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ABSTRACT. Two families of denotational models have emerged from the semantic analysis
of linear logic: dynamic models, typically presented as game semantics, and static models,
typically based on a category of relations. In this paper we introduce a formal bridge
between a dynamic model and a static model: the model of thin concurrent games and
strategies, based on event structures, and the model of generalized species of structures,
based on distributors. A special focus of this paper is the two-dimensional nature of the
dynamic-static relationship, which we formalize with double categories and bicategories.

In the first part of the paper, we construct a symmetric monoidal oplax functor from
linear concurrent strategies to distributors. We highlight two fundamental differences
between the two models: the composition mechanism, and the representation of resource
symmetries.

In the second part of the paper, we adapt established methods from game semantics
(visible strategies, payoff structure) to enforce a tighter connection between the two models.
We obtain a cartesian closed pseudofunctor, which we exploit to shed new light on recent
results in the theory of the A-calculus.

1. INTRODUCTION

The discovery of linear logic has had a deep influence on programming language semantics.
The linear analysis of resources provides a refined perspective that leads, for instance, to im-
portant notions of program approximation [BM20] and differentiation [ER03]. Denotational
models for higher-order programming languages can be constructed from this resource-aware
perspective, exploiting the fact that every model of linear logic is also a model of the
simply-typed A-calculus.

In this paper, we clarify the relationship between two such denotational models:

e Thin concurrent games, a framework for game semantics introduced by Castellan, Clairam-
bault, and Winskel [CCW19], in which programs are modeled as concurrent strategies.

o Generalized species of structures, a combinatorial model developed by Fiore, Gambino, Hy-
land, and Winskel [FGHWO08], in which programs are interpreted as categorical distributors
(or profunctors) over groupoids.
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We carry out this comparison in a two-dimensional setting also including morphisms between
strategies and morphisms between distributors. In the language of bicategory theory, our
first key contribution is a symmetric monoidal, oplax functor of bicategories

—

games, strategies groupoids, distributors and (1.1)
and maps natural transformations ’

showing, in particular, that symmetries of strategies can be explained via groupoid actions.

1.1. Static and dynamic models. This work fits in a long line of research on the relation-
ship between static and dynamic denotational models arising from linear logic.

In a static model, programs are represented by their input/output behavior, or by
collecting representations of completed executions. The simplest example is given by the
category of sets and relations: this is the relational model of linear logic (Section 2.1 or
[Gir87]). In a dynamic model, programs are represented by their interactive behavior with
respect to every possible execution environment. This includes game semantics ([HOOO0,
AJMO0]), which has proved incredibly proficient at modeling various computational features
or effects ([AHMO98, Lai97, GMO0S]).

To illustrate the difference, the identity at type 1 — 1 in game semantics is a strategy
gathering plays which represent chronologically an exchange of information and control flow
between the program and its environment:

1 — 1 = 1 — 1

o

Oo—————0

In contrast, in the relational model, 1 —o 1 is a one-element set containing a single
input/output pair. The identity relation over it can be seen as a collapsed version of the
strategy above:

1 — 1 = 1 — 1

(0.0)—(o.0)

This suggests a simple equation
game semantics = relational model + time ,

so that going from game semantics to the relational model is a simple matter of forgetting
the temporal order of execution, an intuition first explored in [BDER97D].

But this naive intuition hides a fundamental difference between the composition mecha-
nisms in static and dynamic models: strategies may deadlock, while relations cannot. More
precisely, in game semantics, two strategies can synchronize by performing the same actions
in the same order, whereas in the collapsed version, only the actions matter and not the
order. Thus, as was quickly established [BDER97b], one cannot simply forget time in a
functorial way, and composition is usually only preserved in an oplax manner, as in (1.1).

Static collapses of game semantics require an adequate notion of position for a game.
This is somewhat difficult to define in traditional game semantics, but very natural in
alternative causal versions such as concurrent games, because we can look at configurations
of the underlying event structure (Section 4.1, see also [Mel06, Mel05]).
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The subtle relationship between static and dynamic models was refined by many authors
over almost three decades (see e.g. [BDER97b, Mel05, Bou09, CM10, TO16]), to identify
settings in which functoriality can be restored — in particular, our work inherits insights
from Mellies’ line of work on asynchronous games [Mel05]. Leveraging this, we show (in
Section 7) how the oplax functor (1.1) can be strictified to a pseudofunctor, that preserves
composition up to isomorphism.

1.2. Proof-relevant models and symmetries. Our aim here is to take the static-dynamic
relationship to a new level that takes into account the symmetries implicit in the resource
usage. Symmetry plays an important role in game semantics (Section 5, or [AJMO00, Mel06,
CCW14,Paq22]), but so far connections only exist with static models whose symmetries are
implicit or quotiented, like the relational model. We argue that generalized species, which
represent combinatorial structures in terms of their symmetries, provide a convenient target
for a static collapse of thin concurrent games.

The two models we consider are “proof-relevant” [KMO23], in the sense that the
interpretation of a program provides, for each possible execution, a set of proofs or witnesses
that this execution can be realized. This high degree of intensionality is useful for modelling
languages with non-deterministic features [TO15, CCPW18]. In a proof-relevant model,
symmetries arise naturally in the linear duplication of witnesses. In Section 2.2 we discuss
the limitations of a proof-relevant model without symmetries.

1.3. Two-dimensional categories: bicategories and double categories. Proof-relevant
models are naturally organized as two-dimensional categories, because programs are in-
terpreted as structured objects (e.g. strategies or distributors) between which there is a
natural notion of morphism. There are various kinds of 2-dimensional categories. This line
of research is primarily about semantics in bicategories, and indeed the final sections of
this paper (Section 7, Section 8) are about bicategories with structure and bicategorical
functors. However, in order to properly relate static and dynamic models, we find it concep-
tually important and technically useful to regard them as richer structures: pseudo double
categories. We do not assume any prior knowledge of double categories, and we give more
precise motivation in Section 3.

1.4. Bicategorical models of the A-calculus. As further motivation for this work, we
note that the two-dimensional and proof-relevant aspects are significant on the syntactic
side. The interpretation of A-terms in generalized species has a presentation in terms of
an intersection type system [TAO17,0li21], that takes into account the symmetries and
can be exploited to characterize computational properties and equational theories of the
A-calculus. More generally, the structural 2-cells in a cartesian closed bicategory have a
syntactic interpretation as fn-rewriting steps in the simply-typed A-calculus ([F'S19,See87]).
In Section 7 we connect to this line of work by constructing a cartesian closed pseudo-
functor, which preserves the semantics of A-terms in both typed and untyped settings.

1.5. Outline of the paper and key contributions. The paper is organized as follows.
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Review of static models. In Section 2 we recall static semantics, including a bicategory PRRel
of proof-relevant relations, and a bicategory Dist of distributors. One can view PRRel as
the sub-model of Dist with no symmetries, so there is an embedding PRRel — Dist. The
bicategory Esp of generalized species is defined in terms of Dist.

In Section 3, we explain that these bicategories arise from double categories whose
structure can be exploited for our purposes. We define the symmetric monoidal double
categories PRRel and Dist which embed PRRel and Dist.

Collapsing concurrent games to static models. In Section 4 we introduce the double category
CG of “plain” concurrent games without symmetry, and we show that a collapse operation
gives an oplax functor CG — PRRel (Theorem 4.12).

Then in Section 5 we add symmetry: we define the double category TCG of thin
concurrent games, with CG — TCG as the sub-model with no symmetries. We show
that every strategy has a distributor of positive witnesses (Proposition 5.7), and that this
extends to an oplax functor TCG — Dist (Theorem 5.15). In summary, we have the
following situation involving embedding functors and collapse oplax functors, all of which
are additionally shown to preserve symmetric monoidal structure:

no tri
symmetries SYALLIICLIIES

dynamic CG —— TCG

| !

static PRRel «—— Dist

In Section 6 we include the mechanism of wisibility [CC24] to eliminate deadlocks;
this refines the above into pseudo-functors between symmetric monoidal double categories;
yielding symmetric monoidal pseudofunctors between the induced symmetric monoidal
bicategories.

Cartesian closed structure and the \-calculus. Finally, in Section 7 we add the exponential
modality and focus on the cartesian closed structure. To ensure preservation of the exponen-
tial modality, we introduce a refine version of TCG called Wis, using a payoff mechanism
from game semantics ([Mel05, CdV20]). Thus we obtain a pseudofunctor Wis — Dist
(Theorem 7.3) and by also refining our categorical structure with a relative pseudo-comonad,
we derive a pseudofunctor Wis; — Esp (Theorem 7.22) which we show is cartesian closed.

Finally in Section 8 we apply this result to the semantics of untyped A-calculus: we
build a reflexive object in Wis and show that, under our pseudofunctor, this is sent to an
extensional categorifed graph model D* in Esp [KMO23].

Note on this long version. This paper is an extension of our earlier paper [COP23], presented
at the LICS 2023 conference. The extended version includes all proofs of technical results,
and some entirely new contributions. In particular, all sections up to Section 7 are developed
in a double-categorical setting which refines and generalizes the bicategorical setting of
[COP23], and provides simple proofs of new structural results. See Section 3 for motivation.
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Finally, this long version also allows for further illustration: we showcase the induced
correspondence between game semantics and generalized species over an example A-term.

2. A TOUR OF STATIC SEMANTICS

In this section we present three static models: the basic relational model Rel (Section 2.1),
a proof-relevant version of it which we call PRRel (Section 2.2), and the model Dist of
groupoids and distributors (Section 2.3).

2.1. The relational model of linear logic. We start with the relational model, which
gives a denotational interpretation in the category Rel of sets and relations. A type A is
interpreted as a set [A], and a program — M : A is interpreted as a subset [M] < [A].
The set [A] is often called the web of A, and we think of its elements as representations of
completed program executions. The subset [M] contains the executions that the program
M can realize.

Example 2.1. The ground type for booleans is interpreted as [B] = {tt,ff}, and the
constant - tt : B as [tt] = {tt}.

The interpretation of a program M is computed compositionally, following the method-
ology of denotational semantics, using the categorical structure we describe below.

2.1.1. Basic categorical structure. The category Rel is defined to have sets as objects, and
as morphisms the relations from A to B, i.e. the subsets R € A x B, with the usual notions
of identity and composition for relations. Its monoidal product is the cartesian product of
sets. If R; € Rel[A;, B;] for i = 1,2, then the relation Ry x Ry € Rel[A; x Ag, By x Bs]
is defined to contain the pairs ((a1, az2), (b1,b2)) with (a;,b;) € R;. The unit [ is a fixed
singleton set, say {*}. This monoidal structure is closed, with linear arrow A —o B = A x B.

Moreover Rel has finite cartesian products: the product of sets A and B is given by
the disjoint union A+ B = {1} x Aw {2} x B, and the empty set is a terminal object.

2.1.2. The exponential modality. The exponential modality of Rel is based on finite multisets.
If A is a set, we write M(A) for the set of finite multisets on A. To denote specific multisets
we use a list-like notation, as in e.g. [0,1,1] € M(N).

Given a set A, its bang !A is the set M(A). This extends to a comonad ! on Rel,
satisfying the required conditions for a model of intuitionistic linear logic: the Seely isomor-
phisms

M(A+ B) = M(A) x M(B) M) =1
make ! a symmetric monoidal functor from (Rel, +, &) to (Rel, x, I'), satisfying a coherence

axiom [Mel09, §7.3]. From this, we obtain that the Kleisli category Rel, is cartesian closed
and thus a model of the simply-typed A-calculus.
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2.1.3. Conditionals and non-determinism. The category Rel; also supports further primitives
in a call-by-name setting.

Example 2.2. Considering the term - M : B — B of PCF

- Ax®. if zthenx
elseif rthenffelsett : B — B,

then [M] = {([tt, tt], tt), ([tt, fF], ), ([ff, F], t)}, representing the possible executions given
a multiset of values for x.

As a further example, Rel supports the interpretation of non-deterministic computation:
consider  choice : B a non-deterministic primitive that may evaluate to either t# or ff.
Then we can set [choice] = {tt, ff} so that we have

[if choice thentt else tt] = {tt}. (2.1)

The relational model is a cornerstone of static semantics, and the foundation of many
recent developments in denotational semantics [BEM07,dC18, LMMP13]. In this paper we
are concerned with its proof-relevant extensions. Roughly speaking, one motivation is to
keep separate different execution paths that lead to the same value, as with value t in (2.1).

2.2. Proof-relevant relations. To showcase this, we consider a notion of proof-relevant
relation between sets (e.g. [Gir88,GJ17]). The idea is to record not only the executions that
a program may achieve, but also the distinct ways in which each execution is realized. We
replace relations [M] € A x B with proof-relevant relations

[M]:Ax B — Set,

so that each point of the web has an associated set of witnesses. In this model, for instance,
[if choice thentt else tt](tt) from (2.1) should be a set {#1,*2} containing two witnesses,
because there are two possible paths to the value tt.

Formally, the model is organized as a categorical structure with sets as objects, functors
a: Ax B — Set (with A x B viewed as a discrete category ) as morphisms, composed with

(Boa)(a,c) = > ala,b)x B(be) (2.2)

beB

and with identity morphisms given by id4(a,a’) = {*} if @ = ¢’ and empty otherwise!. An
important observation is that this does not form a category. Categorical laws are only iso-
morphisms, with for instance (idgoa)(a,b) = a(a,b) x {*} = a(a,b). We obtain a bicategory:
a two-dimensional structure incorporating 2-cells — morphisms between morphisms — with
categorical laws holding only up to coherent invertible 2-cells.

We call this bicategory PRRel. This model shares (in a bicategorical sense) much
of the structure of Rel, and may be used to interpret e.g. the linear A-calculus. We use
PRRel as a static collapse of a basic dynamic model in Section 4.3.

1A more standard presentation of this model is via the bicategory of spans of sets, with sets as objects
and spans A «— S — B as morphisms.
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Limitations of a proof-relevant model without symmetry. Unfortunately, the finite
multiset functor on Rel does not seem to extend to PRRel. Intuitively, the objective of
keeping track of individual execution witnesses is in tension with the quotient involved in
constructing finite multisets, which blurs out the identity of individual resource accesses?.
Proof-relevant models that do support an exponential modality do so by replacing finite
multisets with a categorification, such as finite lists related by explicit permutations —

symmetries.

2.3. Distributors and generalized species of structures. This categorification yields,
among other possible approches, the bicategory of distributors. Distributors are symmetry-
aware proof-relevant relations — here we consider distributors on groupoids, i.e. small
categories in which every morphism is invertible.

2.3.1. The bicategory of groupoids and distributors. If A and B are groupoids, a distributor
from A to B (also known as a profunctor or bimodule) is a functor

a: A°°? x B — Set.

Thus, for every a € A and b € B we have a set a(a,b) of witnesses, but unlike in PRRel
we also have symmetries, in the form of an action by morphisms in A and B. If x € a(a,b)
and g € B(b,V'), we write g - « for the functorial action «(id, g)(z) € a(a,b’). Similarly, if
f e A(d,a), we write z - f € a(a’,b) for a(f,id). The actions must commute, so we can
write g- - ffor (g-z) - f=g-(z-f)ealdl).

We define a bicategory Dist with groupoids as objects, distributors as morphisms, and
natural transformations as 2-cells ([Yon60,Bén73]). The identity distributor on A is

idy = A[—,—] : AP x A — Set,

the hom-set functor. The composition of two distributors « : A°? x B — Set and
B : B°? x C' — Set is obtained as a categorified version of (2.2), defined in terms of a coend:

be B
(Bea)(a,c) = f a(a,b) x B(b,c). (2.3)

Concretely, (3 e a)(a,c) consists in pairs (x,y), where x € a(a,b) and y € 5(b, c) for
some b € B, quotiented by (g z,y) ~ (z,y - g) for x € a(a,b), g B(b,b') and y € (¥, c) —
by convention, we use y e x € (o a)(a,c) as a notation for the (equivalence class of) the
pair (z,y).

The bicategory Dist has a symmetric monoidal structure given by the cartesian product
A x B of groupoids, extended pointwise to distributors. There is a closed structure given by
A — B = A°P x B. Finally, Dist has cartesian products given by the disjoint union A + B
of groupoids.

2In technical terms, the functor M(—) on Set is not cartesian — does not preserve pullbacks — and so
does not preserve the composition of spans.
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2.3.2. The exponential modality. In this model with explicit symmetries, the exponential
modality is not given by finite multisets, but instead by finite lists with explicit permutations.

Definition 2.3. For a groupoid A, there is a groupoid Sym(A) with as objects the finite
lists (ay...a,) of objects of A, and as morphisms (ay...a,) — (d...a,) the pairs
(7, (fi)1<i<n), where 7 : {1,...,n} = {1,...,m} is a bijection and f; € A(a;, a;(i)) for each
t1=1,...,n.

More abstractly, Sym(A) is the free symmetric (strict) monoidal category over A. This
extends to a pseudo-comonad on Dist, where pseudo means that the comonad laws only
hold up to coherent invertible 2-cells [Lac00, FGHWO0S].

2.3.3. Generalized species of structures. The Kleisli bicategory Distgym, is denoted Esp, and
the morphisms in Esp are called generalized species of structures [FGHWO08]. Concretely,
Esp has the same objects as Dist; morphisms are generalized species®, defined as distributors
from Sym(A) to B; and 2-cells are natural transformations. Equipped with

Sym(A + B) ~ Sym(A) x Sym(B) Sym() ~ I

the Seely equivalences, Dist is a bicategorical model of linear logic. In particular, the
bicategory Esp is cartesian closed.

2.3.4. Relationship with PRRel. Distributors conservatively extend the proof-relevant
relations of Section 2.2: if we regard sets as discrete groupoids, we get an embedding
PRRel — Dist that preserves the symmetric monoidal closed structure and the cartesian
structure. Explicit symmetries appear essential in defining an exponential modality in a
proof-relevant model: even when A is a discrete groupoid, Sym(A) is not discrete.

3. DoOUBLE CATEGORIES FOR STATIC MODELS

The models PRRel and Dist are bicategories: they have objects, morphisms, and 2-cells.
This 2-dimensional structure is essential, because the laws for composition are only satisfied
up to invertible 2-cells. Although Rel is a category, we can regard it as a degenerate
bicategory where the laws for composition hold strictly, and with 2-cells given by the usual
order on relations: if R, R’ € Rel(A, B), then we have a 2-cell R = R’ whenever R € R’ as
subsets of A x B. (This is a proof-irrelevant counterpart of the 2-dimensional structure in
PRRel and Dist.)

The point of this section is to establish that each of these bicategories arises as a
fragment of a larger categorical structure known as a pseudo double category, which consists
of objects, two kinds of morphisms (known as horizontal and vertical), and 2-cells. Horizontal
morphisms compose weakly (as in a bicategory) and vertical morphisms compose strictly
(as in a category). The motivation for considering this more general structure is that, for
many bicategories, there exists a simpler class of morphisms between the objects for which
composition is strictly associative and unital. This can be exploited to simplify certain
structural proofs, as we will do.

Sf A=B = 1, then a generalized species corresponds to a combinatorial species in the classical sense of
Joyal [Joy81]. This can be further generalized to arbitrary small categories A and B [FGHWO08], but we do
not need this generality.
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We first give the definition of a pseudo double category. We usually drop the adjective
“pseudo” in the paper. Pseudo-double categories are originally due to Ehresmann [Ehr63].
For a detailed reference on double category theory that includes monoidal double categories,
functors between them, and monads, see [GGV24, Sections 2-5]. For the theory of double
monads, see also [CS10].

Definition 3.1. A (pseudo) double category (e.g. [GGV24, Def. 2.1]) consists of:

a class of objects;

e vertical morphisms between the objects, typically displayed as A — B, with the
structure of a category (that is, identity morphisms, and a composition operation satisfying
axioms);

¢ horizontal morphisms between the objects, typically displayed as A —+ B, with identity
morphisms and a composition operation;

e square-shaped 2-cells between pairs of vertical morphisms and pairs of horizontal mor-

phisms, as follows:

A%+ B

ol

C —5 D
which can be composed horizontally and vertically. When the vertical boundaries f and g
are identity morphisms, a 2-cell is called globular.

Horizontal morphisms can be composed, but associativity and unit laws only hold weakly,
just like in a bicategory: up to coherent, invertible, globular 2-cells, whose names we omit.

An immediate observation is that a pseudo double category D always has an underlying
bicategory over the same objects, consisting of horizontal morphisms and globular 2-cells.
We call this the horizontal bicategory H(D). It is well-known that our bicategories
Rel, PRRel and Dist all arise in this way from pseudo double categories with a natural
class of vertical morphisms, as we explain now.

3.1. Examples: static models as double categories. To define a double category from
a bicategory, we must define a class of vertical morphisms and an appropriate notion of
2-cells. In Rel and PRRel, the objects are sets, and the vertical morphisms are taken to be
functions. In Dist, the objects are groupoids, and the vertical morphisms will be functors.

Example 3.2 (The double category of relations). The double category Rel has the following
components:

objects: sets;

vertical morphisms: functions;
horizontal morphisms: relations;
and a 2-cell of type

N

_n,
4

%

S

Q

5

exists when (a,b) € R implies (f(a), g(b)) € S for every a,b.
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When f and g are identity functions, there is a 2-cell as above just when R € S. So the
horizontal bicategory H(Rel) is exactly the bicategory Rel of sets and relations.

We now turn to proof-relevant relations and distributors. Since PRRel can be regarded
as the full sub-bicategory of Dist over the discrete groupoids, we start with the more general
model.

Example 3.3 (The double category of groupoids and distributors). The double category
Dist has the following components:

objects: groupoids;

vertical morphisms A — B: functors;

horizontal morphisms A — B: distributors A°? x B — Set;
2-cells of type

N

S
Flood

B
lo
5D

are natural transformations «a(a,b) = 5(F(a), G(b)) between functors A°® x B — Set.

%

Q

It is clear that H(Dist) = Dist. We can consider the discrete sub-model, with no symmetries:

Example 3.4 (The double category of proof-relevant relations). If we restrict the objects in
Dist to discrete skeletal groupoids (i.e. sets), we obtain a double category called PRRel. Up
to isomorphism, this double category has sets as objects, and functions as vertical morphisms.
Then H(PRRel) corresponds to our bicategory PRRel.

A double functor between double categories defines an appropriate mapping of objects,
vertical and horizontal morphisms, and 2-cells, with coherence data similar to that for a
functor of bicategories. Note that a double functor can be lax, oplax, or pseudo, depending
on the nature of the globular compositor 2-cell. Between double functors, there are two
possible kinds of natural transformations: vertical and horizontal [GGV24, Def. 3.4 and
Def. 3.5].

3.2. Companions and conjoints. Our three examples share a common feature: a vertical
morphism always induces a pair of horizontal morphisms. For example, in Rel, a function
f: A — B induces relations f = {(a, f(a)) | a€ A} : A—— B and f = {(f(a),a) | a € A} :
B —— A. In Dist (and so also in PRRel) we have a similar construction: if A and B are

groupoids and F': A — B is a functor, there are distributors F:A——Band F: B — A,
defined below

F: A" x B — Set F:B° x A — Set
(a,b) — B[F(a),b] (b,a) — B[b, F(a)]

These constructions are instances of an abstract notion in double category theory.

Definition 3.5. Let D be a pseudo double category and let S : A — B be a vertical
morphism. A companion of S is a horizontal morphism S : A — B together with a pair
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of 2-cells
LA S —
SR
B——B A—— B

F

satisfying appropriate axioms (e.g. [GGV24, Def. 2.6]). A conjoint of S is defined dually,
as a horizontal morphism F': B — A with corresponding data and axioms.

Any two companions of S, and any two conjoints, are canonically isomorphic. The
constructions we gave for relations and profunctors provide companions and conjoints, and
in this case the accompanying 2-cells are trivial.

Lemma 3.6. In Rel, PRRel, and Dist, all vertical morphisms have companions and
conjoints.

A pseudo double category with this property is often directly presented as a proarrow
equipment [Woo82]. We do not use equipments in this paper, because the double category
of games we present in the next section only admits companions and conjoints for a subclass
of vertical morphisms, and so we must discuss these notions explicitly.

Note that a functor F': A — B also determines a pair of species Fe Esp[A, B] and
Fe Esp|B, A], respectively defined by

ﬁ((al, ...yan),b) = Sym(B)[(F(a1),...,F(an)), (b)]
F((by,....bn),a) = Sym(B)[ (b, ..., by), (F(a))].

This construction gives companions and conjoints for F' in an alternative double category
consisting of groupoids, functors, and generalized species. We omit the details of this double
category, which we do not use in the paper. (The notations F and F refer ambiguously to
the induced distributors or to the induced species, but this will be clear from context.)

3.3. Symmetric monoidal structure in double categories. In this paper we primarily
exploit the double-categorical structure of our models to simplify the description of symmetric
monoidal structure in the underlying bicategories. This technique is well-established [Shul0)].
Symmetric monoidal double categories have a much simpler definition than symmetric
monoidal bicategories, because we can use vertical morphisms to encode the associativity,
unit, and symmetry constraints of the monoidal product. Since vertical morphisms form
a strict category, we can use strict categorical notions, avoiding the numerous coherence
axioms that are needed when defining a symmetric monoidal bicategory.

Definition 3.7. A symmetric monoidal double category is a double category D
equipped with a double functor ® : D x D — D, an object I, and vertical double natural
transformations for symmetry, associativity, and unitality: in particular there are vertical
1-cells

aA,B,C

(A®B)®C 2% AQ(BRC) AQI A I®QA“A AQB2%BRA

satisfying a number of coherence axioms (see e.g. [GGV24, Def. 4.1] for a fully explicit
definition).
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In general, if a double category D is symmetric monoidal, then the underlying horizontal
bicategory H(ID) has no reason to be symmetric monoidal, since the monoidal data was
defined only at the vertical level, and the horizontal bicategory has no access to it. But,
when the structural isomorphisms have horizontal companions, the symmetric monoidal
structure can be lifted the horizontal level. This is due to Shulman and Wester-Hansen
[HS19, Thm 1.2]:

Theorem 3.8 [HS19]. Let D be a symmetric monoidal double category, and suppose that
in D all vertical isomorphisms have companions. Then the bicategory H(D) is symmetric
monotidal in a canonical way.

Furthermore, if E is also a symmetric monoidal double category where all vertical
isomorphisms have companions, then every symmetric monoidal pseudo double functor
F :D — E induces a symmetric monoidal pseudofunctor H(F) : H(D) — H(E).

We can then directly verify the following property:

Lemma 3.9. The double categories Rel, PRRel, and Dist are symmetric monoidal, and
the induced symmetric monoidal structure on Rel, PRRel, and Dist corresponds to that
given in Section 2.

3.4. Another application of companions and conjoints in Dist. In the rest of this
section, we discuss an elementary construction on distributors which will be useful in
Section 7.

Definition 3.10. For a distributor o« : A —+ B, i.e. a functor o : A°? x B — Set,
and functors S : A’ - A and T : B — B, we define distributors «[S] : A’ = B and
[T : A—— B’ by a[S](a,b) = a(Sa,b) and [T|a(a,b) = a(a, Th).

This construction extends in the obvious way to functors between hom-categories:
—[S] : Dist[A, B] — Dist[A’, B], [T]- : Dist[A, B] — Dist[A, B'].
The distributors a[S] and [T']5 can be presented using companions and conjoints:

Lemma 3.11. Fora: A—— B, S: A" - AandT : B’ — B, there are natural isomorphisms

o

S T
a[fS]=A—+— A—+ B and [T]azA—?;B—n—»B’.

Proof. The first isomorphism is because SGEA ala,b) x A[Sd’,a] = a(Sd’,b) by the density
formula for coends. The second one is similar. []

We now introduce a few lemmas expressing compatibility of these operations with other
constructions on distributors.

Lemma 3.12. Consider distributors o € Dist[A, B], € Dist[B, C] and functors S : A’ —
A T:C' - C.
Then we have natural isomorphisms, additionally natural in S and T':

(Bea)[S] = peal5], [T](Bea)=[T]3ea.

Proof. Immediate from Lemma 3.11, and by associativity and naturality of composition. []
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Lemma 3.13. Consider a € Dist[A, B] and 8 € Dist|B’, C] distributors, with an adjunction
e consisting of L : B - B’ : R and natural unit and counit n, € B[b, RLb] and ey €
B[LRV,V']. Then, we have a natural isomorphism

B[L]ea= B e[Ra
whose action is as follows for t e s € (B[L] ® a)(a,c),
Eapeltes) = teala,m)(s) e (8o [Rla)(a,0),
and as follows for t' e s’ € (5 o [R]a)(a,c),
€ bt o) = Bley,c)(t) o € (B[1]  0)(a,0)
This induces a natural isomorphism
Xe : idp/[L] = [R]idp € Dist[B, B']
as a special case of the above, using the composition laws for distributors.

Proof. From the adjunction property it is easy to check that L=~ é, and the result follows
by associativity of composition. ]

4. CONCURRENT GAMES AND STATIC COLLAPSE

We now construct a dynamic model based on concurrent games and strategies, without
symmetries. We show that it has a static double categorical collapse in the model of
proof-relevant relations introduced in Section 2.2.

4.1. Rudiments of concurrent games. Game semantics presents computation in terms
of a two-player game: Player plays for the program under scrutiny, while Opponent plays
for the execution environment. So a program is interpreted as a strategy for Player, and
this strategy is constrained by a notion of game, specified by the type. The framework of
concurrent games ([MMO7,FP09,RW11]) is not merely a game semantics for concurrency, but
a deep reworking of the basic mechanisms of game semantics using causal “truly concurrent”
structures from concurrency theory [NPW79].

4.1.1. Ewvent structures. Concurrent games and strategies are based on event structures. An
event structure represents the behaviour of a system as a set of possible computational
events equipped with dependency and incompatibility constraints.

Definition 4.1. An event structure (es) is E = (|E|, <g, #£), where |E| is a (countable)
set of events, <p is a partial order called causal dependency and #p is an irreflexive
symmetric binary relation on |E| called conflict, satisfying:

(1) Vee |E|, [e]lg = {€ €|E||€e <g e} is finite,
(2) Ve #g e, Velz >p e, €1 #E 6/2.
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Operationally, an event can occur if all its dependencies are met, and no conflicting
events have occurred. A finite set x ¢ |E| down-closed for <g and comprising no conflicting
pair is called a configuration — we write € (E) for the set of configurations on F, naturally
ordered by inclusion. If z € ¥ (F) and e € |E| is such that e ¢ x but x U {e} € €(F), we
say that e is enabled by x and write x g e. For ey, es € |E| we write e; —p e for the
immediate causal dependency, i.e. e; <g es with no event strictly in between.

There is an accompanying notion of map: a map of event structures from E to F is
a function f : |E| — |F| such that: (1) for all x € €(FE), the direct image fx € € (F); and
(2) for all x € €(F) and e, e’ € z, if fe = fe’ then e = ¢/. There is a category ES of event
structures and maps.

4.1.2. Games and strategies. Throughout this paper, we will gradually refine our notion of
game. For now, a plain game is simply an event structure A together with a polarity
function poly : |A| — {—, +} which specifies, for each event a € A, whether it is positive
(i.e. due to Player / the program) or negative (i.e. due to Opponent / the environment).
Events are often called moves, and annotated with their polarity (as in a=,a™).

A strategy is an event structure with a projection map to A:

Definition 4.2. Consider A a plain game. A strategy on A, written o : A, is an event
structure o together with a map 0, : ¢ — A called the display map, satisfying:

(1) for all z € € (o) and d,x -4 a~, there is a unique z -, s such that d,s = a.
(2) for all s —4 s2, if pol4(05(s1)) = + or poly(0s(s2)) = —, then 0,(s1) =4 05(s2).

Informally, the two conditions (called receptivity and courtesy) ensure that the strategy does
not constrain the behavior of Opponent any more than the game does. They are essential
for the compositional structure we describe below, but they do not play a major role in this
paper.

As a simple example, the usual game B for booleans in call-by-name is

a.

drawn following the order from top to bottom, with the wiggly line indicating conflict. Player
moves are blue, and Opponent moves are red — Opponent initiates computation with the
first move q, to which Player can react with either tt or ff.

Just like PRRel, strategies give a “proof-relevant” account of execution, in the sense
that moves and configurations of the game can have multiple witnesses in the strategy. For
example, on the left below, b and ¢ are mapped to the same move tt:

@ @ @

X — KA

Note that we denote immediate causality by — in strategies, while we use dotted lines
for games. This lets us represent the strategy in a single diagram, as on the right above.

4.1.3. Morphisms between strategies. For o and T two strategies on A, a morphism from o
to 7, written f : o = 7, is a map of event structures f : ¢ — 7 preserving the dependency
relation < (we say it is rigid) and such that d; o f = 0,.
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4.1.4. +-covered configurations. We now describe a useful technical tool: a strategy is
completely characterized by a subset of its configurations, called +-covered.

For a strategy o on a game A, a configuration x € ¢’ (o) is +-covered if all its maximal
events are positive, so every Opponent move has at least one Player successor. We write
€T (o) for the partial order of +-covered configurations of o. Those are fairly important,
because morphisms between strategies may be entirely described through their action on
+-covered configurations:

Lemma 4.3. Consider o, 7 : A two strategies on a plain game A. Assume there is a function
[ €7 (o) > €7 ()

compatible with display maps and preserving unions. Then, there is a unique morphism of

strategies f : o0 = T such that for allx € €% (o), fax = fux.

This is [Cla24, Lemma 6.3.4]. We also mention the immediate consequence:

Lemma 4.4. Consider a plain game A, and strategies o, T : A.
If f: € (o) = €1 (1) is an order-isomorphism such that o, o f = 0, then there is a
unique isomorphism of strategies f : o =~ T such that for all x € €% (o), f(x) = f(x).

4.2. A double category of concurrent games and strategies. We construct a double
category whose objects are plain games, horizontal morphisms are strategies between games,
vertical morphisms are maps of games, and 2-cells are morphisms of strategies. The main
technical point is the composition of strategies.

4.2.1. Strategies between games. If A is a plain game, its dual A’ has the same components
as A except for the reversed polarity. In particular %' (A) = €(A*). The tensor A® B of A
and B is simply A and B side by side, with no interaction — its events are the tagged disjoint
union |[A® B| = |A| +|B| = {1} x |A] w {2} x |B|, and other components are inherited. We
write 4 ® zp for the configuration of A® B that has 4 € € (A) on the left and xp € € (B)
on the right, informing an order-isomorphism

—®- . CA)xEB) =~ C(AB). (4.1)

Finally, the hom A - B is A ® B. As above, its configurations are denoted x4 - =g
forxy € €(A) and xp € € (B).

Definition 4.5. A strategy from A to B is a strategy on the game A+ B. If 0: A+ B
and z7 € €(o), by convention we write 0,(27) = 29 - 2% € € (A - B).

0

Our first example of a strategy between games is the copycat strategy €4, which is the
identity morphism on A in our bicategory, i.e. the horizontal identity. Concretely, copycat
on A has the same events as A - A, but adds immediate causal links between copies of the
same move across components, from the negative copy to the positive. By Lemma 4.4, the
following characterizes copycat up to isomorphism.

Proposition 4.6. If A is a game, there is an order-isomorphism
€y :C(A) =C" (€a)
such that for all x € €(A), Oc,(€z) =z - .
Proof. Follows from [Cla24, Lemma 6.4.4]. ]
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Figure 1: An example of matching but causally incompatible configurations, in the composi-
tion of 0 : U —o U and 7 : U — U - N. The underlying games are left undefined,
but can be recovered by removing the arrows —. The configurations are matching
on U — U, but the arrows — impose incompatible orders (i.e. a cycle) between
the two occurrences of v'.

4.2.2. Composition. Consider ¢ : A+ B and 7 : B  C. We define their composition
T®o: AR C. This is a dynamic model, and to successfully synchronize, ¢ and 7 must
agree to play the same events in the same order; this is defined in two steps.

We say that configurations 7 € € (o) and 27 € ¢ () are matching if they reach the
same configuration on B, i.e. 4 = x = xp. If that is the case, it induces a synchronization
(and we may then ask if that synchronization induces a deadlock). If all events of 27 and
7 were in B, this synchronization would take the form of a bijection 2% ~ z7. But some
moves of 7 are in A and some moves of 27 are in C, so instead we form the bijection

o 1.0 o olTe o Coaqlert
pla?,a"] 2% ag =" af | zep o "= 2% |«
where z || y is the tagged disjoint union. This uses the fact that from the conditions on
maps of event structures, 0, : 27 ~ 29 2% is a bijection and likewise for 0.

Now that the synchronization is formed, we import the causal constraints of ¢ and 7 to

(the graph of) p[z7,27], via (with m,m’ € 27 || 27, and n,n’ € 29 || «7):

(m¢n) o (m,vn/) < M <q|c m’

(m7n) <r (m/7 n/> < N <y|r n'
letting us finally say that matching % and z” are causally compatible if < = <1, U <
on (the graph of) ¢[z?,27] is acyclic. In particular, 7 and =" in Figure 1 are not causally
compatible, the synchronization induces a deadlock.

The composition of o and 7 is the unique (up to iso) strategy whose +-covered configu-

rations are essentially causally compatible pairs of +-covered configurations. Write CC(o, 7)
for the set of causally compatible pairs (z7,27) € €7 (0) x €1 (1), ordered componentwise.

Proposition 4.7. Consider strategies o : A+ B and 7: B+ C.
There is a strateqgy TG0 : A+ C, unique up to isomorphism, with an order-isomorphism

—©®—: CC(o,71)=FT(tO0)
s.t. for all z° € € (o) and ™ € €* (1) causally compatible,

Oroo (" @ %) =29 - x6 .
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Proof. See [Cla24, Proposition 6.2.1]. ]

This description of composition emphasizes the conceptual difference between a static
model, in which composition is based on matching pairs as in (2.2), and a dynamic model,
based on causal compatibility and sensitive to deadlocks.

4.2.3. The double category CG. We assemble strategies and games into a general composi-
tional framework. This is a double category whose vertical morphisms are maps of event
structures, which compose strictly, and whose horizontal morphisms are strategies between
games, which compose weakly. Altogether, we get:

Theorem 4.8. There is a double category CG with components as follows:

e objects are plain games;

e vertical morphisms A — B are polarity-preserving rigid maps of event structures A — B
(also referred to as maps of games);

e horizontal morphisms A —— B are strategies on A + B;

o 2-cells of type

A—F— B
hl [} lk
C ——D

are rigid maps f : 0 — 7 such that the following diagram commutes

/
O —— T

aol PT

A’_BWC'_D-

We write CG for the horizontal bicategory H(CG). It is clear that 2-cells in the bicategory
CG correspond to the morphisms of strategies described in Section 4.1.3.

Proof sketch. We have already introduced most of the necessary components, and here we
mention two final points.

First, the copycat construction is functorial, as required in a double category. More
precisely, for a vertical morphism h : A — B, there is a rigid map of event structures
€, : €4 — €p, defined to have the same action on events as h+—h: (A+ A) — (B + B).
This defines a 2-cell

A4 A
AT
B—CnB—>B

in a functorial way.
Another remaining challenge is to define the “horizontal composition” of 2-cells

A—%-B B—%>C A—T% ¢
hi s ik ki {lo lz — hi [[EoY; ll (4.2)
A’—J}/—>B/ B'jl—>Cl A'WC’/
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and proving the required coherence conditions. This is detailed in [CCRW17]. By Lemma
4.3, it is sufficient to define morphisms between strategies on +-covered configurations, so
that we may define the horizontal composition simply pointwise with

(GO @™ ©z7) = g(z") © f(27)

for all z7 € €* (o) and 27 € € (7) causally compatible. All the necessary verifications for
constructing a bicategory follow rather easily [Cla24, Theorem 6.4.11], and it is only a minor
extension to define the full double-categorical structure (see also [Paq20]). ]

4.2.4. Symmetric monoidal structure. We show that CG is a symmetric monoidal double
category. The tensor product of games A ® B extends to strategies: if o : A — A’ and
7: B+ B, then 0 ® 7 is given by

~

c@7 "2 (A-B)®(A'+B) = (A® A) - (B® B
and similarly for 2-cells. All coherence data can be defined using that the category of
event structures and maps is symmetric monoidal under &; in particular the empty game
gives the monoidal unit. There is a monoidal interchange law given by the invertible,
globular 2-cell (1©0)® (7' ©0’) = (T®7) O (0 ® ') that sends (27 ©2°)® (27 Oz ) to
(2" @z7) O (z° @z ).

Proposition 4.9. The double category CG has a symmetric monoidal structure given by
the tensor product ® of event structures, which extends to games, strategies, maps of games,
and 2-cells.

Proof sketch. The required structural vertical morphisms are rigid maps of event structures
representing the symmetry, associativity, and unit properties of the tensor product. All
axioms are verified by elementary reasoning. ]

4.2.5. Companions in CG. Not all vertical morphisms in CG admit a horizontal companion,
but all vertical isomorphisms do. The idea is as follows. For an isomorphism h: A — B
between games, the composite map
Oc
€s—A A A2 AL B
is a strategy because re-indexing along an isomorphism preserves the strategy axioms. We

call this strategy h: A — B.
In addition, there is a pair of 2-cells of type

A-h.B A—— A
I
B——B A—+> B

h
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given by the diagrams below

@AL(CB Cy —— €4
e [pes
AR A e Oy AR A
Akhi lAkh
AI—BWBI—B AI—AwAI—B

The two companion axioms are easy to verify.
Proposition 4.10. The double category CG has all companions of vertical isomorphisms.
Applying Theorem 3.8, we deduce:

Corollary 4.11. The bicategory CQG, equipped with the tensor product ® and the associated
structural data, is symmetric monoidal.

4.3. A static collapse of concurrent games. We are ready to define our first collapse
from dynamic to static semantics. Formally, we describe an oplax double functor |—| :
CG — PRRel, where oplar means that composition is not preserved: instead we have
globular 2-cells |7 ® o|| — |7| o ||| which embed the causally compatible pairs into the
matching pairs.

The image of a plain game A is the set € (A). To a strategy o : A - B, we associate

|ol(zas2m) = {a” € €% (0) | 40(a”) = wa - 25}
yielding a proof-relevant relation ||| from € (A) to €(B). To a 2-cell

A—5%— B

AT

A —— B
ag

we associate the family of functions mapping z7 € || (24, zp) to f(z7) € |o'||(h(z4), k(zB)),
for x4 € A and g € B.

Proposition 4.6 induces an isomorphism of |€ 4| with the identity proof-relevant relation.
From Proposition 4.7 we obtain a function |7 ® o| — ||7] o |o|. This is non-invertible in
general, because some matching pairs are not causally compatible (see Figure 1).

Finally, there is a bijection |A® B| = |A| ® | B| for games A and B, which extends to
an isomorphism of proof-relevant relations |0 ® 7| = |o|| ® ||7|, and a similar situation on
2-cells. Overall the double functor (strongly) preserves the symmetric monoidal structure.

Theorem 4.12. This data determines a monoidal oplaz double functor |—| : CG — PRRel.

We omit the proof, as the theorem is a special case of the more elaborate version to come,
which includes symmetries. Note that, although this involves a lot of algebraic data, we
emphasize that it would be incomparably harder to establish a similar result directly at the
bicategorical level. (We discuss a lifting of this theorem to the respective bicategories in
Section 6.2, when required for our applications in semantics.)
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In summary, we can regard CG as a dynamic version of PRRel, where the witnesses
in PRRel are reached over time and composition is sensitive to deadlocks.

5. ACCOMMODATING SYMMETRY

In this section, we look at a model of concurrent games enriched with symmetry, known
as thin concurrent games [CCW19]. We start by explaining the basics of event structures
with symmetry and thin concurrent games (Section 5.1). Then we explain how strategies
in thin concurrent games can be viewed as distributors (Section 5.2). We then define the
double category TCG (Section 5.3) and construct a monoidal oplax functor TCG — Dist
(Section 5.4). Finally we discuss the exponential modality (Section 5.5).

5.1. Symmetry and thin concurrent games. Recall that we went from PRRel to Dist
by replacing sets with groupoids. We now go from CG to TCG by replacing the set of
configurations %' (A) with a groupoid of configurations .#(A) whose morphisms are chosen
bijections called symmetries, that behave well with respect to the causal order.

5.1.1. Event structures with symmetry. Our model is based on the following notion of event
structure with symmetry [Win07]:

Definition 5.1. An isomorphism family on es FE is a groupoid . (F) having as objects
all configurations, and as morphisms certain bijections between configurations, satisfying:

restriction: for all §: 2z ~ye S (F) and z 2 2’ € €(F),
there is § 2 ¢’ € #(E) such that 6" : 2’ ~ y/.

extension: forall0:x ~ye S (FE), x <2’ € €(F),
there is § < ¢’ € #(E) such that 0" : 2’ ~ y/.

We call (E,.(E)) an event structure with symmetry (ess).

We refer to morphisms in .(F) as symmetries, and write 0 : x ~p y if 0 : x ~ y with
0 € S (F). The domain dom(f) of 0 : x =g y is z, and likewise its codomain cod(f) is y.
A map of ess E — F'is a map of event structures that preserves symmetry: the bijection

def f;l

1o = fx
is in . (F) for every 6 : x =g y (recall that f restricted to any y is bijective). This makes
f:S(E) — Z(F) a functor of groupoids.

We can define a 2-category ESS of ess, maps of ess, and natural transformations between
the induced functors. For f,g: F — F such a natural transformation is necessarily unique
[Win07], and corresponds to the fact that for every x € € (F) the composite bijection

1 !

x y = fy,

—1
fz N z £ gx

via local injectivity of f and g, is in .(F'). So this is an equivalence, denoted f ~ g.
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5.1.2. Thin games. We define games with symmetry. To match the polarized structure, a
game is an ess with two sub-symmetries, one for each player (see e.g. [Mel03,CCW19,Paq22]).

Definition 5.2. A thin concurrent game (tcg) is a game A with isomorphism families
S (A), S+(A), S_(A) st. S (A), S (A) < S (A), symmetries preserve polarity, and

(1) if e .S (A)n.S_(A), then 6 = id, for = € € (A),
(2) if0e.s_(A),0 < 0 e.S(A), then 0 € /_(A),
(3) ifbe. SL(A), 0t 0 e S(A), then 0' € .7, (A),

where 6 <P 0 is § < 0’ with (pairs of ) events of polarity p.

Elements of .74 (A) (resp. .#_(A)) are called positive (resp. negative); they intuitively
correspond to symmetries carried by positive (resp. negative) moves, and thus introduced
by Player (resp. Opponent). We write 6 : =7 y (resp. 0 : x =7 y) if € /_(A) (resp.
0e S (A)).

Each symmetry has a unique positive-negative factorization [Cla24, Lemma 7.1.18]:

Lemma 5.3. For A a tcg and 0 : x =4 z, there are unique y € €(A), 60— : x =, y and
9+:y;zz st.0=0,00_.

We extend with symmetry the basic constructions on games: the dual A+ has the same
symmetries as A, but .7, (A1) = .7_(A) and .¥_(A') = .7, (A); the tensor A; ® Ay has
symmetries of the form 6; ® 02 : 1 @ 2 = 4,04, Y1 ® y2, Where each 0; : z; =4, y;, and
similarly for positive and negative symmetries; the hom A - B is At ® B.

5.1.3. Thin strategies. We now define strategies on thin concurrent games:

Definition 5.4. Consider A a tcg. A strategy on A, written o : A, is an ess o equipped
with a morphism of ess 0, : ¢ — A forming a strategy in the sense of Definition 4.2, and
such that:

(1) if0e S(0),0,0 -4 (a—,b"), there are unique 0 -, (s,t) s.t. 0ys = a and d,t = b.
(2) ifl:z=,y,0,0 € S (A), then x =y and 0 = id,.

As before, a strategy from A to B is a strategy on 0 : A — B.

The first condition forces o to acknowledge Opponent symmetries in A; the notation
0 4 (a,b) means (a,b) ¢ 0 and 0 U {(a,b)} € S (A). The second condition is thinness: it
means that any non-identity symmetry in the strategy must originate from Opponent.

5.1.4. Comparison with the “saturated” approach. The “thin” approach is only one possible
way of adding symmetry to games. Other models (e.g. [BDER97a, CCW14,Mel19]) follow a
different approach, where strategies satisfy a saturation condition.

We explain the difference in the language of concurrent games. Consider a strategy
o : A on a tcg, in the sense of Definition 5.4 without conditions (1) and (2). The saturation
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condition [CCW14] corresponds to a fibration property of the functor 0, : (o) — .7 (A):
for x € € (o) and ¢ : O, =4 y, there is a unique ¢ : x =, z such that d,p = ¥:

(o) z L5 2
| I (5.1)
S (A) 0o —

In contrast, thin strategies satisfy a different lifting property: a unique lifting exists, up
to a positive symmetry [Cla24, Lemma 7.2.6]:

Lemma 5.5. Let o : A be a strategy as in Definition 5.4. For all x € € (o) and 1) : 0oz =4 y,
there are unique ¢ : x =, z and 07 : 0,z ;jg y such that 0% o 0,0 = 1):

7 (o) X -------- L >z
ol ] e ]
y(Al) 8030 T> Yy <*é;** ﬁgz

Sketch. Existence is proved first for ¢ positive, by induction on z using condition (1) of
Definition 5.4 and properties of isomorphism families; and then generalized to arbitrary 2.
Uniqueness follows from condition (2) of Definition 5.4. ]

Below, we will use this to construct a distributor from a thin strategy. We note that
saturated strategies are closer to distributors, because the saturation property (5.1) directly
induces a functorial action of the groupoid . (A). However, saturated strategies are more
difficult to understand operationally, and have not achieved the precision of thin strategies
for languages with state, concurrency, or non-determinism [CC24, Cla24].

5.2. From strategies to distributors. For tcgs A and B, we show how to construct
|lo| : L (A)P x .¥(B) — Set

a distributor from a strategy o : A — B. The key idea is to use witnesses “up to positive
symmetry” and use the lifting property in Lemma 5.5.

For z4 € ¥ (A) and zp € € (B) we define the set of positive witnesses of (x4, zp),
written |o|(z4,2p), as the set of all triples (6,27, 60%) such that 27 € € " (o) and

0y xa= 2% 05 : 25=fap
are positive symmetries on A+ and B. The groupoid actions of A and B on this set are
determined by the uniqueness result:

Proposition 5.6. Consider (6,z7,0%) € |o|(za,25).
For each Q4 : ya =4 x4 and Qp : xp =p yp, there are unique ¢ : x° =, y° and

V41 YA =4 Y%, 19;5 A ;E yp such that the following two diagrams commute:

O 0%
T4 — 2% 5 ——
A A B B
QAT \L%ﬂ s i lQB
YA ——= Y4 Yp ——>=YB

U4 U5



Vol. 21:4  FROM THIN CONCURRENT GAMES TO GENERALIZED SPECIES OF STRUCTURES  12:23

Proof. Ezistence by Lem. 5.5, uniqueness by (2) of Definition 5.4. (]

Thus we may set o] (24,Q5)(0,27,05) as the positive witness (97,7, 9%) above.
This immediately gives us a distributor:

Proposition 5.7. We have |o| : #(A)°P x .¥(B) — Set.

5.3. The double category of thin concurrent games. We now define the double category
TCG of thin concurrent games. We have already defined the objects (tcgs, Definition 5.2)
and the horizontal morphisms (thin strategies, Definition 5.4), so it remains to define the
vertical morphisms and 2-cells, and appropriate compositions and identities.

5.3.1. Vertical morphisms: maps between tcgs. Recall that in CG the vertical morphisms
between games are rigid maps of event structures preserving the polarity of moves. Here we
define maps of tcgs A — B to be rigid maps of event structures with symmetry, preserving
the polarity of moves, and preserving the polarity of symmetry bijections.

5.3.2. 2-cells: morphisms of strategies. We now define generalized morphisms between
strategies. The 2-cells of TCG are more liberal than those in CG, because there should be
an isomorphism between two strategies which play symmetric — rather than equal — moves.
Recall the 2-dimensional structure in ESS, given by the equivalence relation ~ on morphisms
(Section 5.1.1). For two maps f,g : E — A into a tcg, we write f ~T g if f ~ g and for
every x € € (F) the symmetry obtained as the composition

-1
foo '~ e & ge,
witnessing f ~ ¢ for x, is positive.

Definition 5.8. Let 0 : A+ B and 7 : C' + D be thin strategies, and let h : A — C and
k: B — D be maps of tcgs. A positive morphism of strategies of type

A—%- B
hl Ur lk
C —4— D

is a rigid map of ess f : 0 — 7 s.t. the following diagram commutes up to positive symmetry:

/
o —— T

601 ~t iaT

AI—BTHC)CI—D.

i.e. Orof~T (htk)od,.
As a convention, if f is a 2-cell as above, for 27 € €' (o) we write
fla] s (b= k) (Qoa”) =4 07 (f 27)

for the positive symmetry witnessing this.
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5.3.3. Composition and identity. The composition of thin strategies o : A — B and 7 :
B + C is obtained by equipping 7 ® o (Proposition 4.7) with an adequate isomorphism
family. If .* (o) is the restriction of (o) to +-covered configurations, then we can write
CC(S"(0),. 7T (1)) for the pairs (¢7, ") of symmetries which are matching, i.e. % = ¢j
and whose domain (and necessarily, codomain) are causally compatible.

Proposition 5.9. Consider 0 : A+ B and 7 : B+ C thin strategies.
There is a unique symmetry on T ® o with a bijection commuting with dom and cod

(—O—-):CC(L (o), ST(1)) ~ ST (tO0)
and compatible with display maps, i.e. (7 © ¢7)a = ¢ and (¢ © ¢7)c = f-
Proof. This follows from [Cla24, Proposition 7.3.1]. ]

Most of the effort in organizing these components into a double category is due to the
difficulty of composing 2-cells horizontally. Suppose we have a pair of 2-cells f and g as in
(4.2), but where all components now have symmetry. Explicitly we have

o—1 L5 r—9
an, o+ laol 6Tl ot la_r/
/ / / /

and we must define an appropriate map ¢gO f : 7®Q0o — 7 ©O0’.

Recall (from the discussion following Theorem 4.8) that in the analogous situation in
CG, g0 f: 700 = 7 ©®c was characterized by (¢ ® f)(z" ®27) = g(z™) ® f(z7). In
TCG this simple description is no longer possible, as we may not have a matching situation
f(x?) g = g(z") pr. Instead, these two configurations are matching up to a symmetry

019 - fa)p =g gaT)

obtained as 05;9’ o = g2 ] o f[27] 5. Fortunately, interaction of thin strategies supports

a notion of synchronization up to symmetry [Cla24, Proposition 7.4.4]:

Proposition 5.10. Consider 27 € €7 (0),0 : 2§ =p 2,27 € €7 (1) causally compatible,
i.e. the relation <1 induced on the graph of the composite bijection
o T (?,,er o o T z‘;‘HGHzTC o T T xi”@;l o T
7 |z =2y g e "= T2y a2 T 2|

by <s|c and <y|r as in Section 4.2.2, is acyclic — we also say the composite bijection is
secured.

Then, there are unique y™ @ y° € €7 (1 © o) with symmetries ¢’ : 27 =, y° and
o s aT = y7, such that 9% € S_(A) and o7 € L1 (C), and v o8 = ©F.

In that case, we write y” ©y° = 27 Op 2°. With that notation, there is a unique positive
morphism gO f: 7O = 7' Q0 st. (9O f)(27 ©27) = g(27) Opre _ f(27). This serves as

]

a definition of the horizontal composition of 2-cells, see [Paq20] or [Cla24, Theorem 7.4.13].
Finally, for the identity horizontal morphism in TCG, we equip the copycat strategy
€y : A+ A (Proposition 4.6) with the unique symmetry that has an iso

(C(_) : y(A) >~ y+(@A)
commuting with dom and cod, such that d¢ ,(€) = 0 - 6.
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The tensor product &® of tcgs extends to a symmetric monoidal structure. We omit all of
the details, as the situation is completely analogous to that in CG, using that the symmetry
is always handled componentwise in a tensor product of games. The following proposition
assembles all of the structure defined in this section.

Proposition 5.11. There is a symmetric monoidal double category TCG, and a symmetric
monoidal embedding CG — TCG.

Thus we have extended our basic model CG with symmetries. The new model supports
an exponential modality, which we discuss in Section 5.5.

5.4. An oplax functor TCG — Dist. We now give the components of an oplax double
functor TCG — Dist. We have already explained the action on objects and horizontal
morphisms, by mapping every strategy to a distributor (Section 5.2). We turn to the action
on vertical morphisms and 2-cells.

5.4.1. From maps of tcgs to functors of groupoids. If A and B are tcgs, and [ : A - B
is a map preserving symmetries, then the action of [ on configurations and symmetries
determines a functor ||| : /(A) — .7 (B).

5.4.2. From positive morphisms to natural transformations. We must show that a 2-cell in
TCG, say f in the diagram below,

AI—BWC’r—D

determines a natural transformation of distributors ||o (x4, z5) = |7|(h(x4), k(xp)). Its
components are the functions
[ fleaes = lol(za,xB) — [7[(h(za), k(xB))
(07,27,0%) — (0% 0h(0y), f(a7),k(05) 005 ")
for x4 € €(A) and xp € €(B), where 0% : h(z9) = f(z7)c and 6% : k(2F) =}, f(27)p
are determined by the commutative diagram above, by definition of ~T (see Section 5.3).
This is natural, as an application of Proposition 5.6.

5.4.3. The unitor and compositor. To complete the construction of the double functor |—|[,
we must define appropriate globular 2-cells. This double functor will be oplax normal,
meaning that there are invertible unitors and non-invertible compositors. We define these
in the next two propositions.

Proposition 5.12. Consider A a tcg. Then, there is a natural iso
pid? : 4| S F(A)[—, —] : L (A)® x .#(A) — Set .

Proof. Consider (07, c,,0") € |ea(z,y), with 67 : x = z and 67 : z = y. We set
pidA(H_, €,,0") = 01 0 0; naturality and invertibility follow from Lemma 5.3. []

Likewise, for two strategies 0 : A~ B and 7: B I+ C, we have a compositor as follows.
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Proposition 5.13. For any o : A+ B and 7 : B+ C, there is a natural transformation:
pcomp”” : [T O ol = || e o] : L (A)? x #(C) — Set.

Proof. Consider (0,27 ® 27,0%) € |7 ® o|(za,z¢); this is sent by pcompZ| ., to (the
equivalence class for the equivalence ~ originating for the coend formula (2.3) of) the pair

((9;17'%'0’1(1933)’ (idzs’wTveg’)) € (“7—“ i HUH)($A7$C>

for 4 = o5 = vp, exploiting that 7 and x7 are matching.
We must show that the function pcomp®” (x4, z¢) : |[TO0|(za,xc) — (|| e|lo|)(xa, zc)
is natural in 24, zc. Consider w™®7 € |7 ® o|(z4, 7¢), written as

= (¢27$T®$0’,¢g’)7
hence with pcomp(w™®?) = (W, w”) where w’ = (¥y,27,idge) and W™ = (idxg,xT,wg).

Now consider 4 : ya =4 x4,0c : xc =c yc, then by definition of - - w™®7 - 04, it must
be given as (vy,y” @y, v}) as in the bottom of the following diagram:

— ¢+

xAJ>azi TG = T = I x@éxc

agli WZJ/ WJB [ WBi WE lﬁc
o o _ _ T T
YA —> Y4 YB YyB Yp Yo —7 Yo
Va ve
for 7 : 2% =, y° and " : 7 =, y". But it also follows

— . . +
WU~9A=(VA,yU,1dy%), GC-WTz(ldyrB,yT,uc)

by definition of these functorial actions, so that
pcomp(fc - w7 - 64) = (W7 - 04, 0c - W)
as required for the naturality of pcomp?7. ]
Next, we must additionally prove that pcomp?” is natural in ¢ and 7:

Lemma 5.14 (Naturality of pcomp?7). For any pair of 2-cells of the form

A—9%— B B—*F—C

hl Uf J/k kl Ug ll

Al 7 Bl B/ + Cl
the following equation holds:

I peompe™ ] Jsost |
H Il gy 14 yH = S(A) — o — F(C)

HhM W iuku Yol Mln H breomer |

L) gy LB oy 2 () A) iy (B oy 7 (),
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Proof. Consider w7 = (6,z" ©z7,0}) € [t © o[ (x4, zc). We know that
U'Of~+ (hkk)aﬂ'a
which unfolds to mean that for each 7 € ¥ (o), the composite bijection

(h-B)@ea®) " 02 & o L @) X au(f)

is a positive symmetry in A’ = B’. In other words, there is a negative symmetry f[z7]a/
and a positive symmetry f[x7]p such that the following diagram commutes:

2 —— 2 po g — MR B(29) - k()
f lf[m"]A/I—f[a:"]B/
f(z?) [ a b f(2%)p

0,

and we have an analogous symmetry induced by the 2-cell g. By Proposition 5.10, there are
unique go"/, goT/ and 9, 1925, s.t.

f[x"] ’ f[ G]_ll g[ac ] / Q[ZT]_/I
h(2%) —="f(27) ar f@)pr —=k(zp) —g(z7) p g(@")or —= (a7
h(HZ)T l‘ﬁzl/ l@%l/ lﬁoTB{/ l@g/ Tl(eg)
h(za) —y% Vo= up = Y Yo —— l(z0)
19A, ’190,

commutes (the line on the top is secured since f, g are rigid); and by definition g ® f :
T®o — 7' O is the unique map such that (¢ ® f)(z™ ©® %) = yT’ ) y"/. Thus

peomp” ™ o g O fl(W) = (95,47, id), (id, 57, 9E))
Now, likewise, we have
1105, 2% idag) = (f[27)ar 0 h(8), F(27), f[27]57)
lgll(ideg,,27,68) = (9laT]pr, g(a7), U(6E) © g[27]5r)
but by the diagram above, writing © g = (pUBI, of[x]p = gog, oglx™] pr, we have the equalities
(v idy,) = Opr - (fle%]ar 0 h(Oy), F(a). fl27] )
(idyp ™ 95) - O = (gla"), 9(a™), 1(63) o glaT]C)
so that we may now compute
(03,97 1), (id, ™, 95,))
(©p - (f [:c Jar o B8, f(2), fla7]50), (id,y™, 9))
(f[27T © h(B5), f(2%), 12150, (id.y™ . 05) - Opr)
(7L 0 h(87), F (=), fla]51): (g[27]mr, 9 (7). U(OE) 0 gl2T]cr))

¢

as required to establish the desired commutation. L]
Equipped with the above data, the operation |—| is oplax-functorial:
Theorem 5.15. The operation |—|| : TCG — Dist defines a symmetric monoidal, oplax

double functor.
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Proof. There are three coherence diagrams to check for functoriality, involving only globular
2-cells. The preservation of the associator is straightforward. For the preservation of the
unitor, we establish that the diagram of globular 2-cells

Po

les©a]

Pcompl TPU

les| o |o| ——idp e o]
pide o]

commutes for any o : A - B. For this, consider w = (8, €22 ©17,0}) € |[€ep O o (xa,zp).
We have pcomp(w) = ((0;,27,id), (id, €5, 03)), sent by pid e |0 to ((6;,27,id),8};). Now
((05,27,1d),0%) = ((05,27,1d),ids, - 6F)
(0% - (04,27, idse, ), ids )
((927x079§)7id$3)

~

satisfying p((0,2°,0%),idsy,) = (04,27,0%) as required. The other coherence diagram for
the unitor is symmetric.

We must additionally show that the double functor has a symmetric monoidal structure.
All the necessary data is defined in the obvious way: we have a vertical transformation
consisting of vertical isomorphisms

lAl®[B| = |A® B
and invertible 2-cells
lAle 18] Y 1) 0B
zl J lg
lA® B] 2L |4 @ B

as well as a vertical isomorphism I = |I|| (we use the same I for monoidal units in different
categories) and an invertible 2-cell

id;

1 1
e |
Ml

These must satisfy a small number of coherence axioms (see [GGV24, Def. 5.1]), which are
all immediately verified. L]

At this point, we have defined an oplax double functor preserving the monoidal structure
appropriately. This is not a pseudo double functor: in general, the compositor 2-cell is
not invertible, as witnessed in the example of Figure 1. We will address this below in §6,
by specializing the games and strategies we consider to ensure that no deadlock arises.
Before that, we discuss another orthogonal issue: the collapse above does not preserve the
exponential modality !.
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5.5. Difficulties with the exponential modality. First, we recall how to construct an
exponential modality on TCG.

5.5.1. An exponential modality in polarized TCG. For an ess F, the ess |F is an infinitary
symmetric tensor product, where the elements of the indexing set are called copy indices:

Definition 5.16. Consider E an ess. Then !E has: events, ||E| = N x |E|; causality and
conflict inherited transparently. The isomorphism family . (!E) comprises all bijections

0 : |lien i >~ |lien ¥i

between configurations such that there is a bijection 7 : N ~ N and for every i € N, a
symmetry 0; : ¥; =4 Yr(;), such that for every (j,a) € [!E|, we have 0(j,a) = (7(j),0;(a)).

To extend this to tcgs, we must treat separately the positive and negative symmetries.
We explained earlier that intuitively, symmetries that only change the copy indices of negative
moves should be negative, and likewise for positive moves — but this naive definition does
not yield a tcg in general [CCW19]. To obtain a sensible extension of ! to tcgs, we must
restrict to a polarized setting in which tcgs are negative, meaning that all minimal events
are negative. For a negative tcg A, a symmetry 6 € . (A) is in the sub-family . (1A) if
each 6; in Definition 5.16 is negative in .¥’(A), whereas 0 is in .7, (1A4) if each 0; is in .7, (A)
and additionally m is the identity bijection. This extends to a horizontal double comonad on
the sub-double-category TCG™ of negative tcgs — this is detailed for instance in [Paq20].

5.5.2. Our functor does not preserve the modality. However, in this paper we shall not adopt
that exact construction, because that exponential modality ! on TCG™ is not preserved by
the oplax functor of Theorem 5.15. We illustrate with an example:

Example 5.17. Consider I the empty tcg.
Then, the two groupoids .7 (!I) and Sym(.#(I)) are not equivalent in general. Indeed,
I1 is still empty so that .(!I) is a singleton groupoid. In contrast, Sym(.#(I)) includes

G, 8D, DD,
i.e. countably many non-isomorphic objects.

Intuitively, the relational model and its relatives such as Dist record how many times
we “do nothing”, whereas TCG only records when we do something. Thus, although one
can construct a cartesian closed Kleisli bicategory from the restriction of TCG to negative
games [Paq20], the functor |—| will not preserve cartesian closed structure.

We shall resolve this in §7 by adopting a notion of games where not all configurations
are considered “valid” and correspond to a point of the web in the relational model. Before
we do that, let us address the oplax aspect of our collapse.
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6. VISIBLE STRATEGIES AND A PSEUDOFUNCTOR

A fundamental difference between dynamic and static models is the ability for dynamic
models to detect deadlocks, via the causal nature of strategies. This situation is encapsulated
in the “oplax-ness” of the double functor ||—| : TCG — Dist. In this section, we show
how to restrict the games and strategies so that deadlocks never occur, which resolves the
mismatch and gives a pseudo double functor, that preserves composition up to iso. To
perform this restriction, we import from [Cla24] the mechanism of wisibility. This gives a
new double category Vis. In this new setting, the symmetric monoidal oplax double functor
of Theorem 5.15 becomes a symmetric monoidal pseudo double functor Vis — Dist. The
restriction to Vis is significant, e.g. the game model of mutable state [CC24, Cla24] is no
longer included, but we retain a model of the A-calculus.

6.1. The double category Vis. We first introduce the restricted double category Vis.

Games and strategies in TCG are very general, and mostly independent of the specific
computational paradigms they represent. In contrast, in Vis, all games are close to those
obtained by the interpretation of simple types, and strategies are somewhat close to those
needed to model A-terms. (We do have a bit more: for instance, Vis supports pure parallel
higher-order computation [CCW15].)

6.1.1. Arenas. The objects of our refined model are called arenas. Arenas narrow down the
causal structure to an alternating forest, required for the definition of visible strategies.

Definition 6.1. An arena is a tcg A such that
(1) if a1,a2 <4 az then a; <4 ag or ag <4 ay,
(2) if a1 —4 ag, then pol,(a1) # poly(as).
Moreover, A is called a —-arena if A is negative as a tcg.
The dual, tensor and hom operations on tcgs preserve arenas.

A key consequence of this definition is that any non-minimal a € A has a unique causal
predecessor, called its justifier, and denoted j(a) € A with j(a) —4 a.

6.1.2. Visible strategies. Visibility captures a property of purely-functional parallel programs,
in which threads may fork and join but each should be a well-formed stand-alone sequential
execution. In an event structure F, a thread is formalized as a grounded causal chain
(gcc), i.e. a finite set p =¢ |E| on which <g is a total order, forming a sequence

pPL—>E ... —E Pn

where p; is minimal in E. We write gcc(F) for the set of gees. A gee need not be a
configuration (although it will always be if the strategy interprets a sequential program). A
strategy is wisible if gces only reach valid states of the arena:

Definition 6.2 [CCW15,Cla24]. Consider A an arena. Then o : A is visible if it is:

pointed: for any s € o, there is a unique init(s) <, s minimal in o, which is negative,
valid-gees:  for all p € gee(o), d5(p) € € (A).
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A key consequence of this definition is that it equips all non-initial moves of o with a justifier,
analogously to Hyland-Ong games: if s € o is such that 0, s is non-initial, then j(s) is the
(unique) s' € o such that 0, s’ —4 0y s; if 0, s is initial but positive, we set j(s) = init(s).
Then, vistbility entails the following fact: for any gcc in ¢ of the form

p=pL—E...—~E Py,
the justifier j(p;") of p; must appear in p — this is clearly analogous to the notion of visibility

from Hyland-Ong games [HOO00], explaining the terminology. The key property of visible
strategies for us here is that their composition is always deadlock-free [Cla24, Lemma 10.4.8]:

Lemma 6.3. Consider A,B,C —-arenas, 0 : A+ B and 7 : B — C wvisible strategies,
27 € € (o) and =7 € € (1) with a symmetry 0 : 2§ =p ;.
Then, x7,0,x7 are causally compatible in the sense of Proposition 5.10.

Copycat strategies on —-arenas are visible, and visible strategies are closed under composition
[Cla24], so we may consider the sub-double-category of TCG over the —-arenas and the
visible strategies, containing all vertical morphisms and 2-cells between them. We call this
double category Vis, and as usual we set Vis = H(Vis), the bicategory of —-arenas, visible
strategies, and (globular) positive morphisms.

6.1.3. A pseudo double functor. By restriction of the components from Theorem 5.15, we
have an oplax double functor
|- : Vis — Dist.
This is actually a pseudo double functor, in that the compositor is invertible:
Theorem 6.4. We have a pseudo double functor |—| : Vis — Dist.

Proof. We must show that for all x4 € € (A) and z¢ € €(C), pcomp”™ (x4, z¢) is a bijection.
For surjectivity, consider
w? = (04,27,05) € |of(za,zp)

T

wh = (05,27,05) € |7|(zB,2c)
composable witnesses. By Lemma 6.3, (27,05 06;5,, x7) is causally compatible. By Proposition
5.10, there are unique y” ©y° € € (T © o) along with ¢7, 7,9, 95 such that:

(o) g 0; GE T T
0= .@A xB*)J}BHxB xc 9+

A \C
TA Jwi Jw"g JWB %J Tc

9, e

YA Yp = YB = Yp Yo
which, writing ©p = ¢% 0 05" = ¢T, 0 05, entails
Vo= (93,9°%,idy,) = Op-(04,27,05)
vio= (idyB,yT,ﬂg) = (GE,xT,Gg) -Op
so (V7,v7) = (©p -w7,v") ~ (W,v7 - Op) = (w?,w"). Now (v?,v") = pcomp”™ (¥, y" ®
y?,95), showing surjectivity.
Now, for injectivity, consider two witnesses

(04,27 ©a%,00) € [rOQof(zazc), (949" Oy, 05) €rOaf(za,zo),
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s.t. pcomp(0, 2" ©17,0%) ~ pcomp(¥,,y" @ y?, VL), i.e., there are components such that
((04,27,id), (id,27,64)) = ((04,27,id), (id,y",95) - ©p)
((94,97,1d), (id,y". 95)) = (Op - (0;,27,id), (id, y",9¢))

which by definition of the functorial action, means that

g g — T T
o *a Tp T IB T Ip  To gy

TA lw% lw% @‘B wgt %l TC
~ i -
A YA Y=Y =Yp Yo ©
commutes for some ¢ : 2% =, y° and Y7 : 27 =, y". So

(p’T @ SOO' : :CT @ xO’ ;TQU yT @ yO'

has a positive display, hence is an identity symmetry by condition (2) of Definition 5.4 —
thus from the diagram, (6,z" ©27,6%) = (9, y” ©y7,9%) as needed to conclude. ]

6.2. Symmetric monoidal structure. Visible strategies are closed under the tensor
product ®, and so the symmetric monoidal structure in TCG restricts to Vis. Since all
components restrict, we deduce that ||—|| : Vis — Dist is a symmetric monoidal (pseudo)
double functor.

Applying Theorem 3.8, we obtain a symmetric monoidal pseudofunctor between the
induced horizontal bicategories.

Theorem 6.5. The horizontal restriction of the collapse double functor |—| is a symmetric
monoidal pseudofunctor of bicategories |—|| : Vis — TCG.

We emphasize that this theorem makes essential use of the double categorical aspects,
which makes the 2-dimensional symmetric monoidal structure manageable. Now that this
is established, we can focus directly on the bicategorical structure, as we move towards
applications in the semantics of the A-calculus.

7. A CARTESIAN CLOSED PSEUDOFUNCTOR

The paper until this point has focused on the preservation of symmetric monoidal structure
by our collapse functor. In this section we add further structure to Vis to ensure the
preservation of the exponential modality, so that our collapse lifts to the Kleisli bicategory;
we then show that the corresponding pseudofunctor is cartesian closed. This development is
mostly independent from the preservation of the linear monoidal structure detailed above;
mainly by lack of a mature bicategorical theory of models of linear logic.

To ensure preservation of the exponential modality, we must first address the mismatch
identified in Section 5.5. We shall do that now, by introducing a mechanism that identifies
those positions in games that correspond to points of the relational model.
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®[-1 0 1 B|-1 0 1
—1/-1 -1 -1 —1[-1 -1/
0|-1 0 1 0|-1 0 1
1|-1 1 1 11 1 1

Figure 2: Payoff tables for operations on arenas, with A% B = (A+ ® B1)*.

7.1. Payoff and winning. The additional mechanism we import here is inspired from
Mellies [Mel05]; see also the detailed construction in [Cla24]. As mentioned above, it helps
in ignoring intermediate configurations arising in games which are not complete, i.e. they do
not correspond to a valid state in relational models. In addition, this mechanism makes the
ambient games model linear rather than affine; it forces strategies to explore all available
resources, solving another mismatch between games and relational models.

7.1.1. The bicategory Wis. Here we construct a new bicategory of games and strategies,
integrating both mechanisms of visibility and winning.

Games with payoff. Our new notion of game is that of a board:

Definition 7.1. A board is an arena A along with k4 : €(A4) — {—1,0,+1} a payoff
function, such that this data satisfies the following conditions:

invariant: for all 6 : x =4 y, we have k4(z) = ka(y),
race-free: for all a ~~4 a’, we have pol4(a) = poly(a’),

where a ~~4 @’ means an immediate conflict, i.e. a # 4 &’ and it is not inherited.
A —-board is additionally negative as an arena, and must also satisfy:

initialized: k() = 0.

Finally, a —-board A is strict if k4(f) = 1 and all its initial moves are in pairwise conflict.
It is well-opened if it is strict with exactly one initial move.

The function x4 assigns a value to each configuration. Configurations with payoff 0 are
called complete: they correspond to terminated executions, which have reached an adequate
stopping point where all calls have adequately returned — we write ¢°(A) for the set of
complete configurations on A. Otherwise, k4 assigns a responsibility for non-completeness.

If k4(xz) = —1 then Player is responsible, otherwise it is Opponent.
The earlier constructions on arenas specialize into constructions on boards. If A is
a board, then the dual Al has payoff k4. = —k4. If A and B are boards, then we

set the tensor (resp. the par) as having as underlying arena the tensor, and payoff
kaeB(xAa®xp) = ka(xa) ®kp(zp) (resp. kanp(ra®zp) = ka(ra) D kp(zp)), using the
operations on payoff defined in Figure 2. If A, B are —-boards, then the hom-board is
defined as A - B = A X B, i.e. with ka B = k1 (24) D sp(2B).
Note that by definition of payoff, the order-isomorphism of (4.1) refines to bijections:
—®—- : €Y%A) xEB) ¢ (A® B), (7.1)
—%— : (A xEB) = €°(ABB). (7.2)

lle
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Winning strategies. We turn to strategies. The payoff is taken into account in the
definition, as follows:

Definition 7.2. Consider A a board, and o : A a visible strategy.
We say that o is winning if for all 7 € € ¥ (o), we have k4(d, 27) = 0.

It is rather easy to show that copycat strategies are winning, and that winning strategies
are stable under composition [Cla24, Proposition 8.2.15]. Thus we obtain a bicategory Wis
with objects the —-boards, morphisms from A to B the winning strategies on A - B, and
2-cells the positive morphisms.

7.1.2. Adjusting the pseudofunctor. We now show how to adjust the pseudofunctor of
Section 6.1.3 to account for the new structure we have just introduced.

Firstly, as before, to each —-board A we shall associate a groupoid. However, it shall not
be the groupoid .#(A) of symmetries between all configurations as before, instead we set
|A| as the groupoid ¥(A) having as objects the set ¥°(A) of configurations of null payoff,
with morphisms from x4 to ya still comprising all the symmetries in A.

The same definition as in Section 5.2 now yields a distributor

lofl = [AJ* < | B — Set

with those restricted groupoids — we keep the same definition for |o||, which should cause no
confusion as this notation shall remain fixed until the end of the paper. As before, we have:

Theorem 7.3. We have |—| : Wis — Dist a pseudofunctor.

Proof. The new definition of ¢4(A) imposes only one new proof obligation, namely that for
0:AF B, 7:BFC,z4€%(A) and z¢c € 4(B), then

pcomp . [T O of(za,20) = (7] o |of) (24, 20)

as defined in the proof of Proposition 5.13, is still well-defined. Indeed, it sends a witness
(04,27 ©27,05) € [T ©0o(za,zc) to (the equivalence class of) the pair

(04,27, ids,), (ida, 27, 05)) € (I7] @ o]} (4, )

for x5 = 2 = xp, exploiting that 2? and 27 are matching; but this assumes that
(04,27,ids,) € |o|(za,zp) and (ids,, 27, 67) € |7|(zp, z¢), which only makes sense pro-
vided zp has null payoff (and thus lies in | B|). Thus seeking a contradiction, assume that
kp(zp) = 1. But then kgixc(0;(27)) = =10 = —1, which is impossible since 7 € €7 (7)
and 7 is winning. Symmetrically if kp(zp) = —1 then this contradicts that ¢ is winning
since 27 € €7 (o). Hence, kp(zp) = 0 as required.

The other components of the pseudofunctor remain unchanged. []

But we are not just interested in Wis and Dist: we need a pseudofunctor relating the
Kleisli bicategories for the corresponding exponential modalities in the two models.

7.2. The exponential modality on Wis. First, we detail the construction of the expo-
nential modality on Wis (written !), along with its algebraic structure.
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7.2.1. The exponential modality for boards. The construction of ! A as a countable symmetric
tensor of copies of A (Section 5.5) can be extended to —boards. Note that any configuration
of 1A has a representation as ||;er z; for I ¢ N, and this representation is unique if we insist
that every z; is non-empty. Using that, we set (all z; below are non-empty):

kia @ C(A) — {-1,0,+1}
||ieI x; ®ie["’€A($i)

that is well-defined because ® is associative on {—1,0,+1}. If A is a —board, then this
results in a —-board; but !A is never strict, even if A is strict.

7.2.2. Strict boards. To precisely capture the relationship between ! and Sym we use strict
boards (Def. 6.1), where (7 has payoff 1 and is not considered complete. Indeed, the situation
with the empty configuration was at the heart of the issue in Section 5.5.2. We now state the
following key property: for strict boards, the two constructions Sym and ! are equivalent.

Proposition 7.4. Consider a strict board A. There is an adjoint equivalence of categories:
L'y : Sym(%(A)) ~ 94 ('A) : RY.

Proof. We first show that we can identify the objects of ¢(!A) with families (z;)ier of
objects of 4 (A), where I is a finite subset of natural numbers. We observed above that any
configuration = € €'(!A) can be uniquely written as « =||;e; ; where I =¢ N, and z; € € (A)
is non-empty for all i € I; yielding a family (z;);er. In addition, as kj4(x) = 0, by definition
of the tensor on payoff values we must have r4(x;) = 0 for every i € I, i.e. x; € 4(A). This
representation of x € 4 (1A) as a family (z;)es is clearly injective. Surjectivity boils down to
the fact that each x; is non-empty, which follows from k4 (x;) = 0 since A is strict.

Thus, from right to left, R!A sends (z;);er to the sequence x;, ...x;, for I = {i1,... in}
sorted in increasing order. From left to right, LLl sends 7 ... Ty t0 (T4)ie(1...n}- L]

Although this equivalence only holds for strict arenas, it shall suffice for our purposes.
From now on, we use implicitly and without further mention the representation of
complete configurations of !A as families of complete configurations of A.

7.2.3. Relative pseudocomonads. The pseudofunctor Wis — Dist does not preserve the
exponential modality as a pseudocomonad on Wis, but as a pseudocomonad relative to the
sub-bicategory of strict arenas. We recall the categorical notions.

Recall that a monad on category C relative to a functor J : D — Cis a functor T : D — C
with a restricted monadic structure, which we can use to form a Kleisli category Cr with
objects those of D. (Often, D is a sub-bicategory of C and J is the inclusion functor.) This
generalizes to relative pseudomonads [FGHW18] and pseudocomonads:

Definition 7.5. Consider J : C — D a pseudofunctor between bicategories.

A relative pseudocomonad T over J consists of:

(1) an object T'X € D, for every X € C,

(2) a family of functors (=)% y : D[TX,JY] - D[TX,TY],

(3) a family of morphisms ix € D[TX, JX],

(4) a natural family of invertible 2-cells, for f € D[TX,JY] and g € D[TY, JZ]:

g o f*

Jne

Hfg: (go f*)*



12:36 P. CLAIRAMBAULT, F. OLIMPIERI, AND H. PAQUET Vol. 21:4

o ey
Ol f,g gof*,h
(ho (g* o f))* \(h*O(gof*)*)
l ih*%
(hog*)o f*)* h* o (g% o 1)
uf,hog*l i
(hog")* o f* — (h* o g*) o f*
P o e Y o
leyof*
) idry o f*

Figure 3: Coherence conditions for relative pseudocomonads

(5) a natural family of invertible 2-cells, for f € D[TX,JY]:
np:f=iyof?

(6) a family of invertible 2-cells fx : % = idrx, where X,Y, Z range over objects of C,
subject to the coherence conditions in Figure 3.

Those conditions are just what is needed to form a Kleisli bicategory written Dp, with
objects those of C, morphisms and 2-cells from X to Y the category D[T X, JY]. We can
compose f € D[TX,JY]| and g € D[TY,JZ] as gor f = go f*, and the identity on X is ix.

7.2.4. The exponential relative pseudocomonad. We now form a concrete relative pseudo-
comonad on Wis. Here, C is the sub-bicategory Wis; of strict arenas, and J : Wisg; —
Wis the embedding. Note that even if A is strict, !A is not strict, and so ! is not an
endo(pseudo)functor; instead we have ! : Wisg; — Wis.

We now outline the components in Definition 7.5. For the component (2), we must
introduce additional notions. Fix an injection (—,—): N> > N. If I =y N and J; ¢ N for
all i € I, write | |,.; Ji ¢ N for the set of all (i, j) for i € I and j € J;. Then, we may define:

Definition 7.6. Consider o € Wis[!A, B]. Its promotion ¢' has ess !, and display map
the unique map of ess such that

O (@ Dier) = (#F) iy ey 5 b (35 i (7.3)
where 0, (27%) = (xi’fj)jeji - 2%’ for all i e I.
For (3), the dereliction dery € Wis[!A, A] on strict A has ess €4, and display map

Oder, (€z) = (7)o} = x. For (4), we shall use a positive isomorphism

~

join, (rOd) >0
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sending (27 © (27;)jes;)ier to (27)ier © (27 ;)i e )., 5i- For (5), given B strict and o €
Wis[! A, B] we have a positive iso runit, : 0 =~ derg®c’ sending 27 € € (o) to €5, O(77) 0y €
€t (derp © a!). Finally, for (6) we have lunity : der!A =~ 4 sending (€, )ier t0 €4, ;-
For all those, we use the fact that positive isos are entirely determined by their action on
+-covered configurations, see e.g. [Cla24, Lemma 7.2.11].

Altogether, this gives us:

Theorem 7.7. The components described above define a pseudocomonad ! relative to the
embedding of Wisg into Wis.

The naturality and coherence laws follow from lengthy but direct calculations, which we
omit. In particular, there is a Kleisli bicategory Wis, whose objects are strict boards — in
the next section we shall see that this is a cartesian closed bicategory.

7.3. The exponential modality on Dist. For the sake of relating Wis and Dist, we also
need to properly introduce the exponential modality structure of Sym(—) on Dist, which
we shall also present as a relative pseudocomonad to ease the correspondence.

7.3.1. The groupoid Sym(A). For A a groupoid, the objects of Sym(A) are sequences of
objects of A, written {(ay,...,ay), or just {a; ey, — implicitly treating n as the set {1,...,n}.
There can be a morphism from {a;)ic, to (b;)jep only when n = p, in which case it is a
permutation 7 on n, along with a family comprising f; € A(ar(;),b;) for each i € n, written

{fi)ien € Sym(A)({a:ien; bj)jen)
which we write simply as {f;)ien, when  is the identity. We insist that we have f; € A(ar(),b:)
rather than f; € A(ai, br(;)): the family (f;)ien is thought of as indexed by the codomain,
not the domain. This distinction will make calculations easier later on.
We shall also write {a; j)ien jep, € Sym(A) for the concatenated sequence aij...ay ;.

7.3.2. Promotion and dereliction in Dist. Next, we present the relative pseudocomonad
structure on Dist. We follow Definition 7.5, even though this is not really relative; it shall
be a pseudocomonad “relative” to the inclusion of Dist in Dist. For this structure, we shall
keep the same notations as in Definition 7.5, to avoid notational collisions with the relative
pseudocomonad in games.

We start with promotion. Recall that if o € Dist(Sym(A), B), the coend formula

ol (@, by, ... b)) = Jl (Ha(d;,bi)> x Sym(A)[di ..., d]

i=1
yields a distributor of € Dist[Sym(A), Sym(B)], called the promotion of .. Concretely,
this means that witnesses in af(@,{b1,...,b,)) consist in the choice of three components

(a_ia ) a_;l € Sym(A)7 <Si>ien € 1_[ OZ(CL_;‘, bl) ) f € Sym(A)[a_i e a_;w C_i]) ) (74)
i=1

subject to the following equivalence relation, for each (f; € Sym(A)[a;, C;,;i])lgignl

—

(a_i;'-'aa_;la <3i>ien> fo(flfn)) ~ (a’_lia""a{nv <a(fi7bi)($i)>i6n, f) (75)



12:38 P. CLAIRAMBAULT, F. OLIMPIERI, AND H. PAQUET Vol. 21:4

for s; € a(dj, b;), f € Sym(A)[a_’i .d,d].

Here, we make some notational simplifications. Firstly, the data of the a;s is redundant,
provided other components are typed. Secondly, writing a; = {aj1,...,a;p,) and @ =
{a},...,ap), then a morphism f € Sym(A)[di ...d,d] is some (fi)T, for m:p ~ 3 | pi;
but up to (7.5) we can — and we will — always assume that the f;s are identities, and only 7
remains. So altogether, a witness in af(@,(by,...,b,)) as in (7.4) is specified by

(si)ien € @ (@ b, b))
an expression where s; € a(a;, b;) and 7 : p ~ Y1 | p;; from now on we fix this notation? —

note in passing that we may omit the permutation for the identity, e.g. (si)ien = (si)3,,.
For dereliction, we simply have i4({a),a’) = Ala,d'].

7.3.3. Additional components. We carry on with the additional component of the relative
pseudocomonad structure. For every « € Dist[SymA, B] and 8 € Dist[SymB, C], we need

ot (Beal)l = 3 el

a natural iso which, given s;; € a(ail;, b ;) and t; € B(b;, ¢;) for 1 < i < n, 1 < j < p;,
irj = Qi1 ik )y Wi Djep, Kig = Djep, bij and w2 35, kg =~ 3, - kij, is set to

(1e8)ae((ti @ (50507 Vi) = (E)ien © (505 s, -
For cancellation of dereliction we need, for any « € Dist[SymA, B], natural isos

na:a;iBoaT, QA:Z‘L‘EidsymA

set by (a)ap(s) = idy e () for s € (@, b); and 04 ((fi)i,) = {fi)k, for (fi € Alas,al])ien.
Theorem 7.8. This specifies a (relative) pseudocomonad Sym on Dist.

As usual, we refer to the Kleisli bicategory Distsym as Esp.

7.4. Lifting ||—|| to the Kleisli bicategories. We show how to lift | —|| to a pseudofunctor

=i : Wis; — Esp. (We give a direct proof, although one could write down a notion of

pseudofunctor between relative pseudocomonads that lifts to the Kleisli bicategories [Str72].)
Before we delve into the proof, we introduce some additional notation.

7.4.1. Additional conventions and notations. If X is a set, write Fam(X) for the set of
families (x;)ier indexed by I = N. This also applies to categories: if A is a category, then
Fam(A) has morphisms from (x;)er to (y;)jes given by a permutation 7 : I ~ J, and a
family (f; : i — Yr(i))ier of morphisms in A — so that ¥(!A) =~ Fam(¥(4)). If I is a
finite subset of natural numbers, let |I| be its cardinal and k; : I ~ |I| be the unique
monotone bijection. If () is a family, for simplicity we write (x;)|; 7 for the reindexing
(z,, (j))je\l\' Similarly, if I <¢ N and (J;)ser is a family with J; ¢ N for all i € I, we write

K’L(Ji) : |_|JZ =~ Z |JZ|

el el

—1
I

for the bijection corresponding to arranging (encodings of) pairs (i, j) in lexicographic order.

4Note the double brackets, which we adopt to ease the distinction with morphisms of Sym(A).
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We also introduce a notation for morphisms in Fam(C), in line with the earlier
notation introduced for Sym(A): we shall sometimes write (f;)]., for the element of
Fam(C)[(x;)ier, (y;)jes] normally consisting of

(' T =~ J, (fr1(5) € Clai, yr1(3)Dier) -
Notice that the family is indexed by its target index set instead of the source.

7.4.2. Preservators for exponentials. To lift |—| to the Kleisli bicategories, we must introduce
explicit natural isomorphisms acting on witnesses for dereliction and promotion. We make
repeated use of the actions of functors on distributors introduced in Definition 3.10.

Lemma 7.9. For any strict board A, there is a natural isomorphism
pder ¢ [deral[Lly] = iy € Dist[Sym(#(4)),(4)]
Proof. From the definition, |der|[L%]({(%:)ien,y) is non-empty iff n = 1, in which case
|der | [Lia] (€2, y)

|derall((%)ieq1y> y)
= {[(9_)%%:{1}, €, €€ (dera), 0] |0 :x = 2, 0F . 2 ;X y}
where dger, (€2) = (2)f0y = 2. This is sent by pder, to

07 0 0™ € derg(a)[{x),y]

which is a bijection by Lemma 5.3. Additional verifications are routine. []

Likewise, there is another natural isomorphism for preservation of promotion:
Lemma 7.10. For any o € Wis|!A, B], there is a natural isomorphism

! | | !
pprom, : o' [L4] = [Rp](|o[La])',
between distributors in Dist[Sym(¥(A)),¥(!B)]. Furthermore, it is natural in o.
Proof. Recall that +-covered configurations of o' correspond to families (2%%);e1; and
o((x™)ier) = (@) igyeley 7 (@5 )ier

provided o(x%) = (xj,ij)jeJi - 2% for all i e 1.
Now, consider (@A i rep € Sym(¥4(A)), and (xp;)icr, € 4 (!B). We have:

lo* LA @ apdrep (wB)ier) = o' [((za8)keps (@B1)ier)
which, by definition, is composed of triples
(O el s @ €€ @), 6DE] € o'l (@ar)ep @piier)

where 7 : | |..; J; ~ pis a bijection, 05 Taxiig =a mzzj, and (6;")7 : (x%i)id =~ (2B1)ieL-
This can be simplified: the positivity of (6,")% entails L = I and w = id;. We are left with
o o | !
(67 )% e, Jio (27")ier € € (a), 05 )ier] € o' l((zar)reps (xB.i)ier) -
We may finally define pprom, to send the above witness to:

(107052527 0 Dierr € (o lLAD T (CA, Foreps @ p,i)jigern)

Kr, Ji T .
where 7 is the unique bijection such that the composition | |;.; J; L Yier|Ji] 2 pis .

It is routine, if lengthy, to verify that this is a bijection, along with naturality in o. []
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By analogy with the unitors and associators forming a pseudofunctor, we refer to the
natural isomorphisms above as the preservators.

7.4.3. Coherence of the preservators. We show a series of lemmas expressing coherence
between the preservators and the components of the relative pseudocomonads.
First, we have compatibility with cancellation of dereliction, expressed in two lemmas:

Lemma 7.11. For any strict board A, the following diagram commutes

|leal[LY] ————idga)[L4]

| |

|dery|[Z}4] [y ]idsym(s(a))

| |

[RY]([der 4| [LY])T AN

with all arrows the obvious structural maps or obtained by Lemmas 3.13, 7.9 and 7.10.
Proof. This diagram is an equation of natural isomorphisms between distributors
Sym(¥(A))°? x 4(1A) — Set,

so taking (2;)|;jc|r| € Sym(¥(A)) and (y;)ier € 9(!A), it boils down to an equality between
functions, checked pointwise. An element of |@[L"] (Czi)jilel)> (Yi)ier) comprises

[(0; )ier » € (1) €C (@14), 0 )ier) € @l [LA)(zidyieir> Wi)ier) -

where 7 : I ~ |I] is any bijection, 6] : z; = x; and 6] : z; =7 y,.
Using the description of the action of pder and pprom on witnesses outlined earlier, we
calculate its image alongside the two paths around the diagram. In both cases, we get

OF 007 e € iyay (Govptenys Wdpteir) = ([RA) iy 4)) (Gidpiteyn)s (wiier)
where 7 : |I| ~ |I| is the only bijection such that 7o k; = 7. []

This will show that the two models deal with Kleisli composition with dereliction on
the left in the same way. Similarly, though not quite symmetrically, the next lemma deals
with the Kleisli composition with dereliction on the right hand side:

Lemma 7.12. Consider o € Wis[!A, B]. Then the diagram commutes

[derp @ o' |[Ly] — lo [ L] — iy @ (o] [Ly])T
v A
(Iders| o [o*[)[L4] |ders[[Li] o (|o[L34])!
v A
[dexs] o (lo*|[Ly]) ———= lders| o [Rp] (|| [L}4])

with all arrows the obvious structural maps or obtained by Lemmas 3.13, 3.13, 7.9 and 7.10.
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Proof. This diagram states an equality between natural isomorphisms between distributors
Sym(¥(A))°? x 4(B) — Set,

which again can be checked pointwise. Taking {z4)ie|r € Sym(¥(A)) and x5 € 4(B), an
element of (||derp ® U!H[Lk])(<$A,i>|z’|e|I|aJUB) is formed of three components

[(‘92'_)?0,i>e|_|{0} 1 €250 (900){0} e¢™ (derp © U!) ;o 04]

where 7 : |_|{0} I~|I,0] :0xa; =, % ;» and 0% i 2} =5 xp.

Following the upper path in the diagram, this is sent to:
idy,  ([(0;), 27, 0F]) € igp o (lol[LY)) (zaiien) ©B) (7.6)

snd

where 7' : I ~ [I| is the unique bijection such that | |5, I >
On the other hand, following the lower path, we get:

0" o ([0, )iy 27, idag )™ € dergpy o (lol[La]) (C@aipiein 25) | (7.7)

F{o},(1)

for 7 : [I| ~ |I| the only bijection such that [ |, I "~ [I| L |I] is . But recall that
Koy,(1) : Uiopd = [I| is the bijection arranging pairs in lexicographic order, and sy : [ ~ |I|
is the unique monotone bijection. From that and the definition of 7 and 7/, it follows that
7o kr = ', which entails that (7.7) is equivalent to (7.6). []

/
T2 s .

Finally, we have compatibility with the multiplication join/u, expressed via:

Lemma 7.13. If 0 € Wis[!A, B] and 7 € Wis[!B, C], then the following diagram commutes

|7 ©a'[L]
/ \
[(r @) [L4] (171 o o' DILY]
| \
[Rel(Ir @ o' |[L4])] I e (lo*ITL4D)
{ \
[REI((I7[ o o' DIZDT I & [R] (o [LA])T
| \
[Rel(I7] e o1, D) I I1Zs] e (lol[LyDT
{ \
[BC](I7] o [RE] (oL [Re(I7I[LEDT e (lo[L])]
| \
[Rel(IILs] e (ol [L4DNT —= [ReI(TILEDT o (lo (L4 D7)

with all arrows the obvious structural maps or obtained by Lemmas 3.13, 3.13, 7.9 and 7.10.
Proof. This diagram states an equality between natural isomorphisms between distributors
Sym(¥4(A))°? x 4(1C') — Set

which again can be checked pointwise. Taking (x4 )ien € Sym(¥(A)) and (z¢;)ier € 9(1C),
an element of |7' ® o'| [L{A] ({xa,ien, (Tcji)ier) comprises

[(eifj,k)g@j;ky (l‘T’i)ieI@ ($U’i’j)<z’,j>e|_|iel Jis (‘9;)1'51]
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where 0, 27" = (LUij)ngi }— xgi, 0y 2% = (z ’,’f)keK so that
0ot (") i) = @T )i F @5 gy, 0@ ier) = @5 )y - (@8ier

O"L,j

7 . . 77] + TZ f\/+
with 25" = $B7j, T |—|<i,j> Kij~mn, 0 Taxcipr =acqy and 0 128" =0 2oy

For the left hand side path, a careful calculation Shows that this is sent to
KK,

’4 H‘]’i " 2 Ehd) !
(L3585 ™ 0 D (1051 rerd,, a7 2 S e sl
where 7’ : n ~ n is the only bijection such that 7’ o kj () (k) = 7, where xr () (k) :
|_|<i’j> Kij~3 ZjeJ,- |K;j| = n arranges the triples (i, j, k) in lexicographic order.
Likewise, for the right hand side path, it is sent to

(L5 2™ 0 e @ SLOGRei 27 25 I dyietner i

where w : > |Ji| >~ > ler |Ji] is obtained as kg, 0 K (J) — that is, it links the lexicographic
ordering of pairs (7, j), and their ordering following their representations (i, j) € N. Likewise,
w’ : n ~ n is the unique bijection such that w’ o Ky, J,(k) = ™ — that is, it is = where 1, j, k
are ordered in the lexicographic order of the pairs (i, j), k.

It is then routine to show that these two witnesses are equivalent, as required. L]

7.4.4. Preservation of Kleisli composition. Finally, we are equipped to show how |—| lifts
to the Kleisli bicategories. Recall that, for o € Wis[!A, B], we have
lolr = |o|[R4] € Dist[Sym(#(A)),%(B)].
Thus, we may set:
pidy = pder , : ||der4|; = ig(A)
for the natural isomorphism witnessing preservation of identity. Likewise, for o € Wis[!A, B]
and 7 € Wis[!B, C], we set the natural iso witnessing preservation of composition as

pcomp,, : [rOd', = Ir ©o'[Ly]
= (Il e o DILA]
= 7| eo’[[L4]
pproma

I o [RE](lo][L4])]
ITI[Zs] e (lo LD

I e o]

lle 1e

These definitions provide the necessary components for:
Theorem 7.14. This provides the data for a pseudofunctor
[—|: Wis; — Esp.

Proof. Naturality of pcompi,’T in 0 and 7 is direct by composition of natural isos. The
coherence diagrams follow by diagram chasing, relying on Lemmas 7.11, 7.12 and 7.13. []

7.5. Cartesian closed structure. We show the bicategory Wis is cartesian closed, using
typical constructions in concurrent games, in sufficient detail to keep the paper self-contained.
For a precise definition of the structure of cartesian closed bicategories we refer to [Sav20].
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7.5.1. Cartesian products in Wis;. The empty board T, with x1(&) = 1, is strict, and it
is direct that T is a terminal object in Wis,, since any negative strategy A — T must be
empty. Now if A, B are strict, the product board A & B is defined as A ® B, except that
all events of A are in conflict with events of B. This means that configurations of A & B are
either empty, or of the form {1} x x for x € €(A) (written i;(x)) or {2} x = for x € € (B)
(written ia(x)). For the payoff, we set kagp(F) = 1 and k4, g4, (ii(x)) = K£a,(x), making
A & B a strict arena. By strictness, we have an isomorphism
L% 3 :9(A&B) =9 (A)+9(B): R§ 5

which reflects the definition of binary products in Esp. The first projection 74 €
Wis[!(A & B), A] has ess €4, with display map the map of ess characterized by

dey) = (i1(z))oy + 7,
with the second projection defined symmetrically. If o € Wis[IT', A] and 7 € Wis[!T, B],
their pairing has ess ¢ & 7 and display map the unique such that
(i1 (x?)) =z Fi1(24) e €(IT - A& B),
and likewise for d(iz(x7)), yielding {(o,7) € Wis[I', A & B]. This extends to a functor
(—,—) : Wis|[I', A] x Wis[I', B] » Wis[I', A & B] in a straightforward way.
Proposition 7.15. For any strict arenas I'; A and B, there is an adjoint equivalence
(ma0(-) , m5O(-)")
—
Wis [, A & B] ~  Wis|[I[, A] x Wis|[T, B]
{\_/
<777>
providing the data to turn A & B into a cartesian product in the bicategorical sense.
Proof. To witness the equivalence, we need three natural isomorphisms
Ne : 0 = {m @J!,m@a!}, 631,02 Z7TZ'®<O'1,O'2>! >~ g;

for 0 € Wis|[I', A; & As], 0, € Wis[I', 4;] and i € {1,2}.
We focus first on the former. Notice that for all z7 € €* (o), if 7 is non-empty then as
o is negative and the A; are strict, the minimal event of 7 must occur in A; or As. We set

e @ o = (mOd,mOad)
g - g
% - ii((c:a;%i ® (l’a){o}) (if z° # , 0(330) = JJ% [ ii(afqi)),

yielding a positive isomorphism, additionally natural in o. For the co-unit, we set

€oron - 7 O {01, 09)

= 0;
cxz@(li(x‘”))m} =

i
again a positive isomorphism natural in o; and oo. For the adjunction, we check that

| TOn, Noy,09)

O —%mO(m Od, T Od") (o1,00) —="{m1 ©{o1,02)", w2 © {01, 52)"

7 1 2
XA\ ii"l@”!’ﬂ?@a! \ i<601’027601’02>

m@U! <0'1,0'2>

commute for all i = 1,2, 0 € Wis|[I', 41 & As], 0, € Wisy[I', A;], which is direct. (]
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7.5.2. Closed structure in Wis;. Recall that the objects of Wis, are strict boards, and
observe that any strict board B is isomorphic to &;c;B; where the B; are pointed, meaning
that they have exactly one minimal event. We first define a linear arrow for a —board A
and a pointed strict board B, by setting A — B to be A — B with a stricter dependency
order, so that all events in A causally depend on the unique minimal move in B.

This is generalized for any strict B as

A —o &1 B = &ie1(A — By)
whose configurations have a convenient description:
Lemma 7.16. For any —-board A, and strict board B, we have
(———):€%A) x€°(B) = ¢°(A — B).

Proof. Straightforward, using crucially the fact that since B is strict, a configuration of null
payoff in B must be non-empty, so that the A component is always reachable. []

Now for A, B strict, we define the arrow A = B as !A — B. This is equipped with
evyp € Wis[l((lA — B) & A), B]
an evaluation strategy consisting of the ess €4 .5, and where the display map is
A€ (41, )y —ony) = ((1((Z)ier — 28)) 00y @ (i2(T))1,0em,1 F 25

if xtp # J, and empty otherwise, with w the union of families with disjoint index sets.
Likewise, the currying of 0 € Wis[!/(I' & A), B] is a strategy A(o) with ess o and display

Or(o)(@7) = (2h)ier F (2%))jes —o 2B

for 27 # &, where 05(27) = (i1(z}))ier @ (ig(l‘il))jej Fxp.
Altogether, this gives a functor A : Wis|[I' & A, B] - Wis[I', A = B].

Proposition 7.17. For any strict I'; A and B, there is an adjoint equivalence

eva, sO(—Omh,ma)

/—\
WiS![F, A= B] >~ WiS;[F & A, B]

A=)
providing the data to turn A = B into an exponential object in the bicategorical sense.
Proof. To witness the equivalence, we need two natural isomorphisms
Mo 0= Aevap @@, ma)), Br:evap ON(T) Ok, ma) =7

for 0 € Wis|[I', A = B] and 7 € Wis|[I' & A, B]. For the former, we set

No(27) = €2y )—ap © ((11(27 O (€2p ;) jes)) 0,0y @ (i2(€x4,))1,5)
where 0,(27) = (2r)jes F (A,i)ier — xp. A careful check shows this is well-defined and

O (ov a paXoomh ) (Mo (27)) = (21,3)0,05,G.0) b (TAi)c1in0y — T8
which is clearly positively symmetric to d,(z7) as required. Likewise, the expression

Y=C,,)ioep O (1127 O(€ap;)jer))00y @ (2(€24 ;)1
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captures exactly all +-covered configurations of ev4 g ® (A(7) ® 7, ma)', displaying to

(i1(zr,5))0,00,65,00 @ (2(T40)) 100,00 = TB

for 07 (27) = (i1(2r,j))jes w (i2(x4,))ier = xB; we set B-(y) = 7. Unfolding these definitions,
a careful calculation confirms that the triangle identities hold. []

7.5.3. Cartesian closed structure in Esp. Here, we briefly review the cartesian closed struc-
ture of Esp. Firstly, we have T the empty groupoid, with an adjoint equivalence

Esp[, T] ~ 1

for 1 the category with one object (and one morphism). For binary products, given A and B
groupoids, we simply set their with as the disjoint sum A& B = A + B; writing as in games
i1(a) e A+ B for a€ A and iz2(b) € A+ B for b € B. For projections, we set distributors

m : Sym(A+ B)®*xA — Set m @ Sym(A+ B)°® x B — Set
(i(a)),a’) = Ala,d] (iz2(b)), o) = B[b, V]

and for the pairing of o € Dist[Sym(I"), A] and 3 € Dist[Sym(T"), B], we set

{a, By : Sym(I)°P x (A+ B) — Set
(5;7 i (a)) = Oé("?, CL)

with obvious functorial action. We skip the details of the adjoint equivalence
Esp|[l', A & B] ~ Esp|[I', A] x Esp[T', B],

which are straightforward and not required for the remainder of this paper.
Given groupoids A and B, the arrow is A = B = Sym(A)°P? x B. For evaluation,

eviyp : (Sym(A= B)x Sym(A))OIi x B — Set )
(K(@,0)),a"),b") — Sym(A)[a’,d] x B[b,V']

and empty otherwise, provides the core of the evaluation mechanism; but we need a distributor
in Esp[Sym(A)°® x B + Sym(A), B]. For that, we set eva p = ev/y p[L%% 5 4], i.e.

eva (8 a) = evy gL g 4(5),b)

where L$% : Sym(A + B) ~ Sym(A) x Sym(B) : R¥% is the Seely equivalence.
Finally, the currying of a € Esp[I" + A, B] is defined by

Ala) @ Sym(I')°P x (Sym(A)°? x B) — Set
(7, (@,0)) = a(RFL(7,d),0)

informing an adjoint equivalence Esp[I', A = B| ~ Esp[I' + A, B] as in Proposition 7.17.
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7.6. A cartesian closed pseudofunctor. We first show that the pseudofunctor ||—||; :
Wis, — Esp preserves the cartesian structure. The key observation is that:

Lemma 7.18. Consider A, B two mized boards. Then, the distributor
(walys w5l € Esp[9(A & B),9(A) + 9(B)]

J—

1 naturally isomorphic to L% B

This is a straightforward variation on the proof that |—| preserves the identity. From
this, we obtain that the pseudofunctor |—|; preserves products:
Proposition 7.19. The pseudofunctor ||—|| is a fp-pseudofunctor in the sense of [FS19].

Proof. The terminal object is preserved in a strict sense, since ¢(T) is empty. For preservation
of binary products, we must provide the missing components for an adjoint equivalence

{maly =Bl
—

Y(A& B) ~ 9(A) + 9 (B)
94,8

in Esp. But the iso L%’B :9(A& B)=9(A)+9(B): R%,B lifts to an adjoint equivalence
L% 5 9(A& B)~9(A)+9(B): R 5
in Esp; so providing q‘KAf’B = R‘% p» we conclude via Lemma 7.18. []

Finally, it remains to prove that the cartesian closed structure is preserved as well.
Observe that if A and B are —boards with B strict, then we have an adjoint equivalence

Lip:9(A= B)~Sym(¥Y(A))* x¥(B): Ry p

using first Lemma 7.16 as since B is strict, its complete configurations are non-empty; and
observing that this decomposition also holds for symmetries; followed by Proposition 7.4.
Now, as for binary products, our key observation is the following;:

Lemma 7.20. Consider A and B two —-boards, with B strict. Then, the distributor
A(levapli e a%_p5.4) € Esp[%(A = B),Sym(%(A))™ x 4(B)]

1 naturally isomorphic to ITj\B.

Proof. Unfolding the definitions on both sides, this boils down to a natural isomorphism

levasl((1((za)ier — x5))o w (i2(ya,))jen, YB)
= Sym(¥4(A))[ya,jjen, <Tai)jijen] x 4(B)zp,ys]

which again is a variation on the preservation of the identity by |—]|. []

We may now use this to conclude:

Proposition 7.21. The pseudofunctor ||—| is a cc-pseudofunctor in the sense of [FS19].
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Proof. We must provide the missing components for an adjoint equivalence

Aleva,slioa$p )
—

(A= B) ~ G(A) +9(B)

in Esp. But the equivalence L7 p : 9(A = B) ~ Sym(¥(A))® x 9(B) : RY p lifts to
L[5 9(A= B) ~ Sym(¥4(A))” x 4(B) : R3 5
in Esp; so providing qz B= R/Ai, we conclude via Lemma 7.20. []

Altogether this completes the proof of our main theorem:

Theorem 7.22. We have a cartesian closed pseudofunctor ||—| : Wis; — Esp.

Note. We have constructed a cartesian closed pseudofunctor directly, without leveraging
the preservation of symmetric monoidal structure established in earlier sections. Although
the cartesian closed structure is related to the monoidal structure via Seely isomorphisms,
the theory of bicategorical models of linear logic, and a fortiori functors between models, is
still under-developed, and a direct approach seemed more achievable. This is an important
aspect of this work which deserves further investigation.

8. SOME CONSEQUENCES FOR THE A-CALCULUS

Finally, for the last technical section of this paper, we illustrate this pseudofunctor by
relating a dynamic and a static model of the pure (untyped) A-calculus.

8.1. Two models of the pure \-calculus.

8.1.1. A reflerive object in Wis;. Our bicategory of games contains a universal arena U
with an isomorphism of arenas

unfy: U = U=TU :fldy

making U an extensional reflexive object [Bar85]. Concretely, U is constructed corecursively
as the solution of the following ‘domain-like equation’: U = ®y!U —o 0, where o is the arena
with one negative move #, k,(J) = 1 and k,({*}) = 0.

Following the interpretation of the A-calculus in a reflexive object, we have, for every
closed A-term M, a strategy [M] : U. This strategy has a clear interpretation: it is a
representation of the Nakajima tree of M (see e.g. [KNO02,CP18]).



12:48 P. CLAIRAMBAULT, F. OLIMPIERI, AND H. PAQUET Vol. 21:4

Types:
Dsa:u==x*|{a,...,ax) —a
Proof-relevant subtyping:

f”:5—>d' f:a—b

idy % — % f7—o f:(@—a)— (b—b)

ceSr fitasr—b1 - friack — by

<f1,...,fk>":<a1,...,ak>—><b1,...,bk>

Figure 4: Graph of intersection types G.

8.1.2. The Pure A-Calculus in Esp. Likewise, one can construct models of the A-calculus
in Esp [FGHWO08, Oli21, KMO23|. A categorified graph model [KMO23] consists of a small
category D together with an embedding

t:Sym(D)® x D— D.

We adopt a type-theoretic understanding of these models, setting @ — a := «(d, a).
The main intuition is that elements of D are types, where the arrow type is built exploiting
sequences of types. These sequences correspond to a notion of k-ary intersection types [Oli21],
by setting (a1 n---nag) :={a,...,ar). The free categorified graph model can be presented
syntactically as the category generated by the graph in Figure 4. Composition and identities
are defined by induction in the natural way, exploiting the definition of composition of
morphisms of sequences induced by Sym(—). We shall now complete D in an appropriate
way, producing an extensional model that we will then relate to the universal arena U.

8.2. Constructing an extensional model D*. The extensional model D* is defined
as an appropriate completion of D, where we add chosen isomorphisms between types
in a coherent way. This construction can be defined in abstract categorical terms as an
appropriate pseudocolimit (a coisoinserter), but in the present paper we will just give its
explicit syntactic presentation. The following construction is a particular case of completion
of partial algebras for categorified graph models, in the sense of [KMO23].

We start by adding the following two arrows to the graph of intersection types G :

e — () —ox e i) —ox— %

resulting in a graph G*. We now want to obtain a category from G*. Identities are the same
as D. Composition is inherited from the composition of D, by adding the following cases:
eoidy = e id<>_0* oel=¢! eoe !l = id<>_0* e loe=id,.
The category D* is a categorified graph model:

(¥ : Sym(D*)P x D* — D* (@,a) — d—a
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Theorem 8.1 [KMO23|. The functor .* is fully faithful and essentially surjective on objects.

Morphism actions and congruence on type derivations. We now explain how the
interpretation of A-terms in Esp can be presented exploiting intersection types.

The intuition is that the semantics of a term will compute all its terminating executions in
face of a given environment. These executions can be encoded by the means of an intersection
type system. Given a € D, [M ]]Esp(a) will appear (up to a canonical isomorphism) as the
set of derivations of the judgement - M : a in the type system. The construction of this
system reflects the corresponding operations on distributors: in particular derivations carry
explicit symmetries, [M ]]gsp(a) is really the set of derivations quotiented by an equivalence
relation letting symmetries flow though the concrete derivation.

Let D be a categorified graph model. A type declaration over D consists of a pair
x : d where x is a variable of the A-calculus and @ € Sym(D). A type context consists of

a sequence of type declarations 1 : dy, ...,y : d,. Type contexts are denoted with greek
letters «y,6.... Given two type contexts v =1 : d1,...,ZTpn : ap and § = x1 : by, ..., 2Ty : by
we define their pointwise concatenation as y® d = x1 : dy :: by, ..., xn : Ay :: b, Where a@; :: b;

denotes list concatenation. A morphism of type contexts 1 : -y — J consist of a family of
morphisms ﬁ."i L @ — b; forie [n]. Morphisms of type contexts are denoted with greek
letters n, 0 ... The definition of the type system is given in Figure 5.

Given a type derivation 7 of conclusion v — M : a and type morphisms 6 : § — ~ and
f a — b we define contravariant and covariant actions on derivations:

{0} 1)
5|—M:a ’W—M:b

The explicit definitions are given, respectively, in Figures 6 and 7. By a straightforward
induction, one can prove that both actions are compositional and unital in the appropriate
way, that is (7{0}){0'} = 7{0 0 0'}, n{id} = 7 and [g]([f]7) = [g o f]m, [id]7 = =.

By the means of these morphism actions, we define an equivalence relation on type
derivations, as the smallest equivalence relation generated by the rules of Figure 8 and that
is compatible with the structure of type derivations. This equivalence corresponds to the
one induced by an appropriate coend formula: namely, the coend formula that derives from
the categorified graph model interpretations of application and A-abstraction in Esp.

Intersection type distributors. We are now ready to introduce the syntactic presentation
of the categorified graph model semantics, namely intersection type distributors.
Given a A-term M and a categorified graph model D, with & 2 fv(M), we define

|Z| times

ITDP (M) : (Sym(D)® - - - ® Sym(D))°P x D — Set

the intersection type distributor of M, by the following family of sets:

T
|TDD(M)IL,,,M(51,...,an;a):{ B P }/~.
T1:Ql,...,Tn:0p =M :a
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f:d —>a

21 : Oz ldy, O xiia

v,x:d-M:a f:(d—oa)—b
YAz M:b

YoM :{ay,...,ap) —oa (’yil—N:ai)f;l n:5—>®f=1%
O MN :a

Figure 5: Intersection type system over a graph model D.

f:d —>a , fog
; {g:b—d} =
Oyennldyy ., OFa Opoi iy, ;O a
m{n, idg}
T :
: §dirFa f:(@—a)—b
i (G —oa) —b | 1M =
0da f:(d—oa)—>b L d—a
b
T v k T TG k
Yo d—oa (ViFai>i=1 635"@;?:0'}@' {77} = %ﬂ—é’—oa ('Yil;ai)il fon
o-a ¥+a
where @ = {a1,...,axy and n: § — 4.

Figure 6: Right action on derivations.

Stating the connection between the intersection type distributor of a term and its species
of structure semantics requires the Seely equivalence for contexts:

|Z| times |Z| times
L¥:Sym(D+...+D) ~Sym(D) x...x Sym(D) : R¥*®.

Theorem 8.2 [KMO23|. Let M be a A\-term, & 2 fv(M) and D a categorified graph model.
Then, we have an isomorphism, natural in & and a:

ITD(M)f((Sa a) = [[M]]gsp(R?E?e(é‘)’a) :

8.3. Relating the Interpretations. We first relate the reflexive objects.

Theorem 8.3. We have an adjoint equivalence of groupoids: LY : 4(U) ~ D* : RY.

Proof. First, 4(U) is isomorphic to that presented via the grammar in Figure 9. Indeed,
9(U) = 9(@"1U — 0) = 4(®"1U) x 4(0)
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[g'@ab]( f:d —a ) B gof:a —b
' Oyoildy, ;O a Oyeolay, o, O b

™

: S,dta gof:(d@d—oa)—b
[g:d —b] " = o - 0
ddka f:(@—oa)—a b
oFa
o ( e )k [idz — g]mo i k
lg:a =08 yrd—a Vi =i/ =1 7715—’®§:on T whkd—b ('yil—.a)i_l n
oka ARDb

where @ = {ay,...,ax).

Figure 7: Left action on derivations.

’/Tp ( [fi]ﬂ-o (%)

k -
) [fg -0 7:da]ﬂ'() T k
Yoty = b1/ (idy, ®0") 01 YhHd—oa <%’ - ai) n

YoHb—oa i1

~

ok a o a

mo{bo} ( ﬂ'i{ei})k o ( U >’€
: 5 " i : K
Yok ad-—a Yitai)ioy n:1d— &0 Y d—a vikai/ i (@jebi)on

~

o a o a
[g]ﬁ{id&,ﬁa} ™
5@ d  fi(@—a)—b  Sdra fo(§T—og): (@ —od)—b
Sk b - S b

Where<f1,...,fk>":d'=<a1,...,ak>—>5=<b1,...,bk.>,§":é”—»d’,g:a—»a’and@i e T
o* denotes the canonical morphism o* : ®f I, — ®f:1 L4 for a permutation o.

Figure 8: Congruence on derivations.

where ¥(0) = {&}. Likewise, (the obvious infinitary generalization of) (7.2) informs
a bijection between ¢(®@V1U) and the sequences [],.,%(!U) which are empty almost
everywhere — those may be represented uniquely as sequence (x1, ..., z,) where z; € 4(1U)
and 7 is non-empty, removing the heading infinite stream of empty configurations. Finally,
% (!U) is in bijection with families (x;);er for I =¢ N, as outlined in the proof of Proposition
7.4. From these observations, the claimed bijection is direct and extends to symmetries.
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Objects:

G(U)sv = (U1,...,0;) —o * (U1 non-empty.)

v = (Vi)ieIc ;N

Morphisms:

.~
9i.vi:vi

(01,...,0n) — % : (U1,...,0p) —0 % — (V],...,0),) —o *

T~ T .
Tl =1 91‘.’[)1‘—>’Um'

(0% (vi)ier — (v)jer

Figure 9: Groupoid ¢(U) associated to the reflexive object U.

4(U) Lo D*
l%(unfu) lunfD*
¢ (U =1U) Sym(D*)°P x D*

LI:;,U\) /Sy:n(LU)Op < LU

Sym(¥4(U))° x 4(U)

Figure 10: Compatibility with unfoldings

Hence, we treat Figure 9 as a syntactic presentation of ¢4(U). Armed with this, we may
now define the components of the desired equivalence simply by induction, with:

LY((v1,...,0) — %) = LY(ty) —o ... — LY () —o *
LY ((vi)ier) = (LY (vy),...,LY%(v;,)) (where I = {i1 < ... < iyn})
RY(() —~a) = RY(a)
RY(G; —o ... —d, —x) = (RY(a@),...,RY(d,)) — * (@ non-empty)
RY(a1,...,an)) = (RY(ai)1<izn
which easily extends to an equivalence as claimed. L]

Additionally, this equivalence is compatible with unfoldings in the sense that the diagram
of Figure 10 commutes, and compatible with folding in the same way.
Using our Theorem 7.22, it follows that:

Theorem 8.4. For any closed term M, we have a natural iso

*
[M]Eep = [[MIig, I © RY
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This shows that, for a € D*, the set [M ]]E:p (a) described in Theorem 8.2 as a set of
derivations up to congruence may be equivalently described, up to canonical isomorphism, as

{(@,0%) | 2e"(IMRs,), 0 :0(x) = RY(a)}.

In other words, the interpretation of pure A-terms as species computes the set of +-
covered configurations equipped with a positive symmetry. Interestingly, this set is constructed
without quotient, and thus provides canonical representatives for the equivalence classes
of derivations. We now include a detailed example illustrating this by examining the
interpretation of a simple A-term in both models.

Example 8.5. Take the A-term M = zz. We shall compute its species interpretation on
appropriate points and then compare it to its concurrent game semantics.
The species interpretation of zx consists of a distributor

[22]Bey(—; —) : Sym(D*)” x D* — Set

We evaluate the functor on [[a;a:]]gzp(«*, %) —o % %, %);%). To compute an element of this
set, we shall exploit the type theoretic presentation of the semantics. Following Figure 5, an

element of [[x:p]]g:p ({(x, %) —o %, %, %); ) can be defined by the following derivation scheme:

fico = (Cbr,by) —o %) gr:c1— b g2 :c2 = by
x:{coyx:{b1,by)y —ox x:{ci)Fx:by x:{coybx:b2a 7

@ ((xyw) —o w k) b oxw %

written 7'('7];’91’92, where n = (fo, f1, fo) : ((+,%) —o %, %, %) — (co,c1,c2). as a consequence of
Theorem 8.1, we have ¢y = {(a1,a2) — a and f = {(f1, fo)” —o g with f1 : byy — a;,g: a — *.
Then, by the congruence on derivations induced by the coend formula, we have that

f91,92
i

id<b1’b2>ﬁ,* idp, idp,
x:<<b1,bg>—o*>|—:c:<bl,b2>—o* :c:<b1>}—a::b1 x:<b2>|—x:b2 (f,gl,gg)on

o (%) —o x k x) b oaw ok

Hence, we can restrict to the derivation scheme:

id<b1,b2>_o* idp, idp,
x:{{b1,by)y —x) b x :{by,byy —ox x:(biyFx:by x:{boyxz:by 6
T2 (%) —0 #, k) b= TT 1 % (8.1)

where 6 = (hg, h1, h2)?, where the permutation o is either the identity or the swap between
the two occurrences of #. Actually, one can prove that there are just two different equivalence

classes of derivations in [[a;a;]]gsp(«*, %) —o #, % %);%). These correspond precisely to the

choice of either the identity or the swap permutation in the following restricted schema:
T {(#,%) o sy (k) —ox i)z ix (b xix 0
X {(x, %) —o w % k) - XL 1 % (8.2)
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where now 0 = (hg, h1, ha)? with h; being the appropriate identity morphism. This happens
because for any isomorphism b; =~ *, by >~ %, we can prove that 8.1 and 8.2 are equivalent by
the rules of congruence (Figure 8).

Now, let us consider the game semantics side of things. As xx has just one free
variable, [z z]wis, is a strategy on U - U. For our example, the useful unfolding of
that is (@YU — 0) - U — and following the equivalence of Theorem 8.3, the point
({((#, %) —o % %, %); %) corresponds to the configuration in the diagram below:

(@N1U —o 0) - U

{10 @ @ @

where the numbers in index are the copy indices, corresponding to the distinct copies
generated by the exponential modality — x is called three times, and one of these calls its
argument twice; the copy indices simply follow the rank in the sequence representation in

D*. Now, the configurations of [z z]wis, whose display is symmetric to the above turn out
to be those of the form

¢

(A10n]  (AG,0))

for arbitrary ¢, j € N. If we insist that the display is positively symmetric to the configuration
above, then this fixes ¢ = 0 and j = 1, so that there is only one such configuration of
[« z]wis,- Any finally, there are exactly two positive symmetries

[Q<oo>] ([Aa0,0)]  (Aaon) @ .+ . (@) (92) @

=IU-U
@ @ @ @

as the only degree of freedom is whether or not to swap the two standalone positive gs.
Hence, we recover the same number of witnesses as in generalized species of structure; though
as the reader can observe, the reasoning and the objects of study are very different.

Finally, in what follows, we show how our cartesian closed pseudofunctor allows us to
transfer results from game semantics to generalized species. It is known that the game
semantics of the A-calculus captures the maximal sensible A\-theory H*, because strategies
coincide with the corresponding normal forms, Nakajima trees — this was first shown in
traditional game semantics by Ker et al. [KNOO02], and adapted to concurrent games
(additionally with probabilistic choice) — in [CP18]. Using Theorem 8.4, we can deduce
a result on the A-theory induced by D*. Given a model D of A-calculus in an arbitrary
bicategory, the theory induced by D is the A-theory induced by the relation on A-terms:

{(M,N) | M,N € A s.t. [M]” = [N]".}.
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The correspondence established in this paper allows us to derive the following new result:

Corollary 8.6. The theory of D* is H*.

Proof. Consider two A-terms M and N. If M =+ N, then [[M]]{,JViS! ~ [[N]]%IViS! and by

Theorem 8.4, [[M]]g:p ~ [N g:p.
Reciprocally, isomorphisms in Esp form a sensible A-theory (see [KMO23], Corollary

6.14). As H* is the greatest sensible A-theory, it must include isomorphisms in Esp. ]

This is a simple application, but recent work suggests that there is much to explore in
the bicategorical semantics of the A-calculus [KMO23].

9. CONCLUSION

In this paper, we have mapped out the links between thin concurrent games and generalized
species of structures, two bicategorical models of linear logic and programming languages.
By giving a proof-relevant and bicategorical extension of the relationship between dynamic
and static models, we have established the new state of the art in this line of work.

This bridges previously disconnected semantic realms. In the past, such bridges have
proved fruitful for transporting results between dynamic and static semantics ([CCPW18,
CdV20,CP18]). This opens up many perspectives: bicategorical models are a very active
field, and several recent developments may be re-examined in light of this connection
([Oli21, TAO18,CdV20]).

Moreover, this work exposes fundamental phenomena regarding symmetries in quantita-
tive semantics. Symmetries lie at the heart of both thin concurrent games and generalized
species, but they are treated completely differently: in Esp, witnesses referring to multiple
copies of a resource are closed under the action of all symmetries (“saturated”), whereas
TCG relies on a mechanism for choreographing a choice of copy indices, providing an address
for individual resources (“thin”). This distinction is also at the forefront of a recent line
of work on thin spans of groupoids [CF23, CF24], which shares with game semantics this
handling of symmetry, without the the combinatorial details of event structures.
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