, this proved to be a challenge [KHL"17] to represent, and
we would like to understand how to adapt these techniques to our framework.

Partial synchronizations. In the models presented in Part (3] all the synchro-
nizations occur at the end, when the whole program is known. We believe there is
a way to compute these synchronizations incrementally (similarly to what the CCS
model in event structures is doing [Win82]) as a way to perform synchronization
in a compositional way.
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Résumé en frangais

La sémantique des jeux permet 'étude et la modélisation abstraite des lan-
gages de programmation d"un point de vue mathématique, en gardant assez d'in-
formations concretes sur la structure des programmes, mais en laissant de coté les
détails superflus.

Durant mon doctorat, j’ai travaillé sur l’association de la sémantique des jeux
avec les structures d’événements pour proposer des modeles dénotationnels vrai-
ment concurrents de langages concurrents d’ordre supérieur.

Dans un premier temps, je construis un modéle réalisant cette association,
qui retient suffisamment d’informations sur le comportement des programmes
pour interpréter adéquatement une grande variété de langages concurrents et non
déterministes pour des notions fines de convergences. La construction de ce mod-
ele se base sur l'introduction de symétrie afin d’établir que le modéle forme une
catégorie cartésienne fermée.

Dans un second temps, je propose une généralisation dans ce cadre des no-
tions d’innocence et de bon parenthésage, essentielles en sémantique des jeux pour
comprendre les effets calculatoires, et résolvant ainsi des problemes ouverts de la
sémantique des jeux concernant I'innocence concurrente et non-déterministe.

Dans un dernier temps je propose une interprétation dans ce modele, de lan-
gages concurrents avec mémoire faible, un des premiers travaux de sémantique
dénotationnelle pour ce type de langages. Bien que théoriques, ces modéles sont
compositionnels et basés sur des ordres partiels, et donc pourraient permettre de
faire passer la vérification de programmes concurrents a 1’échelle (une probléma-
tique importante du domaine).

Summary in english

Game semantics is an effective tool to study and model abstractly program-
ming languages from a mathematical point of view, by keeping enough concrete
information on the structure of programs but yet leaving aside superfluous de-
tails. During my PhD thesis, I worked on merging game semantics with event
structures to propose truly concurrent denotational models of higher-order con-
current languages.

In the first part, I build a model based on this merge, retaining enough infor-
mation about the behaviour of programs to interpret adequately a large variety of
concurrent programming languages for various notions of convergence. The con-
struction of this model is based on the introduction of symmetry to prove that the
model is indeed in a cartesian-closed category.

In the second part, I propose a generalization, in this setting, of innocence and
well-bracketing, key notions in game semantics to understand the computational
effects, and thusly closing open problems of game semantics about concurrent and
nondeterministic innocence.

In the last part, I propose an interpretation in this model of concurrent lan-
guages with weak shared memory, one of the first works of denotational seman-
tics for these kinds of languages. Although theoretical, these models are compo-
sitional and based on partial orders, and thus could permit scaling verification of
concurrent programs (an important problem of the domain).
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