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This paper surveys a new perspective on Rabin’s Tree Theorem, the decidability
of Monadic Second-Order Logic (MSO) on infinite trees, one of the most important
and difficult decidability theorems for mathematical theories. We show that the
operations on tree automata used in the translations of MSO-formulae to automata
underlying Rabin’s Tree Theorem can be organized in a deduction system based
on the multiplicative fragment of intuitionistic linear logic (ILL). We propose a
realizability semantics for automata on infinite trees, which interprets this deduction
system and which is based on categories of games built on usual simple games,
and generalizing usual acceptance games of tree automata. Our approach can be
summarized with the slogan “automata as objects, strategies as morphisms”.

Namely, we equip a variant of usual alternating tree automata (that we call uni-
form tree automata) with a fibred monoidal closed structure which in particular, via
game determinacy handles a linear complementation of alternating automata, as
well as deduction rules for existential and universal quantifications. This monoidal
structure is actually Cartesian on non-deterministic automata. Moreover, an adap-
tation of a usual construction for the simulation of alternating automata by non-
deterministic ones satisfies the deduction rules of the !(—) ILL-exponential modality.

Our realizability semantics satisfies an expected property of witness extraction
from proofs of existential statements. Moreover, it allows to combine realizers pro-
duced as interpretations of proofs with strategies witnessing (non-)emptiness of tree
automata, possibly obtained using external algorithms.

1. Introduction

Monadic Second-Order Logic (MSO) on infinite trees is a rich theory which contains non trivial
mathematical theories (see e.g. [Rab69, BGGI7]), and which subsumes many logics, in particular
modal logics (see e.g. [BARV02]) and modal logics for verification (see e.g. [VWO08]). Rabin’s
Tree Theorem [Rab69], the decidability of MSO on infinite trees, “is one of the most important
and difficult decidability theorems for mathematical theories’ according to [BGGI7, §1.3, p. 11].

The original proof of [Rab69] relied on an effective translation of formulae to finite state
automata running on infinite trees. Since then, there have been considerable work on Rabin’s
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Tree Theorem, culminating in streamlined decidability proofs, as presented in e.g. [Tho97,
GTWO02, PP04]. Most current approaches to MSO on infinite trees (but with the notable
exception of [Blul3]) are based on translations of MSO-formulae to automata.

We are interested in decomposing the translations of MSO-formulae to automata in a construc-
tive (actually linear) deduction system for tree automata, and in a compositional computational
interpretation of this deduction system along the lines of the Curry-Howard proofs-as-programs
correspondence (see e.g. [GLT89, SU06]). We follow the guidelines and axiomatizations pro-
vided by categorical logic and categorical approaches to the Curry-Howard correspondence (see
e.g. [Jac01, LS86] and [ACIS]).

Our interpretation can be summarized with the slogan “automata as objects, strategies as
morphisms’. It consists in categories which are based on usual categories of two-player lin-
ear sequential games called simple games (see e.g. [Abr97, Hyl97]), which live in a denotational
model of Intuitionistic Linear Logic (ILL) [Gir87]', and which generalize usual acceptance games
of tree automata. We refer to [Mel09] for a comprehensive presentation of categorical axioma-
tizations of models of (subsystems of) linear logic.

This work builds on [Rib15], which proposed monoidal fibrations of games and tree automata,
and extends it with a monoidal closed structure, based on a variant of alternating automata
(that we call uniform automata), and which allows a clearer connection of our model with ILL.

In the remaining of this Introduction, we survey the main aspects of our realizability approach
(§1.1-1.2 and §1.5) and outline the key ingredients of the decomposition of MSO in ILL (§1.3-1.4).

1.1. (Non-Deterministic) Tree Automata. Let us set some concepts and notations. Con-
catenation of sequences s,t is denoted either s.t or s - ¢, and € is the empty sequence. We fix
throughout the paper a finite non-empty set © of tree directions. We are interested in label-
ings of the full D-ary tree ©* over different alphabets. Alphabets (denoted X, T, etc) are finite
non-empty sets, and Y-labeled ®-ary trees are functions T : * — 3.

There are two families of automata involved in the interpretation of MSO-formulae: non-
deterministic tree automata and alternating tree automata?. The simplest notion is that of non-
deterministic automaton, and it is sufficient to introduce the basic motivations and methodology
of this work.

A tree automaton A consists of a finite set Q4 of states, with a distinguished? initial state
q'y € Q4, an acceptance condition given by an w-regular set 24 C %, and a transition function
d4. A non-deterministic tree automaton A over X has a transition function of the form

o4 : QuxX — ’P(@%QA)

Acceptance for tree automata can equivalently be described by games or run trees. The
notion of run tree is simpler and sufficient at various places in this Introduction and §2. A run
tree of Aon T : ®* — ¥ is a tree R : ©* — Q4 such that R(e) = ¢4, and which respects
the transitions of A, in the sense that for each tree position p € ©* there exists a function
g:9 — Qain 04(R(p),T(p)) such that R(p.d) = g(d) for all d € ©. The run R accepting if
all its infinite paths belong to Q4. We say that T is accepted by A if there exists an accepting
run of A on T, and let £(.A) be the set of trees accepted by .A. We moreover write A(T) for
the set of accepting runs of A on T.

"However, the ILL-structure underlying our model differs from the usual ILL-structure of simple games.
2 Alternating automata are not always explicited (see e.g. [Tho97]).
31t is customary (and equivalent in terms of expressivity) to allow possibly different initial states.



1.2. Computational Interpretation of Proofs. Our deduction system manipulates sequents
of the form

T: A,..., A, B (1)

where T is an infinite tree labeled over (say) the alphabet X, and Ay, ..., A,, B are tree automata
over Y. We see these sequents with two different levels of interpretation. The first level interprets
provability: if the sequent (1) is provable, then the automaton B accepts the tree T' as soon
as the automata Aq,..., A, all accept T. The second level is the traditional computational
interpretation of proofs of the Curry-Howard correspondence. This is best exemplified with
existential quantifications.

The existential quantifications of MSO are implemented by a projection operation on non-
deterministic automata. Consider a non-deterministic automaton A over the alphabet I'x ¥. Its
projection Jy. A is the non-deterministic automaton over I' defined as A but with the following
transition function

054 ¢ QaxD  —  P®—=Qa)
(Q7 b) — UaEE 5./4(% (ba a))

As expected, ERY| accepts T : ©* — T iff there exists U : ®* — ¥ such that A accepts
(TWU) : 9" - T x X.

Consider now a non-deterministic automaton B over the alphabet ¥ ~ 1 x ¥, where 1 ~ {e}
is a singleton set. By computational interpretation of proofs, we mean that from a formal proof

of the sequent N
1; 3B

(where 1 stands for the unique 1-labeled tree) one should be able to extract a witness for
the existential quantification ggB, that is a X-labeled tree accepted by B. Such witnesses can
actually be extracted from the runs of ﬁgl’)’ on 1. First note that a run R of a non-deterministic
automaton A on T defines a function p € ©* — g € d4(R(p), T(p)). It follows that given an
accepting run R of ﬁgb’ on 1, then from the induced function

pe® +— ge | sRp)a)
aey

one can get a X-labeled tree T such that R is an accepting run of B on T'. In other words, runs
of automata convey the kind of information one is usually interested in with computational
interpretations of proofs.

One could formulate the aim of this work as proposing a deduction system together with an
interpretation of proofs as runs of automata. However, we will rather rely on the more complex
notions of acceptance games and strategies. There are two reasons for this choice. First, as
discussed in §1.3 below, games give a smooth treatment of complementation of tree automata.
The second reason, which we explain in more details in §2, is that games and strategies are
equipped with well-known categorical structures, which allow to easily define compositional
interpretations of proofs.

1.3. Games and Alternating Automata. The main difficulty when translating MSO-formulae
to tree automata is the interplay between negation and (existential) quantification. Histori-
cally, Rabin [Rab69] translated MSO-formulae to non-deterministic tree automata. The major
achievement of Rabin [Rab69] was to show that non-deterministic automata on infinite trees



are closed under complement. This means that for every non-deterministic automaton 4 one
can build a non-deterministic automaton ~.A which accepts exactly the trees rejected by A.

Rabin’s original construction [Rab69] of a complement ~.4 from A has been considerably
simplified by Gurevich and Harrington [GH82] thanks to the notion of acceptance game. The
evaluation of an automaton A on an input tree 7' can be modeled by an infinite acceptance
game G(A, T), played by two players P and O, and such that A accepts T" when P has a winning
strategy in G(A,T). A typical (infinite) play x in G(A,T) has the form:

P (0] P (0] (0] P (0]
80 — (ql,dl) — g1 — ... — (qn+1,dn+1) — En+l —> - - -

where gr41 = gr(dr41), and gi € d4(qr, T(dy - ... - dy)) with qo := ¢*4. Then x is winning for P
if the sequence of states ¢'4,q1,... belongs to {4, otherwise it is winning for O. Note that P
chooses transitions g : © — @) 4 while O chooses tree directions d € ©. Hence, there is a bijection
between accepting runs R € A(T) and winning P-strategies in G(A,T'). Since acceptance games
are determined, .4 does not accept T precisely when O has a winning strategy in G(A,T).
Gurevich and Harrington [GH82] show that in acceptance games, winning strategies can always
be assumed to be finite state w.r.t. game positions of the form (p,q) € ©* X Q 4, that is to only
depend on a finite memory in addition to the game positions in ®* x Q 4*. This allows to devise
an automaton ~.A which, using a usual projection operation, non-deterministically checks the
existence of winning O-strategies.

However, the construction of ~A is still not trivial because the roles of P and O in acceptance
games are not symmetric, so that dualizing the acceptance game of a non-deterministic automa-
ton A does not directly give a non-deterministic automaton ~A. Since [MS87, EJ91, MS95] it
is known that the construction of ~A can be neatly decomposed using alternating automata.
Alternating automata generalize non-deterministic automata with (following the presentation
of [Wal02]), transition functions of the form

b4 Qax¥E — PPQaxD)) (2)

A play in the acceptance game G(A,T) with A alternating has the form

P o) P o) o) P o)
50 — (q1,d1) — 71— ... — (@1, dnt1) — Yntl — - -

where (qx+1,dx+1) € Vi and v € 04(qr, T'(dy. - - - .dy)) with qo := ¢'4. Hence, P chooses relations
Y € P(Qa x D) instead of functions g, : © — Q4, while O chooses pairs (gx+1,dp+1) € V&
instead of just tree directions dj € ®. The main consequence is that O may now have to choose
between pairs (q;., 1, dr11), (¢y 15 dkr1) € e With different states g, gy, for the same tree
direction dix1 € .

The extra possibility for O to choose states in addition to tree directions allows to define a
complement of A which (essentially) simulates A while reversing the roles of P and O. This
can be implemented with an alternating automaton® A" having the same states as A. The
idea is that the double powerset P(P(Q4 X D)) in (2) represents disjunctive normal forms over
(Qa x D), so that the transition function 6 4u of AL just takes (¢,2) € Q4 x X to a disjunctive
normal form representing the dual of §4(g,a). Then, if the acceptance condition of A* is the
complement of €4, it follows from game determinacy that £(AL) is the complement of £(A).

On the other hand, every alternating automaton A can be simulated by a non-deterministic
automaton A of exponential size (this is the Simulation Theorem [MS87, EJ91, MS95], see

4This is trivial for P-strategies but not for O-strategies.
?(—)* was noted ~(—) in [Rib15].



also §7.2), while non-deterministic automata are linearly embedded into alternating automata
via the obvious mapping

g:D—=>Qa +— {(gld),d)]|deD}CQaxD (3)

The situation can be pictured as follows:

~ Alternating
Automata

Non-Deterministic
Automata

Accordingly, in most modern approaches to MSO on infinite trees, the complementation of
non-deterministic tree automata can be decomposed as

~A = 1A (5)

1.4. Toward Linear Logic. The model of [Rib15] consists in categories of two-player sequential
games generalizing the usual acceptance games of tree automata. Using the notion of uniform
automata (to be introduced in §3), the extension of [Rib15] proposed in this work shows that
the decomposition depicted in (4) of the translation of MSO-formulae to non-deterministic tree
automata via alternating automata corresponds to some extent to an ILL-structure:

e First, the usual direct synchronous product of alternating automata (which we denote
(—)®(—)) has a symmetric monoidal structure. Moreover, thanks to the monoidal-closed
structure of (—) ® (—) on uniform automata, the set of morphisms interpreting a sequent
T; A B is in bijection with the set of winning P-strategies in the acceptance game of an
automaton (A —o B) over T'. In particular, linear complements are obtained with

AY ~ AL

(where L is a particular automaton accepting no tree), with as expected T € L(A") iff
T & L(A).

e Second, we show that the simulation operation !(—) satisfies the deduction rules of the
usual modality !(—) of ILL. Moreover, the symmetric monoidal product (=) ® (—) is
Cartesian on non-deterministic automata, so that the picture (4) is similar to the usual
linear-non-linear adjunctions of models of ILL. Unfortunately, in our models the operation
I(—) is not a functor®.

Furthermore, following the methodology of categorical logic, the categories proposed here and
in [Rib15] are indexed (or fibred) over a base category T of trees, whose objects are alphabets
and whose morphisms from ¥ to I' induce functions from X-labeled trees to I'-labeled trees.
In this setting, existential quantifications (in the categorical sense) are provided by a slight
modification (denoted 3(—)) of the usual projection 3(—) mentioned in §1.2.

5Tt does not preserves composition, because of issues with positionality of strategies. Possible workarounds,
leaved as future work, are discussed in §8.1.



1.5. Toward Realizability Interpretations of MSQO. The ultimate motivation for the Curry-
Howard approach to automata on infinite trees proposed in this paper, together with the under-
lying decomposition of the translation of MSO-formulae to tree automata wvia ILL, is to provide
realizability interpretations of MSO (in the spirit of e.g. [SU06, Koh08]). We think that the
model presented here (consolidating [Rib15]) is a preliminary step toward this goal. Let us
briefly describe our main results in this direction.

Generalizing (1), our deduction system also manipulates sequents of the form

M; A,..., A B (6)

(see §2.2) where M is a T-morphism, from say ¥ to I' and the automata A,,...,A,, B have
input alphabet I'. In the case M is the identity T-map on X, the sequent (6) is written

E;Al)"'aAnl_B (7)

which in contrast with (1) and (6) does not mention any tree.

The symmetric monoidal closed structure, together with the categorical quantifiers and the
interpretation of simulation as an exponential modality !(—), allows to interpret proofs in the
deduction system made of the rules depicted on Fig. 24, Fig. 26 and Fig. 30. From a proof Z of
a sequent (7), one can (compositionally w.r.t. the structure of 2) extract a finite-state strategy
0 in an infinite game of the form

A1®...®An — 5 B

in which A; ® -+ ® A,, essentially evaluates the automata Ajq,..., A, in parallel, while the
linear arrow —o is a synchronous restriction of the usual linear arrow of simple games.

We think that extraction of such realizers o from proofs can be interesting for instance in the
following contexts.

e First, in case (7) is of the form
1;F IsN

with A non-deterministic, then o is of the form (7', 7), where T is a X-labeled tree and
7 is a winning strategy on N(T') (see §7.1.2), so that we indeed obtain a computational
interpretation of proofs in the sense of §1.2.

e Assuming (7) is of the form
¥, AFB (8)

then a X-labeled tree T induces a substitution functor T*, whose action on o gives a
function T* (o) taking any winning P-strategy 7 on A(T") to a winning P-strategy T (c)oT
on B(T) (see Prop. 4.12).

In other words, realizers of sequents of the form (8) can be composed (via substitution)
with strategies 7 on A(T") obtained by any possible mean.

More generally, the methodology of our deduction system and its realizability interpretation
targets interactive proofs systems, allowing possible human simplifications or decompositions
of the goals given to automatic tools, and moreover to combine the corresponding witnessing
strategies. This principle may be interesting for instance in the following scenarios:



(a) If the automaton A in (8) is of the form IxC, then a finite-state strategy 7 witnessing that
a regular tree T belongs to £(C)” can be combined with 7% (o).

(b) Thanks to the monoidal closed structure (§5.3), in case sequent (7) is of the form
b N Al,...,An,(.A—OC) FB

then the realizer o derived from 2 can be composed with a realizer 7 : A —o C which can
be obtained by any possible mean.

In particular, games of the form A — C are equivalent to w-regular games on finite graphs,
so thanks to the Biichi-Landweber Theorem [BL69], one can decide if there is a strategy
7 realizing the implication 4 — C, and if such a strategy exists, then there exists a finite
state one, which is moreover effectively computable from A and C (see Cor. 6.5).

Such finite state strategies 7 : A — C, to be typically combined with realizers resulting
from proofs, can also be obtained in the following ways.

(i) If C = N*, and A, N are non-deterministic such that £(A) N L(N) = 0, then any
(finite-state) O-strategy witnessing £(A ® N) = ) can be lifted to a (finite-state)
realizer of A — N'* (Prop. 7.7).

(ii) In particular, if £(A) C £(C) for A and ~C~ not-necessarily non-deterministic, then any
(finite-state) O-strategy witnessing £(1A ® I(C*)) = 0 can be lifted to a (finite-state)
realizer of |4 —o /(C*)* (Prop. 7.16).

1.6. Outline. The paper is organized as follows. We begin in §2 with a semi-formal overview of
our approach and of [Rib15]. We then turn in §3 to our notion of uniform automata (motivated
by monoidal closure), and give the formal material on game semantics required for that setting.
Section 4 then deals with the fibred structure (which is essentially a refinement of [Rib15]),
85 formally presents the monoidal closure and the corresponding deduction rules, while §6
deals with quantifications. Finally, in §7 we concentrate on the Cartesian structure of non-
deterministic automata and present the interpretation of the Simulation Theorem using the
deduction rules of usual !(—) ILL-exponential modalities. Further examples, showing that our
setting can handle constructions of [CL08, SA05], are presented in App. C.

2. Categories of Games and Automata

The purpose of this long Section is twofold. First, in §2.1-2.5, we expose with slightly more
details than in §1 the main ingredients and methodology of our approach, namely some simple
and basic aspects of categorical logic and (simple) game semantics. Second, in §2.6-2.10 we
briefly recall how this material is applied in [Rib15] in order to provide a partial fulfillment of the
program announced here and in §1. Besides, this framework already allows to sketch in §2.8-2.9
the connection between the interpretation of MSO in tree automata and ILL mentioned in §1.3
and §1.4.

2.1. Compositionality and Categorical Semantics. The method of categorical semantics of
proofs (see e.g. [LS86, AC98, Jac01, Mel09]) is to interpret proofs as morphisms of a category
C, such that C is equipped with some structure corresponding to the connectives and rules of

"With say T and 7 computed from C by Rabin’s Tree Basis Theorem [Rab72], see e.g. [Tho97, Thm. 6.18].



the deduction system. For the moment, let us step back from acceptance games and rather
consider run trees. Our task is thus to devise categories whose objects include all sets of the
form A(T), for A an automaton and 7" a tree, and such that the proofs of a sequent T'; A+ B
can be interpreted as morphisms from A(T) to B(T).

One characteristic of categorical semantics is that the very notion of category already imposes
interpretations to be compositional. Recall that the sets of morphisms of a (locally small)
category C come with associative composition operations

(=)o(-) : C[B,C]xC[A,B] — C[A,C] for each C-objects A, B,C
and with identity morphisms id4 € C[A, A] which are neutral for composition:
foidy = f = idgof for every f € C[A, B] (9)

Composition and identities provide the interpretations respectively of the following instances of
the usual cut and aziom rules:

T; AEB T, B-C

(Curo) T: AFC T:. AF A

(AXI0M)

The identity laws (9) imply for instance that the three derivations below must be interpreted
by the same morphism:

9 2 9
T; AFB ’ T; AFB

2.2. Indexed Structure: Substitution and Quantification Rules. Our categories actually in-
volve a slight generalization of the usual notion of acceptance (either with run trees or games)
of automata. This generalization is induced by the axiomatization of quantification and substi-
tution in categorical logic (see e.g. [Jac01, LS86]).

Let us briefly discuss the usual setting of first-order logic over a multisorted individual lan-
guage. The categorical semantics of existential quantifications is given by an adjunction which
is usually represented as

Jz p(z) F 9
p(z) - v
This adjunction induces a bijection between (the interpretations of) proofs of the sequents
o(z) F 9 and Jz.@(x) F 1, that we informally denote

p(x) =1 ~ Jz p(x) 1

(z not free in ) (11)

Now, in general the variable x will occur free in ¢. As a consequence, in order to properly
formulate (11) one should be able to interpret sequents of the form ¢(x) - ¢ with free variables.
More generally, the formulae ¢ and 1 should be allowed to contain free variables distinct from x.

The idea underlying the general method (but see e.g. [JacO1] for details), is to first devise
a base category B of individuals, whose objects interpret products of sorts of the individual
language, and whose maps from say ¢1 X -+ X iy, t0 01 X - -+ X 0y, represent n-tuples (t1,...,t,)
of terms t; of sort o; whose free variables are among =, ..., ,,, (with z,; of sort ¢;). Then, for
each object t = ¢1 X -+ X 1, of B, one devises a category E, whose objects represent formulae



with free variables among z,,,...,,,, and whose morphisms interpret proofs. Furthermore,
B-morphisms
t=(t1,...,tn) = L1 X Xly —> 0]X-+Xo0p

induce substitution functors

t* . E01><...><0n _> Ele...me
The functor t* takes (the interpretation of) a formula ¢ with free variables among y,,, - . . , Yo, to
(the interpretation of) the formula ¢[t1/Yo,,- - -, tn/Yo,] With free variables among z,,,...,z,,,.
Its action on the morphisms of E,, x...xo, allows to interpret the substitution rule
py

‘p[tl/ymv s atn/yon] + w[tl/yOU s ’tn/yon]

In very good situations, the operation (—)* is itself functorial. Among the morphisms of B, one
usually requires the existence of projections, say

T o 0XL — o0
Projections induce substitution functors, called weakening functors
™ : E, — Eox

which simply allow to see formula 1 (y,) with free variable y, as a formula 1 (y,, z,) with free
variables among y,,z, (but with no actual occurrence of x,). Then the proper formulation
of (11) is that existential quantification over z, is a functor

Jz, (=) : Eox, — Ep

which is left-adjoint to 7*:
Jz, o(20,Y0) ¥ (Yo)

SD(J:M yO) = W*(¢)($L7 yo)

(where z, does not occur free in 1) since 9 is assumed to be (interpreted as) an object of E,, thus
replacing the usual side condition). Universal quantifications are dually axiomatized as right ad-
joints to weakening functors. In both cases, the adjunctions are subject to additional conditions
(called the Beck-Chevalley conditions) which ensure that they are preserved by substitution.

Returning to automata and infinite trees, we will take as base category the following category
T of trees.

(12)

Definition 2.1 (The Base Category T). The objects of T are alphabets, and its morphisms
from X to I, denoted M, N, L, ..., are functions of the form

UJ@Etxo") — T
neN

T-morphisms are composed in the expected way (see §4.3 for details). Note that a map M €
T[%, '] takes for each n € N a sequence of input characters a = ag-. . .-a, € "' and a sequence
of tree directions p = dj -...-d,, € ®" to an output character M (7, p) € I'. In particular, we have
T[1,%] ~ (9* = %), so each Y-labeled D-ary tree T' corresponds to a morphism 7" € T[1,X].
Moreover, (X — I')-labeled trees M : ®* — (¥ — I') induce T-morphisms from ¥ to I'.%

8The morphisms from ¥ to T' of the base category of [Rib15] are restricted to (¥ — I')-labeled trees.



We will therefore not devise a single category C, but a T-indexed collection of categories
Ex, one for each alphabet 3. Let us sketch the general idea with runs of non-deterministic
automata. Given a non-deterministic automaton A over I' and a morphism M € T[X,T], a
S-run of A on M is a tree

R : © — Y xQu

such that R(e) = (ag, ¢"y) for some ag € ¥, and which respects the transition function
o4 @ Qaxl — P(@—)Q_A)

supplied with input characters b € I' computed by M from tree positions p = dy - ... - d,
and sequences of input characters a = ag - ... a, where a; is given by the Y-component of
R(dy-...-dg) € ¥ x Qa. (So ap is given by R(e) and a,, is given by R(p).) Explicitly, R is a
Y-run tree when for p and a as above, if R(p) is labeled with state ¢ € @4, then there exists
a function g € d4(q,b) with b = M(3, p) and such that for all d € ©, R(p - d) is labeled with
state g(d). Such a ¥-run R is accepting if the @ 4-labeled tree

pe® +— w(R(p)) €Qa

is accepting in the usual sense (where m: ¥ x Q4 — @ 4 is the second projection), that is if all
its infinite paths belong to Q4. We let ¥ = A(M) be the set of accepting ¥-run trees of A on
M, and simply write A(M) for ¥ + A(M) when ¥ is clear from the context.

Roughly speaking, for each 3, the objects of the category Eyx; will include all sets of the form
Y+ A(M). Moreover, given L € T[A, ¥], the substitution functor

L : Exy — Ea

will take a Eg-object ¥ F A(M) to the Ea-object A + A(M o L), where the T-map Lo M €
T[A,T] is the T-composition of L and M (assuming M € T[3,T'] as above).

This will induce sequents generalizing (1). For instance, given M € T[X, T'], we have sequents
of the form

M; Ay,..., A - B (13)

where Aj,..., A, and B are automata over I". Such sequents are to be thought about as our
version of “open sequents” or “sequents with free variables” (here of sort X), with the usual
implicit prenex universal quantification, and are to be interpreted in the category Ex (the fibre
over X). Substitution functors such as L* : Ey — Ea above will act in the deduction system
via a substitution rule

MolL;: A,.. A, FB

Let us briefly sketch the most important instances of this construction.

(SuBST) (where M € T[X,T] and L € T[A,X]) (14)

(a) Consider a T-map T: T[1, Y] representing a tree 7' : ®* — X. Then the accepting runs of
A on T are in bijection with the accepting 1-run trees of A on T

1+ A(T)) ~ AT
Sequents of the form (13) thus indeed generalize sequents of the form
T; Ay,..., A, FB

with T': ©* — ¥ (as depicted in (1)), which are to be interpreted in the category E; (the
fibre over 1), and are to be thought about as representing closed statements.
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(b)

Given a non-deterministic automaton A over ¥, we write ¥ - A (or even just A when no
ambiguity arises) for 3 - A(Idy) where the T-identity Idy, € T[X, X] is given by

Ildy(a-a,p) = a

Consider now another automaton B also over X. Then we write
>; A-B (15)

(or even A F B) for the sequent Idy, ; A+ B. The provability interpretation of (15) will
be that if (15) is provable, then £(A) C L(B). The computational interpretation of (15)
will consist in a form of uniform simulation of A by B (generalizing the notion used with
the guidable automata of [CLO8]). Moreover, given a -labeled tree T' seen as a morphism
T € T[1,%], the interpretation of the substitution rule

X; A B
T; A-B
will take a morphism o € Ex[A, B] to a function T*(a) : A(T) — B(T).
Any ordinary function f : ¥ — I' induces a morphism [f] € T[X,T'] defined as
£] : (&-ap) — f(a)

The action of the substitution functor [f]* : Er — Ex on Ep-objects of the form I' - A can
be internalized in automata. We indeed have

f*"CTFA) = XFA(f]) = XFAf]
where the automaton A[f] over ¥ is defined as A but with transition function:
O.A[2) : QaxT — PO — Qa)
(¢,)  +—  dalg,£(b))
In particular:

(i) T-maps from ¥ x I" to ¥ indeed include projections [r] : ®* — (X x I' — ¥) induced
by Set-projections 7 : X x I' — 3.

(ii) Consider automata Ayj,...,A, and B, with A; over ¥; and B over I'. Consider fur-
thermore T-morphisms M; € T[A,¥;] and L € T[A,T']. Then we write

A A (M), ooy An(My) = B(L)
for the sequent
<M1,...,Mn,L> 5 .Al[ﬂ'l], ceey An[ﬂ'n] "B[ﬂ']
where
(My,...,M,,Ly € T[A, X1 x---x X, xT]

is the T-tupling of My, ..., M,, L (see Cor. 4.7) and where the 7;’s and 7 are suitable
projections:

T : le---xEan‘ — Zz

T XX xy,xI' — T

Unless otherwise stated, all the sequents seen up to now must from now on be thought about
as being of the more general form (15), that is a with a T-map M (of appropriate type) instead
of the labeled tree T'.
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2.3. Toward a Semantics for Implications. The provability interpretation of sequents tells us

that in sequents of the form
M; AFB (16)

the symbol F is a form of implication. One of the main contribution of this work is that this
implication can be internalized in automata. This will lead us outside of non-deterministic
automata (see §3), but for the moment let us sketch some salient consequences this imposes to
the interpretation of the symbol I in sequents of the form (16).

Assume that proofs of our deduction system are interpreted in categories E(_y indexed over
T. Then, internalizing - in automata will imply that given automata A and B over ¥ there is
an automaton (A —o B) over ¥ such that there is a bijection

Ex[A, B] ~ X+ (A—B)
that we informally write as
YX; AFB ~ Y+ (A— B)

In other words, morphisms in the interpretation of 3 ; A F B will correspond to the Y-runs of
an automaton (A — B) (on Idy). This could suggest to interpret ¥ ; A F B as the ¥-runs of
an automaton of the form ~AV B, where ~A is the complement of A (in the sense of §1.1) and
(=) V (—) is a disjunction on automata. Let us rule out this possibility, at least for the natural
implementation of (—) V (—) with an additive disjunction (—) & (—). Given automata A; and
Az, both over ¥ and with A; = (Q.4,,d4,,04;,24,), the non-deterministic automaton A; @ Az
over X is

-/41 S AQ = (Q.Al + Q.AQ +1,e, 5.»4169./42 ) QA1@A2)
where, via the embedding of Qal + QaQ into (Q4, +Q4,)*, we let

5.A1(qz41aa) +5A2(q_2,427a) ifq =ecl

S (q,2) = { 6.4,(q,) if g € Qua,

and where ®,q1,q2,... € Qa,a.4, iff either ¢4 ,q1,q2,... € Q4, or ¢'4,,q1,q2, ... € Q4,.
Note that in Set, for every M : ®* — (I' — X) we have

(A1 @ A2)(M) =~ A (M) + A (M)

so in particular

LA D A) = L(A)UL(A2)

Assume now that we take for Ex[A(M), B(NNV)] the set of X-runs of (~A[m1] & B[m]) on
(M, N), that is the disjoint union ~A(M) + B(NN). Then one faces the following difficulties.

e We have to devise identity morphisms, say”

Assuming say M € T[X,I], one may take for id 4 ) either an accepting Y-run of A on
M or an accepting ¥-run of ~A on M. But this raises two problems. First, it may
be undecidable whether a possibly non-recursive tree is accepted or rejected by a given

“Note that A[m;]((M, M)) = A([m;] o (M, M)) = A(M).
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automaton. So this precludes any general and effective computational interpretation of
the deduction system. Second, even if we restrict to trees T" for which acceptance is known
to be decidable (e.g. trees generated by higher-order recursion schemes [Ong06)), there
seem to be no canonical choice of an actual accepting run id 47y € (~A)(T) + A(T).

e It is not clear how to define composition, say

(m)e(=) : (MB+CO)x(~A+B) — ~A+C

Given run trees, say

Re € C C ~B+C and Roy € ~AC ~A+B

there seems to be no obvious choice for Rg o R4 € ~A + C. Both
RecoR4 = R and RecoRoq4 = Rog

may seem reasonable. But each of them breaks one of the equalities between the inter-
pretations of the derivations depicted in (10).

2.4. Simple Games. It therefore seems that the categorical structure should involve some
extra machinery. We use the technology of game semantics to devise categories generalizing the
usual acceptance games of tree automata.

Game semantics provide models of typed A-calculi, and can thus be used, via the Curry-
Howard correspondence, to build compositional models of deduction systems. In game models,
types (and, via Curry-Howard, formulae, or in our context automata instantiated with trees or
T-maps) are interpreted by two-player sequential games where the Proponent P (Jloise) and the
Opponent O (Vbelard) play in turn moves, producing plays subject to specified rules. Originally,
game models where proposed because they provide fully complete models of various A-calculi,
in the sense that finite P-strategies are definable by A-terms. On the other hand, the notion
of strategy naturally encompasses infinite objects, and is thus well suited to deal with runs of
automata on infinite trees.

There are different families of game models. We use simple games (see e.g. [Abr97, Hyl97]),
which stem from Berry & Curien’s sequential data structures (see e.g. [AC98, Chap. 14|, but
also [Mel05]).

Definition 2.2 (Simple Games).
e A simple game A has the form
A = (Ap, Ao, La)

where Ap is the set of P-moves, Ag is the set of O-moves and Ly C (Ap + Ap)* is a
non-empty prefiz-closed set of legal plays.

We let s,t,... range of over plays and m,n, ... range over moves.

e A simple game with winning is a simple game A equipped with a set of winning plays (or
winning condition) Wx C (Ap + Ao)“.
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o The sets pz and pg of resp. positive and negative plays on A are

o = (Ap-Ao)* + (Ap-Ao)* - Ap
pg = (Ao-Ap)"+ (Ao -Ap)" - Ao
The game A is positive (resp. negative) if all its legal plays are positive (resp. negative),

that is if Ly C pz (resp. La C p?l). So P starts in a positive game and O starts in a
negative one. A game is polarized if it is either positive or negative.

o A play for player & € {P,0} (also called a &-play) is either the empty play or a non-empty
play in which & played last (i.e. which ends with a {-move).

In the case of a non-deterministic automaton A on a tree 7', following the usual setting (see
e.g. [Tho97, GTWO02, PP04]), the acceptance game G(A,T) is defined as the positive simple
game with winning

GAT) = (D= Qa QaxD, Lyry, Wau)

whose legal plays s € L 4(1) are sequences of the form

= go-(q,d1) g1 (qn,dn)
or s = go-(q,di) g1 (qn,dn) - gn
where n > 0, gr1 = gr(dp41) and g € d4(qr, T'(d1 - ... - dy)) with g := ¢’4. Note that O only
chooses the tree directions dy, ..., d, € ®, while P chooses from each O-play

go-(q1,d1) g1 (qn,dn)

a function g, : ® — Q4 available in §4(qpn, T(dy - ... - dy)).
The winning plays x € W (r) are generated from the acceptance condition {24 in the expected
way. We let W) € (D — Qa) - (Qa x D))* consist of the infinite sequences

X = go-(q.di)-gi--.. (qn,dn)--..

such that (gx)ren € Q24 (Where o := ¢4).

We now come to the definition of strategies in simple games. A strategy for player P or O
is what one expects. The formal definition of strategy below emphasizes P (strategies for O
are defined by duality), because in categories of games, composition and identities are only
defined for the strategies of the negative player P. Moreover, the manipulation of strategies
as morphisms is more convenient when strategies are presented as sets of plays rather than as
functions on plays.

Definition 2.3 (Strategies). A P-strategy on A is a non-empty set of legal P-plays o C L4
which is
o P-prefix-closed: if st € o and s is a P-play then s € o, and

e P-deterministic: if s.n € o and s.m € o then n = m.

Consider now a polarized game with winning A. Given a P-strategy o on A and an O-play
s € L, we say that s is an O-interrogation of o if either s = € and A is positive, or if s =t.m
for some t € 0. We say that o is total if for every O-interrogation s of o, we have s.n € o for
some n. A winning (P-)strategy on A is a total strategy o s.t. for all x € (Ap + Ao)¥, we have
X € Wy whenever 3%k € N. x(0) -...- x(k) € 0.
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The notion of (total, winning) O-strategy is defined by duality. Each game A has a dual

A = (Ao, Ap, L), where we moreover let W := (Ap + Ag)¥ \ Wy if A is a game with winning.
Note that A is polarized iff A is polarized, and that A is positive (resp. negative) iff A is
negative (resp. positive). Then, we say that a (total, winning) O-strategy on A is a (total,
winning) P-strategy on A.

In the case of the acceptance game G(A,T) described above, a P-strategy o is therefore a

non-empty set of sequences of the form

s = go-(qi,d1) g1 . (qn-1,dn-1) - 8n—1

such that
s (Gn,dpn) - gn € 0 — SEo

and
5 (qn,dn) " 8n s 5 (qn,dn) "8, € 0 = gu=8,
Moreover, o is total iff for every

go-(Q1,d1)‘g1'---'(andn)'gn €0

and for every d,4+1 € D, there is some g,+; such that

g0 (q1,d1) g1 .. (qn:dn) - 8n - (8n(dn+1);dnt1) Ent1 € ©
It follows that a total P-strategy o on G(A, T is uniquely determined by a run tree R such that
R(¢) = ¢'4, and such that for every dy -...-dy, - dny1 € Dl
R(dl I dn : dn-l—l) = gn(dn+l)

where, for 0 < k < n, the g are unique such that

go - (go(d1),d1) ...~ (gr—1(di),di) -gx € 0O

Hence (winning) total P-strategies in G(A,T') are in bijection with (accepting) runs of A on 7'
Moreover, the game G(A,T) has the same winning strategies as the usual acceptance games
(see e.g. [Tho97, GTWO02, PP04]).

Remark 2.4 (Tree Games v.s. Graph Games). The realm of game semantics was originally
mostly developed with games on trees, (such as simple games [Abr97, Hyl97], but also traditional
Hyland-Ong games [HO00]). However, more recent trends of game semantics based on graphs
also emerged, in particular in the work of Melliés (see e.g. [Mel05, Mel06, Mell2]). Wrt. the
context of this paper, one should in particular note the connection of [Mel06] between innocence
and a notion of positionality (but for games equipped with an asynchronous notion of monoidal
product).

On the other hand, the framework of [Rib15] was itself based on games on graphs, and games
on graphs will be considered in this paper in relation with positionality in §7.2.5. However, that
notion of positionality is not yet clearly connected with the notion of positionality of [Mel06],
most notably because of the synchronous nature of our games, and in particular of their monoidal
structure (see §2.8 and §4.1). Moreover, the main developments of this paper, based on the
category DZ of simple zig-zag games (see §3) are technically easier with games on trees, and
we adopt this setting for the categories of games considered here.
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Consider now the more general case of a non-deterministic A over I' instantiated with M €
T[X,T]. The substituted acceptance game ¥+ G(A, M) is the positive game with winning

El_g(AvM) = (EX (QHQA)v QuxD, L.A(M)a WA(M))

whose legal plays s € L 4(pr) are sequences of the form

= (a0,80) (q1.d1) - (2a1,81) .. (qn, dn)
or s = (a07g0) : (Q1,d1) : (alvgl) el (Qnydn) : (anagn)

where n > 0, qr+1 = gr(dr) and gi € da(qe, M(ag - ... ag,dy - ... - dy) with go := ¢'4. We let
Way € (B X (D — Qa)) - (Qa X D))“ consist of the infinite sequences

(a0, 80) - (q1,d1) - (a1,81) - -+ * (qn,dn) -

such that (qx)ren € Q4 (wWhere qo := ¢4).
Now P chooses the input characters a; € ¥ in addition to the functions g, : © — Q4. In a
P-play
(a07g0) ’ (Q1,d1) ) (a17g1) et (qnadn) ’ (anvgn)

the sequence of input characters ag - ... - a, chosen by P and the sequence of tree directions
di - ...-dy, chosen by O are given as input to M, which produces a character b € I' and the
function g, chosen by P must belong to §.4(gy,b).

Games of the form ¥ F G(A, M) generalize usual acceptance games of the form A(T"). Given
a T-map T € T[1,Y] corresponding to a Y-labeled tree T, the plays of the game 1 F G(A,T)
are of the form

<.7g0) : (q17d1> : (.7g1) Tl (qnydn) : (°7gn)

and are thus in bijection with the plays of A(T"). More generally, total (winning) P-strategies
on I' - G(A, M) are in bijection with (accepting) I'-runs of A on M.

Notation 2.5 (A(T) and I' - A(M) as games). From now on, we will write I' = A(M) (resp.
A(T)) to denote indifferently a game T' = G(A, M) (resp. G(A,T)) or a set of run trees (in the
sense of §2.2).

2.5. Game Semantics: Linear Arrow Games and Copy-Cat. Recall from §2.3 that a sequent
M ; At B should be thought as a form of implication, but that the runs of the automaton
~A @ B seemed not to convey the right information. The first encountered difficulty concerned
the existence of canonical identities id 4(ar) € Ex[A(M), A(M)] if the homset Ex[A(M), A(M)]
were to be the set of accepting runs or winning P-strategies (~.A)(M) + A(M). The solution of
game semantics is to devise, from component games A and B, an implication game A —ogg B
in which:

(a) The set of moves of A —ogg B is the disjoint union of the sets of moves of A and B, and
the components A and B can be interleaved in plays on A —ogq B.

(b) O plays first in A —ogg B, and then the plays in A —ogg B alternate between P and O.

(c) The role of P and O are reversed in component A and are preserved in component B (i.e.
Pin A —ogg B plays as O in A and as P in B).

(d) In the case of simple games (see e.g. [Abr97, Hyl97]), P can switch between components at
any of its moves, but O must stay in the same component (this is the switching condition).
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Definition 2.6 (Linear Arrow Games). Given polarized simple games A and B of the same
polarity, the linear arrow game A —gg B is the negative game

A—gg B = (Ao+ Bp, Ap + Bo, LA «s¢B)

where Ly_.qo B consists of those negative plays s such that s;4 € Ly and s;p € Lp, where sj4
is the restriction of s to Ap + Ao, and similarly for s;p.

Let us check that A —ogg B satisfies the switching condition (d) above (the other condi-
tions (a)-(c) are direct consequences of the definitions): given a legal O-play s = t - n - m,
either n,m are both in component A, or they are both in component B. Indeed, note that
since A —ogq B is negative, its legal O-plays are odd-length. So if s is a legal O-play, then the
lengths of s;4 and s;p cannot have the same parity. Assume now that s =t-n -m with n and
m in different components. Since A and B are assumed to be of the same polarity, the moves
n and m are of different polarities w.r.t. A and B, so they are of the same polarity as moves of
A —oga@ B, contradicting the legality of s.

Simple games and (winning) strategies form a category SG'*"/, whose objects are simple
games (with winning), and whose morphisms from A to B are (winning) P-strategies o : A —ogg
B. We refer to [Abr97, Hyl97, AC98] for full treatments, and in particular to [Abr97, Hyl97]
for totality and winning. The general notion of winning in games of the form A —ogg B is a
bit technical. In this paper, we only need to consider the case of infinite plays on A —gg B
whose projections on A and B are both infinite. We say that such a play is winning for P in
A —ogq B iff its projection on B is winning for P whenever its projection on A is winning for
P (with the original polarities of A).

Consider now the definition of the identity strategy id 4(ar) in ¥ F A(M) —osq A(M). Since
O must begin in A(M) —ogg A(M), but it is P who begins in the right component A(M), it
follows that O must begin in the left component A(M ) (taking the role of P in that component).
It is then easy to define an identity “copy-cat’ strategy for P, which always switches component
and copies the previous O-move from the other component. A play of this strategy is depicted
in Fig. 1 (where plays grow from top to bottom). Note that P plays in particular the same input
characters a; € 3 and the same tree directions dj, € © as proposed by O. Formally, id 4(5s) is
the unique strategy in A(M) —ogg A(M) such that

(W)

idaoan = {8 € Lamyp—ogeam) | Spaany0 = Span)t} (17)

(where we have written A(M) —ogg A(M) as A(M)? —ogg A(M)! in order to distinguish the
two copies of A(M)).

In particular, by construction of id 4(5), the same sequences of states are produced in both
copies of A(M). But such sequences are either winning for P in A(M) or are winning for O in

A(M). So they are winning for P in A(M) —ogg A(M).

2.6. Linear Synchronous Arrow Games. The morphisms of our categories of automata are
based on the linear synchronous arrow games of [Rib15] (adapted to the base category T).
Synchronous arrow games are restrictions of the linear arrow of simple games between substi-
tuted acceptance games, in which P has to play the same input characters a and the same tree
directions d as proposed by O.

Let A and B be non-deterministic automata over resp. I' and A, and consider M € T[X,T]
and N € T[X, A]. We will define the synchronous arrow game

S F A(M) — B(N) (18)
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id 4 ()
A(M) e A(M)

(8,6,(]34) (5a€,qf4)
0 (a0,80) : if go € 6.4(q'y, M(ao,¢))
P : (20, 80)
0 (q1,d1) if g1 = go(dy)
P (qlv dl)

(dlvaﬁv(h) (dlaa()v(h)

<p757 Qn) (pvgv Qn) where p = dl el dn
0 (an; &n) if gn € 4(qn, M(2-an,p))
P : (anagn)
0] (Qn-l—lv dn—l—l) if dn+1 = gn(dn+1)
P (qnt1,dnt1) :

(p : dn+1a a-ap, Qn-i—l) (p : dn—f—la a-ap, Qn-i-l)

Figure 1: A play of the copy-cat identity strategy id 4(ar)

also noted A(M) — B(NN) when X is clear from the context.

The game A(M) — B(N) will be a subgame of A(M) —gg B(N). It can be seen as a
restriction of A(M) —ogg B(N) to plays which are synchronous, in the sense that A and B are
evaluated along the same path in ©“, while M and N read the same input characters from 3.
The synchronous plays of A(M) —gg B(NN) are defined using the following notion of trace. Let

Try = (2-D)+(2-D)-%

and define the trace function tr4ar) @ Ly — Try inductively as follows

traan(e) = ¢
traan(s-(a,8) = traan(s)-a
traon(s- (¢, d)) = traan(s)-d

We let the trace of a play s € L4y be the sequence trA(M)(s). The trace function trg(y) :
Lp(ny — Try is defined similarly. Note that both tr 457 and trg y) have the same codomain
Try;, which only depends on the input alphabet of M and N. Consider now a legal play s in
A(M) —ogg B(N). We say that s is synchronous if

traon (Staan) = trean (518(v))

Note that trace functions are length-preserving, so that the trace of a play s always has the
same length as s. Hence if s is a synchronous play in A(M) —ogg B(N), then Sra(m) and
s1p(n) have the same length, so that s is even length. It follows that the synchronous plays of
A(M) —ge B(N) must be P-plays.
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5 A(M) e B(N)

(e,6,q4%) (e,¢,q5)

(p,a,qa) (p,a,qB)
0 (2,84) : if g4 €04(ga, M (2" 2a,p))
P : (a,88) if gg € (g8, N(3- a,p))
O (g3, d) if gz = gn(d)
P (¢4, d) : if ¢y = ga(d)

(p'daa'avqlA) (p-d,é-a,qu)

Figure 2: A typical synchronous play over

We define the game A(M) — B(N) as the game A(M) —gg B(N), but with as legal plays
the legal plays of A(M) —ogg B(N) which are prefixes of synchronous plays. It follows that
a P-strategy o : A(M) — B(N) is a P-strategy o : A(M) —ogg B(IN) whose plays are all
synchronous. We call such strategies synchronous. In particular, the identity copy-cat strategy
id () : A(M) —osq A(M) is a synchronous strategy.

A typical synchronous play in A(M) — B(N) is depicted in Fig. 2. Note that synchronous
plays must have the same zig-zag shape as the copy-cat plays, and moreover that O actually
chooses both the input characters a € ¥ and the tree directions d € ©. This follows from
the fact that in the game A(M) — B(N), O must begin in the component A(M), choosing in
particular some a € 3. Then, by synchronicity, P must switch to component B(N) and play a
move containing the same a € %.. Since O cannot switch component, its next move must be in
component B(N), and so in particular contain some d € ©. But then, again by synchronicity,
P must switch to component A(M) and play a move containing the same d € D.

Synchronous arrow games are equipped with the winning conditions mentioned in §2.5. Given
an infinite play x in A(M) — B(N) whose projections on A(M) and B(N) are both infinite, we
say that x is winning for P if its projection on B(NN) is winning for P whenever its projection
on A(M) is winning for P.

Synchronous arrow games generalize usual acceptance games. Given an automaton A over ¥
and a Y-labeled tree T', we have seen that plays and total (winning) P-strategies in A(T') are
in bijection with plays and total (winning) P-strategies in 1+ A(T"). Plays and total (winning)
P-strategies in 1 = A(T) are in turn in bijection with plays and total (winning) P-strategies in
1+ I(T) — A(T). Here, Iis a unit automaton over ¥, with state set 1 ~ {e} (and thus e
initial), acceptance condition 1 := 1%, and transition function of the form

o : (ea) — {(deDe)}
A typical play of 1 + I(T) — A(T) is depicted on Fig. 4 (left). Note that in component

I(T"), there is always exactly one possible O-move since dy(e,_) is a singleton, and that by
synchronicity, the P-move (d, ®) in completely determined by the d € © chosen by O.

2.7. Game Semantics: Composition. We now briefly sketch the composition of synchronous
strategies. We refer to e.g. [Abr97, Hyl97] for a description of composition in SG, and to [Rib15]
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S| AM) —  B(N) | B(N) — C(L)
(£,44%) (¢,q5) (¢,95) (e,90)
(p, QA) (p, QB) (p, QB) (p,.qc)

O| (a,84) : O| (aen) ’

P : (a,gn) P : (a,8c)

0 (g5, d) 0 (g¢. d)

Pl (¢4 d) : Pl (gg.d) :

(p-d, ¢y) (p-d, q5) (p-d, q) (p-d, q0)

S| AM) — B(N) — c(L)
(e, q4) D) R
(p,q4) (p, a5) (p, gc)

O (a,84) : 0

: (2, 88)
P : (a,ge) | P
(g¢: )
(g5, ) :
P| (d4d) : : P
(p-d, dy) (p-d; qp) (pd, qf)

Figure 3: Interaction of strategies on non-deterministic automata

for the particular case of synchronous strategies. Composition of strategies for the precise
setting of this paper will be detailed in §3. Consider P-strategies o : A(M) — B(N) and
7 :B(N) — C(L) as in Fig. 3 (top). Their composite

Too : AM) — C(L)

is obtained by making o and 7 interact in their common component B(N), as depicted on
Fig. 3 (bottom). The crucial observation is that in an interaction of ¢ and 7 in component
B(N), all the P-moves are played by o and all the O-moves are played by 7. It follows that
the interactions of ¢ and 7 in component B(N) are completely determined by ¢ and 7 and
the O-moves in A(M) — C(L). The composite strategy 7 o o is then obtained by hiding the
interaction of o and 7 in their common component B(N) (see Fig. 4, right). It well-known that
T o ¢ is winning if 7 and ¢ are both winning.
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1 1(T) — AT S|oAM) % e
(87 .) (57 qfat) (5a Qj4) (5a qz:)
) X ) .1

O | (e,(d+9)) ' O] (a,84) :

P : (.a g.A) P : (av gC)

0 (¢4, d) o) (¢, d)

P (o,d) : P (q;‘, d)

(p.d, ) (pd, dy) (p.d, dy) (p.d, q)

Figure 4: Lifting of acceptance games (left) and a composite strategy (right)

2.8. The (Synchronous) Direct Product of (Non-Deterministic) Automata. Returning to
the general case of sequents of the form

M; Ay,..., A, b B

the provability interpretation tells us that the left commas correspond to a form of conjunc-
tion. A conjunction on non-deterministic automata can be implemented with a direct (syn-
chronous) product. The direct product A1 ® Az of the non-deterministic automata A; =
(Qa,, Qs 04,8 A,), both over X, is the non-deterministic automaton over X

Al b2 A2 = (QA1 X QA2 ) (qféll?quQ) ) 5A1®.A2 ) Q.A1®.A2)
with
daet((q1,2),2) = {{g1,82) 1D = Qa, X Qu, | & € 94,(gi,2) for i = 1,2}

and where Q4,04, 15 24, X 4, modulo (Qa, X Qu,)* = Q4 x Q4,. For every tree T,
the (accepting) runs of A; ® Ay on T are exactly!® the pairs (Ry, Ro) : ©* — Qu4, X Qa, of
(accepting) runs of A; and Ay over T. We therefore have, in the category Set

(./41 & .AQ)(T) ~ A (T) x As (T) (19)
from which we immediately get
LA ®A2) = L(A)NL(A2)

In games, the product (—) ® (—) is actually Cartesian on total non-deterministic automatal®.
We say that a non-deterministic automaton A is total if the empty set is not in the range of its
transition function J 4, that is when

b4+ Qax¥E — P®—=Qa)\{0}

10Because universal quantifications commute over conjunctions!
"See e.g. [Shu08] for notions of monoidal indexed categories and fibrations.
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S| (Ai[m] © As[ma]) (M, My) —o  A;(M;)

(&5 (d%,,94,)) (e,44%,)
(P, (q1,42)) (p, 4i)
0 (a, (g1,82)) .
P : (2, 8i)
0 (gi(d), d)
P ((g1(d), g2(d)), d) '

(p-d,(q1,93)) (p-d,q;) | where q; = g1(d) and g5 = ga2(d)

Figure 5: The projection w; for A; and As non-deterministic

Note that any non-deterministic automaton can be translated to a total one at the cost of
possibly adding one (rejecting) state. Consider now ¥ F A;(My), ¥ F Ag(Msy) and ¥ +
C(L), with Aj, Ag and C total non-deterministic. Then there are canonical total (and winning)
projection strategies:

w;  (A1[m] ® Ag[me)) (M, My) —o  A;(M;)
and total (winning) P-strategies
0 : C(L) —o (A1[m]® Ag[ma])(Mi, Ma) (20)

are in bijection with pairs of total (winning) P-strategies
o1 : C(L) —o Ai(M) and oy C(L) —o Ay(M>) (21)

A typical play of w; is depicted on Fig. 5. Note that since A; and Ay are assumed to be non-
deterministic, synchronicity completely determines the move ((g1(d),gz2(d)),d) of w; from the
O-move (g;(d),d) in component A;(M;). It follows that each strategy 6 as in (20) determines
strategies o1 and o9 as in (21) with o; = w; 0 6.

On the other hand, given fixed o and o3 as in (21), a strategy 6 such that o; = w; o 6 and
09 = w9 00 is necessarily unique. As for existence of @, consider plays s1 € o1 and sg € oy with
the same trace in Try, as in Fig. 6. Note that if O plays “the same way” on C(L) in s; and
So, then S1je(L) = S21¢(L)- Indeed, if ¢1 = g2 and g1 = go, then, since s; and so have the same
trace, we have ¢} = gi1(d) = ga(d) = ¢, for the same d € ©. It follows that s; and s2 can be
merged in the play depicted on Fig. 6. This defines a total (winning) € such that w; o 0 = o;.

Furthermore, the automaton I induces terminal objects: for every C(L) with C total non-
deterministic, there is a unique total (and winning) 1¢(z) : C(L) — I(L), see Fig. 7.

The Cartesian structure of (®,I) on total non-deterministic automata imply that we can
equip total non-deterministic automata with deduction rules for a Cartesian product, such as

the following rules (where A denotes a sequence Aj, ..., A,):
M; A A B, BFEC M; AFA M BFB
(LEFT ®) = — — (RIGHT ®)
M; A AB,BFC M; A BFA®B
(22)
M; A, BrC
(LEFT I) M:ALBrC RS (RiGHT I)
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S2€02

s oer TS A0 s oem T A0m)
(e,q0) (e,d4%,) (e,q0) (e,d',)
a0 X . w) X

0 (37 gl) 0 (aa 82) :

P : (a> g.Al) P : (aa g.AQ)

0 (4, 4) 0 (¢4, )

P| (q1,d) : P| (g5 4d) :

(pd, ¢4 (pd, ds) (p-d, q5) (p-d, da,)

Y CL) —— (Ailm]® Ag[ma]) (M, Ma)

(¢,q¢0) [CRC W)

(p,.ql) (p, ((IA; )
0 (a7 gl) :
P : (a7 (gA1 ) g.AQ))
0 ((d4,>ds,) @)
P| (q1,d) :

(p-d, q1) (p-d, (94, d4,))

Figure 6: Pairing on non-deterministic automata

lcn)

S| ewr — I

(€, 90) (¢,0)

(p, 'qc) (p,. °)
0 (av gc) :
P (a,(_—e))
0 (o,d)
Pl (gc(d),d) :

(p-d, ge(d)) (p-d, e)

Figure 7: The terminal object on non-deterministic automata
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together with the structural exchange rule

M; A A B CFC

(EXCHANGE) — — (23)
M; A B, A CEC
as well as the structural weakening and contraction rules:
M; A, BEC M; A BC
(WEAK) LA’ — d ALA’ AL (CONTR) (24)
M; A, A, BEC M; A, A, BEC
and the following general (multiplicative) cut rule
M; A- M; B, ACKHC

(CuT) A A : 5, 4, (25)

M: B, ACFC

To summarize, with total non-deterministic automata, the left commas in sequents of the
form (1) can be internalized as a product (®,I), whose deduction rules are suggested by its
structure in the computational interpretation.

2.9. Alternating Automata and Linear Logic. With respect to the context of this paper,
the basic insight of linear logic [Gir87], is that having an explicit control on the weakening
and contraction structural rules depicted in (24) gives rise to a decomposition of the usual
intuitionistic connectives A, — into more refined connectives (usually denoted ®, &, !, —o), which
in a lot of cases allow, thanks to the Curry-Howard correspondence, refined constructions of
models of programming languages based on (typed) A-calculi (see e.g. [AC98]).

In the case of conjunction, this can be phrased as follows. First, when suppressing the struc-
tural rules (WEAK) and (CONTR), the rules displayed in (22) and (23) do not specify anymore
a Cartesian structure for the product (®,I), but merely a symmetric monoidal structure (see
e.g. [Mel09] for definitions). This implies that in contrast with intuitionistic sequents, the left
commas in ILL-sequents, which have the same structure as (®,I), do not anymore behave as a
Cartesian product. Moreover, (®,I) is not anymore equivalent to the additive conjunction (usu-
ally denoted &, with unit T), which, as a logical connective, would be defined in ILL-sequents
by rules of the form!?:

Ay, ..., AyFBy Ay, ..., A, F By
AL, ..., A, F B & B A, AT
Ay, ... A ... A FB Ay ... A ... A FB
A, .. A&C,. . A FB A,.. C&4A;,.. . A FB

Second, the structural rules (WEAK) and (CONTR) are restored but for a specific exponential
modality !(—):
Ay, ooy ..., Ay B A, oo 1A 1A, . AL EB
Ay, oo 1A, ... AEB Ay, o 1A, ... AE B

(26)

The modality !(—) is itself subject to specific introduction rules, called dereliction and promotion:

A, A, A B 1Ar, ..., A, F B
A, .. 1A, A, FB A, ..., 1A, B

(27)

12We do not consider in this paper the usual additive conjunction on alternating automata, which would provide
an implementation of &, because its categorical properties would require a slight extension of our setting.
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Then (but see also [Gir87, AC98, Mel09] for details), the categorical interpretation of proofs
gives an isomorphism

IA®IB ~ (A& B) (28)

which implies that an intuitionistic sequent
Ay, ..., A, b B

where the left commas behave as a Cartesian product, corresponds to the linear sequent
1A, ..., A, - B

where the left commas behave as a symmetric monoidal product (—) ® (—) which need not be
Cartesian.

The pertinence of intuitionistic linear logic in our context comes from the fact that the prod-
uct (—) ® (—) defined in §2.8 on non-deterministic automata extends to (total'®) alternating
automata, but induces a symmetric monoidal product which is not Cartesian (there is no bijec-
tion between (20) and (21), and moreover I is not terminal). Recall from §1.3 that an alternating
automaton A over I' has a transition function of the form

a4+ QaxT — PP(QaxD))

Given M € T[X, T, the substituted acceptance game > = G(A, M) is the positive game with
winning

EI—Q(A,M) = (Z XP(QAXQ)v QuxD, LA(M)? W.A(M))

whose legal plays s € L 4(pr) are sequences of the form

= (a0,7) - (q1,d1) - (a1, M) -+ (qn, dn)
or s = (ag,v)-(q1,d1) - (a1, 71) -+ (qn, dn) - (an, Tn)
where n > 0, (qr41,dr41) € v and v, € 04(qr, M(ag - ... - ag,dy - ... - dy)) with qo := ¢%4. The

winning plays x € W(yr) are generated from the acceptance condition €24 in the expected way,
and we say that A accepts T’ (i.e. T € £(.A)) when P has a winning strategy in 1 - A(T).

Alternating automata induce synchronous arrow games in the same way as non-deterministic
automata (see [Rib15]). Trace functions extend to alternating automata (replacing g’s by ~’s),
and we can let ¥ F A(M) — B(N) be G(A, M) —osc G(B, N) restricted to (the prefixes of) its
legal synchronous plays. A typical play is depicted on Fig. 8.

Given alternating automata A and B over ¥, the automaton A ® B over X has state set
Q4 x @B, and evaluates A and B along the same trace in Try; (see [Rib15] for details). Now,
recall that with alternating automata, O can choose states in addition to tree directions. Hence,
given a P-strategy on (A®B)(T) (for T : ©* — %), and given a branch of this strategy following
a given path p € ©*, it is possible for P to make different choices according to previous O-moves.
In particular, some choice of P in component A may depend on previous O-moves in B. (Note
that this was not possible with non-deterministic automata, since p € ®* determines uniquely
the previous O-moves.) So a P-strategy on (A ® B)(T) may not uniquely determine a pair of
strategies in A(T) x B(T'). It follows that in general there is no bijection between (20) and (21).

On the other hand, in any model of intuitionistic linear logic, the isomorphism (28) implies
that every object of the form !A is a commutative commonoid w.r.t. (®,I) (see e.g. [Mel09)]),

13 Total alternating automata were called complete in [Rib15].
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S| AM) —  B(N)

(e,94%) (¢, q5)
(p,q4) (p, a5)
O] (a,74) 5 if 4 € d4(qa, M(p)(a))
P . (a,78) |if s € d5(qs, N(p)(a))
0 (45.d) | if (g5, d) €8
Pl (¢4 d) : if (¢/y,d) €4
(p-d, dy) (p-d, qp)

Figure 8: A typical synchronous play with alternating automata

which essentially means that (®,I) has a Cartesian structure w.r.t. objects of the form !A.
This indicates that non-deterministic automata behave as objects of the form !A, and it turns
out that to some extent, the powerset construction translating an alternating automaton to an
equivalent non-deterministic one (the Simulation Theorem [MS87, EJ91, MS95]), corresponds
to an !(—)-modality of intuitionistic linear logic. In particular, all the !(—)-rules (26) and (27)
can be interpreted in our categories'*. But unfortunately, this interpretation is not compatible
with usual cut-elimination, because the operation !(—) fails to be a functor.

2.10. Realizability and Compositionality in [Rib15]. As with have seen in this Section, a
substantial part of the program announced in §1 was already completed in [Rib15].

The framework of [Rib15] consists in symmetric monoidal fibred categories of (usual) tree
automata. Although [Rib15] does not explicitly mention any deduction system, it actually
provides, for total alternating automata, a realizability interpretation (in the sense of §1.2
and §1.5) of the deduction system made of the rules displayed in (22), (23) and (25), as well as
the (Ax1oM) rule of §2.1, the (WEAK) rule displayed in (24), and the (CONTR) rule displayed
in (24) (with A total non-deterministic). The fibred structure of [Rib15] amounts to the fact
that T-maps L € T[A, ¥] induce substitution functors L* taking a strategy

X F o : AM) — B(N)

to a strategy
A F L*o) : AMMoL) —o B(NolL) (29)

(see Rem. 4.1, §4). This gives an interpretation of the substitution rule (14). Furthermore,
this fibred structure is equipped with existential quantifications in the spirit of §2.2 and in
the technical sense of simple coproducts (see e.g. [Jac01, §1.9]). Finally, a simulation operation
I(—) was already shown to satisfy the weak completeness property mentioned in 1.5.(bii) (with
instead of (—)*, a usual notion of linear complement (—)*, see §1.3).

Besides providing a detailed account of a fibred structure on tree automata, this paper ex-
tends [Rib15] with an explicit deduction system (whose rules are depicted on Fig. 24, Fig. 26

14 (WEaAK) actually holds (in a non-canonical way) for total alternating automata (i.e. the ! is not strictly
necessary in the conclusion).
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and Fig. 30), and gives an explicit account of simulation as satisfying the (obvious adaptation
to our context of the) deduction rules (26) of the usual exponential modality !(—) of ILL (see
also §1.4 and §7). Yet, the main contribution of this paper is to provide a monoidal-closed
structure on automata. This involves variants of usual of alternating automata, that we call
uniform automata (§3).

Usual alternating automata seem to not have enough structure to induce categories equipped
with a monoidal-closed structure while providing a computational interpretation of proofs in the
sense of §1.2. As usual (see [Mell3] and also §3.2 and §5.4), a monoidal closed structure (®, I, —o)
provides for each object R a contravariant functor (—)* := (=) —o R, which automatically
validates deduction rules of the form

A BFR  AFB* AR B A+ B
AFBY A BFR BFAR  AF AR BRE AR ARRR | R

In the case of usual alternating automata, it is not difficult to have a linear complementation
(—)* which satisfies similar rules!®. Given an alternating automaton A, following [Wal02] it is
natural to let AL have the same states as A, and to take for § 41 (g, a) a dual of the disjunctive
formula represented by d4(¢g,a) € P(P(Qa x D)), that is, to let 0 41 (¢,a) be the set of all
v € Udalg,a) such that v~ N~ # @ for all v € 6.4(q,a). Then, it is not difficult to validate a
rule of the form

>, AFB
- = 30
¥ BLE AL (30)
However, as detailed in App. A, it is not obvious how to obtain an operation (—)' with a

functorial action of strategies, in particular which preserves composition.

3. Uniform Automata and Zig-Zag Games

This Section presents the notion of automata (called uniform automata) on which this paper
relies (§3.2 and §3.3). Uniform automata are motivated by the extension of usual alternating
automata with a monoidal closed structure (§3.1, see also §1.5 and §2.10). Working with uniform
automata instead of usual automata allows, w.r.t. [Rib15], a considerable simplification of the
underlying technology of game semantics. We rely on a very simple category DZ of (total) zig-
zag games (§3.4 and §3.6), on top of which the counterpart on uniform automata of synchronous
arrows games is built (§3.5 and §3.7).

3.1. Toward Monoidal Closure. The main contribution of this paper w.r.t. [Rib15] is that
we propose a variant of usual alternating automata which is equipped with a closed structure
w.r.t. the symmetric monoidal product (®,I). This means that from automata B and C, we can
define an automaton (B —o C) such that for every automaton A, we have an isomorphism

ARB—oC =~ A—o(B—C)

(subject to some naturality condition). This implies that we can extend our deduction system

with rules for the linear implication connective —o of ILL:

M; AFA M: B B, CFC
M; B, A A—-B CHC

(LEFT —o) M LA’ BrC (RIGHT —o) (31)
M; AFB—C

5Modulo some burden caused by totality, see [Rib15].
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and that these rules are compatible with cut-elimination (see e.g. [Mel09], but also Rem. 5.7),
in the sense that the following two derivations are interpreted by the same strategy:

7 7 ‘
AF B IFA BFB :
TFA—B ABFB D7/ A (32)
IrB Ir B

Assume given alternating automata A and B over X, and let us see how to construct an
automaton (A —o B) over X such that total (winning) P-strategies in the game ¥ -1 —o (A —
B) are in bijection with total (winning) P-strategies in the game ¥ F A —o B. Given a play of
o leading to a position ((p,q4), (p,gp)) in the game ¥ - A —o B, the next moves of ¢ induce
maps

v ya — B
Foo (ya, (ggd) € f(va) —  (d4,d) €74
where i

by A —o B

(p,q4) (p,98)
O | (a,74) :
Pl (a,8) | f(v4) =5
O (¢, d)
P | (¢4 d) D F(va, (g5, d) = (4, d)

The main idea toward the definition of the automaton (A — B) is to let the P-moves in its
transitions be given by pairs of maps

f:PQax®D) — P(QpxD) F: PQaxD)x (QpxD) — QuxD (33)

Note that the functions f and F' do not explicitly depend from the input characters a € 3,
since input characters are played in the component I of ¥ -1 ——o (A —o B), prior to the choice
of f and F.

3.2. Uniform Automata. In order to obtain the required categorical properties of a monoidal
closed structure, we devise a “uniform” variant of usual alternating automata, whose transitions
are given by explicit arbitrary non-empty finite sets of P and O-moves.

Definition 3.1 (Uniform Tree Automata). A uniform tree automaton A over ¥ (notation
A :X) has the form

A = (Qa,d4,U,X,04,Q4) (34)

where Q 4 is the finite set of states, ¢’y € Q4 is the initial state, U and X are finite non-empty
sets of resp. P and O-moves, the acceptance condition Q4 is an w-regular subset of Q%, and
the transition function §4 has the form

o4 @ Quax¥ — UxX — (®—Qun) (35)

Following the usual terminology, an automaton A as in (34) is non-deterministic if X ~ 1,
universal if U >~ 1, and deterministic if U ~ X ~ 1.
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Example 3.2. (i) The unit automaton Iy, : ¥ is the unique uniform deterministic automaton
over ¥ with state set 1 (with e initial) and acceptance condition 1¥. Explicitly,

Iy = (1,e,1,1,67,1%)
where d1 is the unique function

hh : 1x¥ — 1x1 — (®—1)

We write I for I, when % is clear from the conteaxt.

(i1) Each alternating automaton A can be translated to a uniform automaton A. The automa-
ton A simulates A as long as P and O respect the transition function of A, and switches
to an accepting (resp. rejecting) state as soon as O (resp. P) plays a move not allowed by

A. Assuming
o4+ QaxX — PPQaxD))

we let A be the uniform automaton
(A:%) = (Qa+B, ¢4, P(QaxD),Qu, 3z, )
where B := {t,f}, with transitions given by 6 2(b,a,, ., ) :=Db if b € B and for ¢ € Q:

¢ ify€dalqg,a) and (¢, d) € v
d4(q,a,7,4',d) == t ify€dalg,a) and (¢, d) ¢~
fify¢dalga)
and with Q7 = Qa4+ Q.17
Given two uniform automata A and B over X, it is easy to define a linear implication au-
tomaton (A —o B) following the idea of (33).

Definition 3.3 (Linear Implication of Uniform Automata). Assume A is as in (34) and let

B = (Qs,q5,V,Y,d5,0B)
so that
o4 @ Qax¥ — UxX — ®—Qa)
and op : Qpx¥ — VxY — (®—Qp)
We let (A — B) be the automaton over % defined as
(A—B) = (QuxQs, (daap), V' x XTTP UXY, 6408, )
with
da-8((qa,98), a, (f,F), (wy),d) = (da,qp)
where
dx = 6alqa,a, u, Flu,y,d),d)  and qg = ds(es 2, f(v),y,d)

and with ((qn, q,))n € Qa—B iff ((gn)n € Qu = (¢,)n € Q). Note that Qa_.p is w-reqular
since Q4 and Qp are both assumed to be w-regular.

Definition 3.3 will be justified in §5. We obtain a notion of linear complement with
AY = A—o L

where L is a particular automaton accepting no tree (see §5.4), and it follows from monoidal
closure that (—)* is a contravariant functor taking a total (winning) P-strategy o : A(M) —o
B(N) to a total (winning) o : BY*(N) — A% (M).
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3.3. Full Positive Games and Acceptance for Uniform Automata. The shape (35) of the
transition functions of uniform automata allows their (substituted) acceptance games to be
defined without using the notion of legal play. This leads to a slightly simpler setting than for
usual automata.

Definition 3.4 (Full Postitive Game). A full positive game (with winning) is a positive game
A (with winning) such that all its positive plays are legal, that is such that

La = 9% = (Ap-Ao)"+ (Ap-Ao)" - Ap

Note that a full positive game A is completely characterized by its set of P and O-moves. We
write A = (U, X) to denote the full positive game A with P-moves Ap = U and O-moves
Ao = X. We say that A = (U, X) is total if U and X are non-empty.

Consider a uniform automaton A : I' as in (34), and a morphism M € T[X,T]. The uniform
substituted acceptance game ¥ + A(M) is the full positive game with P-moves ¥ x U and
O-moves X x ®. So a play in X - A(M) has the form

P (ag,u0) =25 (20, do) — (a1, u1) - ... =25 (20, dp) — (Bng1, Unst) — ...
Similarly as in a substituted acceptance game for a usual non-deterministic or alternating au-
tomaton, P chooses input characters and O chooses tree directions. Note that because the sets
of P and O-moves of a uniform automaton are always assumed to be non-empty (in this sense
uniform automata are always total), there is no maximal finite play in the game A(M).

We now equip ¥ - A(M) with a winning condition W) € (X x U) - (X x D))“. Each
infinite play x = ((ar, ux) - (@g, di))kx € (X x U) - (X x D)) generates an infinite sequence of
states (qx)r € Q% as follows. We let qo := ¢'4 and

G+1 = 0alqr, br, uk, xp, di)
where b = M(ao'...-ak,do‘...‘dk_l)

Then x is winning (i.e. x € Wyar)) iff (qr)r is accepting (i.e. (qr)x € Qa).

Let us set some notations. We write I' - A (or simply .A) for the game I' - A(Idr). Moreover,
we extend the notation A[f] of §2.2 to uniform automata.

Definition 3.5. Given an ordinary function £ : X — I’ and a uniform automaton A : T, we let
A[f] : X be the uniform automaton defined as A, but with

5.A[f]<Q7 a, u, I, d) = 6A(q7 f(a)7 u, T, d)
Similarly as in §2.2, the game ¥ - A([f]) is the same as the game ¥ F A[f].

Example 3.6. Continuing Ex. 3.2.(ii), given a usual alternating automaton A over I' and
some M € T[3,T], P has a winning strategy in A(M) if and only if P has a winning strategy
in A(M).

Consider a uniform automaton A : ¥ and a Y-labeled tree T. The game 1 + A(T) (also written
A(T)) is similar to usual acceptance games (see §2.4). A typical play of A(T) is depicted on
Fig. 9 (left). Note that the input alphabet of A(T) is 1, so that P only plays moves in U.

Definition 3.7. Given a uniform automaton A : ¥ and o X-labeled tree T, we say that A
accepts T if P has a winning strategy in A(T), and we let L(A) be the set of X-labeled trees
which are accepted by A. Moreover, a set L of X.-labeled trees is regular if there is an automaton
A X such that L= L(A).
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Figure 9: Uniform automata and games

3.4. Zig-Zag Games. We will equip uniform automata with synchronous arrow games re-
sulting from the obvious adaptation of [Rib15]. However, the presentation of the categorical
structure will differ from [Rib15], and will rely on a very simple subcategory of the usual cate-
gory SG of simple games consisting of (total) zig-zag strategies. As we shall see in §4 and §5,
this will give us a decomposition of the indexed structure of synchronous arrow games allowing
a smooth treatment of monoidal closure.

Consider substituted acceptance games ¥ - A(M) and X + B(N), where A and B are usual
automata. Recall that the synchronicity constraint of [Rib15] presented in §2.6 imposes a legal
P-play s in A(M) — B(N) to satisfy

traon (Staan) = trean (518(v))

Since the functions tr 4y and trp(yy) are length-preserving, this imposes in particular s;4(ar)
and s;p(n) to have the same length. On the other hand, given simple games A and B of the
same polarity, and a play s in A —ogg B, if

length(s;4) = length(s;p) (36)

then in s, each P-move must switch component w.r.t. the previous O-move. Let us discuss the
case where (say) A = (U, X) and B = (V,Y) are full positive games. Recall that O begins in
A —oge B and must play in component A since A and B are positive. In order to maintain (36),
P must then switch to component B. After the P-move in B, the switching condition imposes
O to stay in B, and then P has to switch to A, again to maintain (36). It follows that s must
have the zig-zag shape depicted in Fig. 10.
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A —opgz B

Figure 10: A typical zig-zag play with A = (U, X) and B = (V,Y) full positive games

Definition 3.8 (Zig-Zag Plays and Strategies). Given simple games A and B of the same
polarity, a play s in A —oga B is a zig-zag play if

length(s;a) = length(s;p)

A P-strategy o : A —ogq B is a zig-zag strateqy if all its plays are zig-zag plays.

We write A —opygz B for the game obtained by restricting A —oga B to (prefizes of) its
legal zig-zag plays (so the P-strategies on A —opgz B are exactly the zig-zag P-strategies on
A —os@ B)

Consider now games with winning A and B. Note that if 0 : A —opz B is total, then for
every x € ((Ap + Bo) - (Ao + Bp))“, if x has infinitely many finite prefizes in o, then x4 and
X1B are both infinite. We therefore let Wa_op C ((Ap + Bo) - (Ao + Bp))“ be the set of infinite
sequences X such that (x;a € Wa = xiB € Wh).

Full positive games (with winning) and total (winning) P-strategies form a category DzZW)

(to be defined in §3.6), which is the backbone of our categories of uniform automata. As we shall
see in §4 and §5, with uniform automata, the synchronicity constraints of [Rib15] (see §2.6) have
a decomposition in DZ which will turn out to be useful for the fibred monoidal-closed structure.

3.5. Uniform Linear Synchronous Arrow Games. The notion of linear synchronous arrow
game of [Rib15] (see §2.6) readily extends to uniform automata. It is however convenient to
work with a slight generalization.

Fix an alphabet ¥ and consider full positive games A = (X x U, X x ©D,W4) and B =
(X x VY x ©,Wpg). Note that A and B are not required to be substituted acceptance games.
We define the uniform linear synchronous arrow game

YFA—-B

(also noted A — B when X is clear from the context) similarly as the synchronous arrow game
of [Rib15], but with the obvious adaptation of the notion of trace. Given a full positive game
A=(ExUX x®D,W,) as above, define

tra : Lp — Try
inductively as follows:
tra(e) = ¢
tra(s- (a,u)) = tra(s)-a
tra(s- (z,d)) = tra(s)-d
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By directly adapting [Rib15], we say that a legal play s in A —ogg B is synchronous if

trA(S{A) = trB(SrB)

Then, we let A — B be the restriction of A —ogg B to the prefixes of its synchronous legal
plays and call a P-strategy on A —ogg B synchronous if all its plays are synchronous. A typical
play in A — B is depicted on Fig. 9 (top right). As expected, P has to play the same a € ¥ and
tree directions d € © as chosen by O. Moreover, similarly as with usual automata in §3.4, since
the trace functions try and trp are length-preserving, the (synchronous) plays in A — B are
zig-zag, and A — B is a subgame of A —opz B. We therefore equip A — B with the winning
condition Wy _.p of Def. 3.8, so that an infinite play of the form

x = ((ag,ur) - (ak,vk) - (Y, di) - (2k, di))k
is winning if and only if
((ak, uk) - (zp, di))e € Wa = ((ag,vx) - (Uk,d))r € Wa

Notation 3.9. We write X+ A(M) — B(N) (or simply A(M) — B(N) when X is clear from
the context) for the uniform linear synchronous arrow game ¥ = A —o B where the full positive
games A = (U XU, X xD,Wy) and B = (XX V,Y XD, Wg) are induced by uniform substituted
acceptance games as A= (X + A(M)) and B = (X F B(N)).

A typical play of A(M) — B(N) is depicted on Fig. 9 (bottom right). We write ¥ - A — B
for the game A(Idy) — B(Ids) where A, B : ¥. Note that transitions do not depend anymore
from the history of tree positions p € ©* since ¢4 = d4(qa,a,u,z,d) (and similarly for gp).

Example 3.10. Similarly as with usual automata (see §2.6), given a uniform A : ¥ and a
Y-labeled tree T, P has a winning strategy in A(T) (i.e. T € L(A)) iff P has a winning strategy
in 113 — A(T).

3.6. The Category DZ™) of Zig-Zag Games and Total (Winning) Strategies. We now
discuss composition and identities for total (winning) zig-zag strategies.

Let us step back to some well-known facts on simple games from [HS99]. There is a faithful
functor HS : SG — Rel (the category of sets and relations) taking a simple game A to its set
of legal plays L 4, and a strategy o : A —ogg B to

HS(o) := A{(sja,sB)|s€o} C LaxLp
We can therefore faithfully represent strategies o : A —o B as spans

HS(0) (37)
T1 ™2
LA / \ LB

and moreover, composition and identities of simple game can be seen as being induced from
composition and identities on relations. Explicitly HS(id4) is identity relation on L4 (as sug-
gested by (17)), and given strategies 0 : A —ogg B and 7 : B —ogg C, the strategy 7 o o is the

unique strategy such that HS(7 o o) is the relation HS(7) o HS(0).
In other words, the category SG of simple games can be obtained from the category Rel
thanks to the injectivity of HS seen as function from strategies to relations. In the case of total
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zig-strategies, composition and identities can be obtained along this scheme, but with much
simpler combinatorics than with SG.
First, note that the map (that we still denote HS)

HS : SELA_OSGB — (S(A,S[B)ELAXLB

is injective on zig-zag plays: given (¢,t') € Ly x Lp, there is at most one zig-zag play s such
that HS(s) = (¢,t'). This immediately gives the injectivity of HS on zig-zag strategies.

Lemma 3.11. (i) Given zig-zag plays s,t in A —opz B, if HS(s) = HS(t) then s =t.
(ii) The map HS is injective on zig-zag strategies: HS(o) = HS(1) implies o = 7.
Second, total zig-zag strategies admit a very simple functional representation.

Proposition 3.12. Consider full positive games A = (U, X) and B = (V,Y). Total zig-zag
strategies o : A —opgz B are in bijection with pairs of functions (f, F') where

[t Upen (UM x YT — Vv

F oo Upen @Oy — X (38)

Given pairs of maps (f, F') as in (38), for each n > 0, we write f,, and F, for the induced maps
fo + U'xY™ — v®» and F, : U'xY" — X"

Note that for each full positive game A = (U, X), there is a bijection (were p$'*" denotes the
set of even-length plays of A):

0 = (Oy,0x) : A" — Upen(U" x X™)
defined as d(¢) := (e,¢e) and d(s.u.z) = (Oy(s).u, dx(s).x).

Proof of Prop. 3.12. Fix A = (U,X) and B = (V,Y) and consider a total zig-zag strategy
0 : A —opz B. By induction on n € N, it is easy to see that for all (w,y) € U™ x Y™, there is
a unique (s,t) € HS(o) such that @ = dy(s) and § = dy(t). The property vacuously holds for
n = 0. Assuming it for n, given (w.u,7.y) € U™ x Y"1 by induction hypothesis, there is a
unique (s,t) € HS(o) such that w = Jdy(s) and y = Jy (t). Now, since o is total and zig-zag,
there is a unique v € V such that (s.u,t.v) € HS(o). Similarly, there is a unique x € X such
that (s.u.z,t.v.y) € HS(o), and the property follows. Furthermore, since u.u and y uniquely
determine 7 = Oy (t) and v, and since u.u and 7.y uniquely determine T = dx(s) and z, we
obtain a pair of functions (f, F') as in (38) defined as

f@u,y) = v and F(y.y,uu) = =z

Conversely, each pair (f, F') as in (38) uniquely determines a total zig-zag strategy o, with,
for all wu € U™, and all j € Y,

(O~ (@, z).u, 0 (v,7).v) € HS(0)
where T.v = f,,11(W.u,7y) and T = F,,(4,7); and moreover for all y,
O~V (@, 7)we , 071 (v,7)vy) € HS(0)

where x = F(u.u,7.y). O
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The representation of strategies as pairs of maps (f, F') of the form (38) provides an easy
way to compose total zig-zag strategies. Given total zig-zag strategies o : A —opz B and
T : B —opz C, we are looking for a composite 7 o ¢. By injectivity of HS, it is sufficient to
show that there exists a strategy € such that HS(6) = HS(7) o HS(¢). But thanks to Prop. 3.12,
given pairs of maps (f, F) and (g, G) representing resp. o and 7, this amounts to provide a pair
(h, H) representing 6. Write A = (U, X), B = (V,Y) and C = (W, Z). The relational composite
HS(7) o HS(o) is such that (0~(u,z), 0 (w,z)) € HS(7) o HS(0) if and only if there are (v,7%)
such that

(0 Y@, z), 07 (v,7)) € HS(¢) and (07 (7,7), 0 '(w,%)) € HS(7)

But by Prop. 3.12 this is possible if and only if the following equations are satisfied:

v = fu(u, »7) w = gn(T, »Z) (39)
T = Fu(u,y) y = Gn(v, %)
(where »e := ¢ and »y.y := 7). The derived equation
¥ = Gulfu(u, »y),7) (40)
determines ¥ = y(u,z) = y1..... yp uniquely from @ = u;..... Up and Z = 21..... Zn, a8
ye = G(fr(uy..... Uk, Y1o- - Yke1) s Z1e--- Zk) (41)
We can thus define a pair of maps
h Unen (U™ x 27 — W
H Upen (U™t x 27— X
as follows
h(ﬂu, f) - g(fn-‘rl(ﬂua y(ﬂ, E))) ) 5)
H(uu,zz) = F(uu, y(uu,zz))

Then, by construction of (h, H), the total strategy 6 : A —opz C' it represents is such that
HS(0) = HS(7) o HS(0), so that we can let 700 := 6.

Note that the strategy 7 o o is total. Hence, totality is preserved by composition of zig-zag
strategies, while on the other hand, it is well-known that totality is not preserved by composition
of arbitrary SG-strategies (see e.g. [Abr97]).

In §2.7, we alluded to the usual method to compose SG-strategies o : A —ogg B and 7 :
B —oge C, which proceeds by letting ¢ and 7 interact in their common component B, and
then hiding this interaction (see e.g. [Abr97, Hyl97] for details). This relies on the usual zipping
property, stating that the interactions of ¢ and 7 in component B are completely determined
by the O-moves in components A and C' (with the polarities of A —ogg C). In our case, the
zipping property follows from the definitions of 3 from @ and z by (41), and of v and T from w
and 7 in (39). We have in particular the following relational version of zipping (which actually
holds for the full SG [HS99)):

Lemma 3.13 (Relational Zipping). Given total zig-zag o : A —opz B and 7 : B —opgz C, and
given (ta,tc) € HS(1)oHS(0), there is exactly one legal play tp € Lp such that (t4,tp) € HS(o)
and (tg,tc) € HS(T).
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From the relational zipping Lemma 3.13 one gets the usual and expected fact that if o :
A —opz B and 7 : B —opgz C are both total and winning, then 7 o ¢ is total and winning.
Indeed, given an infinite play x € ((Ao + Cp) - (Ap + Cp))¥ of 7 o o (that is such that 3*k €
N. x(0) -...-x(k) € Too), it follows from Lem. 3.13 that there are infinite plays x, and x, of
resp. o and 7 such that

(Xo)ia = xa and  (Xo)iB = (o) and (X7 = X

from which we get
(xja €Wa) = ((xe)iB = (Xs)iB € WB) = (X1c € Wo)

Definition 3.14 (The Categories DZ and DZW). The category DZ™) has total full positive
games (with winning) as objects (see Def. 3.4). Maps from A to B are total (winning) zig-zag
strategies 0 : A —opz B.

Note that the identity and associativity laws for composition of strategies are lifted from the
corresponding laws in Rel by the injectivity of HS. On the one hand, we have

idpoo = o = o0oidy
since HS(id4) (resp. HS(idp))) is the identity relation on L4 (resp. Lp) and since
HS(idg) oHS(0) = HS(o) = HS(o)oHS(ida)
On the other hand, the associativity of composition (that is fo(T00) = (fo7)o0) follows from

the fact that HS(#) o (HS(7) o HS(0)) = (HS(#) o HS(7)) o HS(0).

3.7. Categories of Uniform Synchronous Arrow Games. We now define, for each alphabet X,
categories SAG(EW) of uniform synchronous arrow games (with winning) over ¥. Composition
and identities are based on DZ(W), and on the representation of strategies as spans (37).

Consider a uniform synchronous arrow game > - A — B. Then, a P-strategy 0 on A —ogg B
is synchronous if and only the following diagram commutes:

HS(0) (42)
T1 ™2
Ly / \ Lp
k AKB
Try,
Hence, if o is synchronous, then given a further P-strategy 7 on ¥ = B — C, we have

HS(7) o HS(0)
> HS(7)

Lo .
/ \ Ls / \ Le

tr
tra \L /
TI‘Z

(where by Lem. 3.13 top diamond is a pullback). Since HS(7 o o) = HS(7) o HS(0), it follows
that 7 o ¢ is synchronous. We thus get the following categories of uniform synchronous arrow
games (recall from §2.6 that identity strategies are synchronous).

Ly
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Definition 3.15 (The Categories SAG(EW)). The objects of SAGy, are pairs (U, X) of non-
empty sets. The maps from (U, X) to (V,Y) are total P-strategies on ¥ F (¥ x U, X X D) —o
(Ex VY x D).

The objects of SAG;};V have the form (U, X, W,), where U, X are non-empty sets and where
Wa C ((ExU)- (X xD))¥. SAGY -maps from (U, X,Wa) to (V,Y,Wp) winning P-strategies
on X (EXU,XXDWy) —o (ExVY xD,Wg).

Given a uniform substituted acceptance game A = (X + A(M)) with A as in (34), write A for
the SAGU -object (U, X) (resp. (U, X, W.)).

4. Fibrations of Tree Automata

In this Section we present an indexed structure for uniform synchronous linear arrow games,
in which morphisms L € T[A,X] induce substitution functors, and such that the operation
(—)* is itself functorial (see §2.2 and [JacOl, Chap. 1]). While substitution in [Rib15] was
defined directly at the level of synchronous arrow games (via the representation of strategies
as relations), we devise here an indexed structure induced by a reformulation of synchronicity
using monoid and comonoid indexing (and inspired from [HS99, HS03]) on zig-zag games, and
which allows a smooth treatment of monoidal closure and universal quantifications. This will
lead us to a category DialAut, fibred over T, and whose fibre over . is isomorphic to SAG%V.
The material of this section relies on the symmetric monoidal structure of DZ.

Remark 4.1 (On Substitution in [Rib15]). Looking at (42) (§3.7), synchronous strategies in

SAG(EW) can be seen as relations in the slice category Set/Trs,. Actually, in [Rib15], substitu-
tion functors (see (29), §2.10) are similar to substitution in the usual codomain fibrations (see
e.g. [Jac01, Chap. 1]). We actually get a strict indexed structure since in contrast with the
usual codomain fibrations, substitution in [Rib15] is given by chosen pullbacks.

4.1. Symmetric Monoidal Structure of DZ

The category DZ has a particularly simple symmetric monoidal structure, but which differs
from the usual ones in game semantics.

Proposition 4.2. The category DZ is symmetric monoidal with unit I := (1,1) and with
AR B :=(UxV,XxY) for A= (U,X) and B= (V,Y).

The action of the tensor ® on strategies o; : A; —opz B; (fori = 1,2, A; = (U;, X;) and
B; = (V;,Y;)) is depicted on Fig. 11. If the o; are represented via Prop. 3.12 by pairs of functions
(fi, Fi) where

fio o Unen (U7 %Y — Vi
Fi o Unen U7 Y™ — X
then o1 ® oy is represented by (h, H) where
ht Upen (U1 x U2)" x (Y1 x Y2)") —  VixV

H : UnGN ((U1 X Ug)n+1 X (Yl X Yg)n+1) — X1 X X2

are defined as
h((ur,u2), (U1,%2) = ([1(w, 1), f2(u2, 7))
H((u,w2), (91,%2) = (Fi(@,m), Fa(us,5))
The natural structure isomorphisms of DZ are depicted on Fig. 12. This structure obviously
lifts to DZW, but we shall not directly use this fact.
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o 010
A —opz B; A®A; —opz B ®B
O (7 O (ul, UQ)
(Y P (Ul, 122) P
yi | O (y1,92) | O
P Xy P (:El, 5112)

Figure 11: Action of ® on o; : A; —opz B;.

(A2 B ®C —ayy A®(B®C) ToA % A
o ((wo).w) ' 0 (o)
(u>(vaw)) P u P
(xv(ywz)) 0 x| O
Pl ((z,9),2) Pl (e,)
A® B i‘;’f,z B A ARI 4, A
o) (u,v) . 0] (u,O)
(v,u) | P u | P
(y,z) | O z | O
Pl (x,y) Pl (z,0)

Figure 12: The structure maps of DZ, for A = (U, X), B= (V,Y) and C = (W, Z)
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YA —opz BR®D

O (a,'u) ;
(y,d) | O

Figure 13: A typical play in X ® A —opz B® O

4.2. Monoid and Comonoid Indexing in DZ
Fix an alphabet ¥. For each SAGy-object A = (U, X), there is a DZ-isomorphism

A (BxU XxD) —opz (1)@ (U, X)®(1,D)) (43)

Let us write © for the DZ-object (1,®) and ¥ for (X,1), and consider the zig-zag game
Y® A —opz BRD, as depicted on Fig. 13. We shall now see that there is a category DialZ(X),
whose objects are full positive games, whose maps from A to B are DZ-maps

c : Y®A —opz BXD

and which is isomorphic to SAGy.

First, SAGy is isomorphic to the category SAGS, whose objects are full positive games
A = (U, X) and whose maps from A to B = (V,Y') are DZ-maps 0 : ¥®(ARD) —opz LR(BRD)
such that the composite

o) = igtocows : (ExUXx®D) —opz (IxV,Y xD)

is synchronous.

Second, the category SAGS, is isomorphic to DialZ(X). This relies on some algebraic struc-
ture. Objects of the form (1,M) (resp. (K, 1)) are actually (commutative) monoids (resp.
comonoids) in DZ. Recall from e.g. [Mel09] that a commutative monoid in a symmetric
monoidal category (C,®,I) is an object M equipped with structure maps m : M ® M — M and
u : I — M subject to coherence conditions depicted on Fig. 14. A (commutative) comonoid in C
is a (commutative) monoid in C°P. In this paper, by (co)monoid we always mean commutative
(co)monoid. Write Comon(C) for the category of comonoids in C. Maps from (K,d,e) to
(K',d',€') are C-maps f : K — K’ which commute with the comonoid structure:

(f@f)od = dof and e = eof (44)

It is well-known that the symmetric monoidal structure of C induces a Cartesian product on
Comon(C) (see e.g. [Mel09, Cor. 18, §6.5]), and conversely that if (C,®,I) is Cartesian, then
every C-object has a canonical comonoid structure. Moreover, note that any set I ~ 1 is a
monoid in Set.

Proposition 4.3. If M, K are non-empty sets and I ~ 1, then M := (I, M) is a monoid and
K = (K,I) is a comonoid in DZ. Structure maps are depicted on Fig. 15 (in the case of
I=1).
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(MeM)®&M—= Mo (Mo M) 22" A\ oM

Mo M _ M
| Y L Y T VS M® M i M® M
m m
\im/ \ /
M

Figure 14: Coherence for a monoid (M, m,u) (where a, A\, p and 7 are symmetric monoidal
structure maps)

ms un
MM —opz M I —opz M
0] (o,0) Ole
o | P o | P
m | O m | O
Pl (m,m) Ple
dx €K
K —opz KK K —opz I
Ol k Ol k
(k,k) | P o P
(o) | O .0
P ° P [ ]

Figure 15: Structure maps for the monoid M = (1, M) and the comonoid K = (K, 1)
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It is well-known (see e.g. [HS99, HS03]) that a monoid M (resp. a comonoid K) in a symmetric
monoidal category (C,®,I) induces a monad (—) ® M of indexing with M (resp. a comonad
K ® (—) of indexing with K).

Proposition 4.4. Let (C,®,1I) be a symmetric monoidal category.

(a) A monoid (M, m,u) in C induces a (lax symmetric monoidal) monad ((—) ® M, p,n). The
functor (=) @ M takes an object A to A@ M and a map f: A— B to fidy: AQM —
B ® M. The natural maps p and n are given by

pa = (idag®@m)oa o (A@M)YeM — AQM
na = (da®u)op ! A — A M

(b) Dually, a comonoid K = (K,d,e) in C induces an (oplax symmetric monoidal) comonad
(K ® (—),0,€), where

da = a«ao(d®idy) : K®A — KK®®A)
€4 = Ao(e®idy) : K®A — A

The maps p, a and X\ above are structural isomorphisms of (C,®,I).

Moreover, the comonad K ® (—) is related to the monad (=) ® M wia a distributive law.
A distributive law A of a comonad (G,d,€) over a monad (7,u,n) on C is a natural map
A :GoT = T oG subject to some coherence conditions (see e.g. [HHMO07]), which ensure that
we have a category KI(A) with the same objects as C and with homsets

KI(A)[A, Bl = C[GA, TB]
and that there is a lifting functor (—)T : KI(A) — C taking f : GA — T'B to
fT = GupoTfoAs)odps : GTA — GTB

In the case of comonoid and monoid indexing, a distributive law of K ® (—) over (—) ® M is
given by the natural associativity maps:

Oy = a[_(?(_)’M Ko (m)eM) = (Ke(-)eM

Returning to our case, we let

DialZ(¥) = KI(®)

where ® is the distributive law of the comonad of indexing with the comonoid ¥ over the monad
of indexing with the monoid ® in the category DZ. The lifting functor

(=)' : Dialz(®) — DZ
takes a total zig-zag strategy
c : Y®A —opz B®D
to a total SAGS,-map from A to B, that is to a total zig-zag strategy

ol TRARD) —pz X (B®D)
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P (z,d)
dz@idA@@ idy®d
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<
&
O

(z,d)

Figure 16: Decomposition of o'

such that composition with the isomorphisms (43) gives a synchronous strategy
o) + (ExU XxD) —o (IxV,Y xD)
Modulo associativity, the strategy o' is given by
(ids ® ((idp @ mp) 0 (¢ ®idp))) o (dy ®idagn) : L®A®D —opz LRBRD
Note that if o plays as in Fig. 13, then the strategy
6 = (dp®mp)o(oc®idg) : XYRARD —opz BRKD

plays as in Fig. 16 (top). It follows that o7 = (ids ® &) o (dg ® idago) plays as in Fig. 16
(bottom), so that the strategy ¢(c!) induced by (43) plays as in Fig. 9 (top right).

In the other direction, consider the map which takes a SAGS$,-map o from A to B to to the
composite

. ids®na a
6 = Y®A —opz XR(ARD) —opz XR(BRI)

dp ep®idp
—ODZ (E®B)®® —o pz B®®

°

Note that we have o = (6)". Since (—) is injective, it follows that (—) is functorial.
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4.3. The Indexed Structure of DialZ(—) and the Base Category T

We therefore have for each alphabet ¥ a category DialZ(X) which is isomorphic to SAGy. We
now discuss an indexed structure on the categories DialZ(—), based on pattern similar to the
simple fibration s : s(B) — B over a category B with finite products (see e.g. [JacO1l, Chap.
1] but also [Hyl02, Hof11]). The objects of s(B) are pairs (I, X) of B-objects. The morphisms
(I,X)— (J.Y) are pairs (fo, f) with fo: I — Jand f: I xX — Y. The functor s : s(B) — B is
the first projection, and the fibre over I is the Kleiseli category of indexing with the comonoid I
(see e.g. [Jac01, Ex. 1.3.4]).

A similar construction can be done if instead of a category B with finite products, one starts
from a symmetric monoidal category C, and take as base the category Comon(C). The fibre over
the comonoid K is the Kleisli category K1(K) of indexing with K, and a comonoid morphism
u: K — L induces a functor v* : KI(L) — KI(K) acting as the identity on objects and taking
f:L® A= Btofo(u®ida): K® A — B. It readily follows that idj = idgix) and
that (uowv)* = v* ow*. In other words, we have a functor CI(C) : Comon(C)°® — Cat. Its
Grothendieck completion [ CI(C) (see e.g. [Jac0l, Chap. 1]) is the category whose objects are
pairs (K, A) of an object K of Comon(C) and an object A of C, and whose morphisms from
(K, A) to (L, B) are pairs (u, f) where u : K — L is a comonoid morphism and f: K ® A — B.
The category [ CI(C) is fibred over Comon(C) via the first projection, that we denote

sa(C) / CC) —» Comon(C)

Returning to our case, recall that DialZ(3) = K1(®) where ® is the distributive law of X ®(—)
over (—) ® ©. The category DialZ(X) can alternatively be obtained as a Kleiseli category of
indexing with comonoids over a symmetric monoidal category. Let DZ4 be the Kleisli category
of indexing with the DZ-monoid ®. The objects of DZyg are full positive games, and maps
from A to B are DZ-maps from A to B® 9.

Let us spell out composition in DZg. First recall that for a monad (7, i, 1) on a category C,
composition in the Kleisli category KI1(T") is given by

goxiry f = A L 1B X% TTC 2% TC

for f: A—TB and g : B — TC. In the case of DZg-morphisms ¢ : A —opz B ® ® and
T:B —opz C®D (where A = (U,X), B= (V,Y) and C = (W, %)) as depicted on Fig. 17
(top), their composite 7 opz, o is depicted (modulo associativity) on Fig. 17 (bottom).

Since DZg is the Kleisli category of a lax symmetric monoidal monad on DZ, it is symmetric
monoidal with structure induced by that of DZ (see e.g. [Mel09]).

Proposition 4.5. (a) Consider a monoid M in a symmetric monoidal category (C,®,I). The
Kleisli category K1(M) is symmetric monoidal with A @K1 B := A® B on objects and
unit 1.

Moreover, each comonoid (K, d,e) in C induces a comonoid (K, nils xcod, ni'oe) in K1(M).

(b) In the case of DZy = KI(D), the action of ®pz, on maps o; : A; —opz B; @ ® (for
i=1,2, A; = (U;, X;) and B; = (V;,Y;)) is depicted on Fig. 18. If the o; are represented
via Prop. 3.12 by pairs of functions (f;, F;) where

fi t Unen (U777 x Y x D7) — Vi
E ot Upen (UM x Y oty — X,

7

=
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A —opz B®D B —opz CR®D
Olu Ol|w
v P w
(y,d) | O (z,d)
Pl x Ply
o r®idg I
A —opz BRD —opz CRIDRID —opz CRD
Ol|lu
v
w
w
(z,d)
(z,d,d)
(y,d)
Pl x

Figure 17: Composition in DZgp = K1(9)
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o 0180DZ5 02

A; —opz B;®D Al ® Ay —o DZ (Bl & Bg) ®D
0] Us (0] (’LLl,’LLQ)
(Y P (U17U2) P
(yi,d) | O ((y1,92).d) | O
Pl P (xl,xg)

Figure 18: Action of ®pz, on o; : A; —pz, B;

then 01 ®pzy 02 is represented by (h, H) where

h UnEN ((Ul X U2)n+1 X (Yl X Y2>n X @n) — Vi x Vs
H + Upen (U x U2)™ x (Y1 x Vo)™ x D) — X x Xo

are defined as

h((ﬁhEQ)? (gth)vp) = (f1<ﬁ17y17p)7 f2(ﬂ27y27p))
H((ﬂl’HQ)v (ylng)ap) = (Fl(ﬂlagbp)a Fg(ﬂg,y2,p))

Moreover, the DZg-structure maps ds, and éx, of the comonoid induced by X can be depicted
as in Fig. 20.

It follows from Prop. 4.5 and the fact that ® is a distributive law, that each category DialZ(X)
is the Kleisli category of indexing with ¥ in DZg. We can therefore index DialZ(—) with the
comonoids of DZg. We will actually index DialZ(—) over the base category T (of Def. 2.1),
which is isomorphic to a subcategory of Comon(DZyg). First, it directly follows from the
representation of DZ-maps given by Prop. 3.12 that T-strategies from X to I' in the sense of
Def. 2.1 correspond exactly to total zig-zag strategies from (X,1) to (I',®), that is to DZyp-
maps from ¥ to I'. Hence T is isomorphic to a subcategory of DZgp. Second, T-maps induce
comonoid maps.

Proposition 4.6. The category T embeds in Comon(DZy) via the functor Ex which takes an
alphabet ¥ to the comonoid (X, dy, éx) and a morphism M : T[I',X] to the DZg-morphism

M = ]EOM : (F,l) —°DZ (271)®(1’®)

induced by the DZ-iso jx5 : (£,9) ioDZ (32,1)®(1,9).

Proof. We have to check that T-morphisms induce Comon(DZg )-morphisms, that is that the
equations (44) hold in DZg:

(M@M)OCZF = CZEOM and er = ézOM
Assume that M plays as in Fig. 19 (top left). The first equation follows from the fact that

ds; o M plays as in Fig. 19 (middle), while (M ® M) o dp plays as in Fig. 19 (bottom). The
second equation follows from the fact that éx; o M plays as in Fig. 19 (top right). O
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M €x
i I' —opz, X |X —opz,
I' —opz, X
: O|b
b a|a
a|P P
d| O 0
° d| e
Ple
M ds
T —DZs Y| X —DZs YR
Olb
ala
(a,a) |P
d 0]
d| e
Ple
JI‘ MeM
' —opz, '@l |I'® —opz, T
O|b
(b,b) | (b,b)
(a,a) | P
d 0
d °
Ple

Figure 19: T-maps as comonoids morphisms in the proof of Prop. 4.6
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d; é
S —opz, O Y —opzy 1
O|a Ol a
(a,a) | P o | P
d 0 d| O
P|e Ple

Figure 20: Structure maps for the comonoid ¥ = (£,1)

We thus get an indexed category
Dialz := C(CI(DZp)oEr : T® — Cat

We already mentioned the well-known fact that the symmetric monoidal structure of a cate-
gory induces a Cartesian structure on its category of comonoids (see e.g. [Mel09, Cor. 18, §6.5]).
By Prop. 4.6, this gives a Cartesian structure on T.

Corollary 4.7. The category T is Cartesian, with on objects the Cartesian product of alphabets,
and with unit 1.

4.4. The Fibred Category DialAut

We thus have a category DialZ indexed over T, and whose fibre over ¥ is the category DialZ(X%),
which is isomorphic to SAGy. We will now define a fibration da : DialAut — T of uniform
substituted acceptance games, which essentially extends DialZ with winning (and acceptance).
The fibration da : DialAut — T is obtained by Grothendieck completion of an indexed category
(—)* : T°? — Cat, which takes an alphabet ¥ to a category DialAuts equivalent to SAGyY.
The action of (—)* on T-maps is based on the indexed category DialZ.

Definition 4.8 (The Category DialAuty). For each alphabet 3, the category DialAuts, has the
same objects as SAG\EN, namely tuples (U, X, Wy) where U and X are non-empty sets and
where Wq C (2 x U) - (X x D))~.

The DialAuty-morphisms from (U, X, Wa4) to (V,Y,Wpg) are total zig-zag strategies o : ¥ &
(U,X) —opz (V,Y)®D, that is DialZ(X)-morphisms from (U,X) to (V,Y), whose lift t(aT)
are SAGY -strategies from (U, X, Wa) to (V,Y, Wg), that is winning synchronous strategies on
EXU,X xD,Wy) — (Ex VY xD,Wpg).

Composition and identities of DialAuty, are induced by composition and identities of DialZ(X)

(using the functoriality of (_)T for winning). Note that DialAuty, is isomorphic to SAGY. In

particular, given a uniform automaton A : A and M € T[X, A], we still write ¥ = A(M) for

the DialAuty-object induced by the uniform substituted acceptance game ¥ - A(M) of §3.5.
We now turn to substitution and indexing. Morphisms L € T|[I', ¥] induce functors

L* : DialAuty — DialAutr

defined as follows. Given a DialAuty-object A = (U, X, W,), we let L*(A) be the DialAutp-
object (U, X, L*(Wa)), where

((bk,uk) . (xk,dk))k c L*(WA) iff ((L(bo. <o by, do. - - .dk,l),uk) . («Tk,dk))k € Wy
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When the DialAuty-object A is induced by a uniform substituted acceptance game 3 + A(M),

we have the expected result that L*(A) is induced by the uniform substituted acceptance game
' A(MolL) (see §2.2).

Lemma 4.9. Given a uniform substituted acceptance game ¥ = A(M) and L € T[I',X], we
have

L*(SFAM)) = THAMoL)

Proof. Recall from §3.3 that W) € (X x U) - (X x D)) is the set of infinite plays ((ay, ux) -
(h,dp))k € (ExU) - (X xD))“ such that (gx)r € Q4, where gy = ¢4 and

G+1 = Oalqe, M(ag. -+ .ak, do. -+ .dk—1), uk, Tg, di)
Now, we have ((by, uk) - (T, di))r € L*(Wa(ar) if and only if
((L(bg. -+ bk, do. -+ di_1),ug) - (g, dg))r € WA(M)

that is, if and only if (qx)r € Q4 for the sequence of states (qi)x with go = ¢'4 and

Qer1 = Oalqe, M(ag.--- .ap, do. -+ .dp—1), ug, Tg , di)
where ay ;= L(bg.-+- by, dp.- -+ .dg—1)
But for ag. - - - .a; with
ag = L(bg.-- by, dy. - .dy_q)
we have
M(ao'...-ak,do‘...‘dk_l) = (MOL)(bQ'...-bk,dom.udk_l)

so that the sequence of state (g)r actually satisfies

Gt1 = O0alge, (MoL)(bg-...-ak,do-... dp_1), Uk, T, di)

We thus get

(b, ug) - (zk, dic) e € L*Wary) it ((ok, uk) - (2k, dic) )k € Wanror)
O

The action of L* on maps is induced by CI(DZg)(L) : DialZ(X) — DialZ(T'), so that for
o € DialAutx[A, B], we let
L*(o) = oo(L®idy)

(where o, ® and id4 are taken in DZyp).

Proposition 4.10. Let L € T[I',X] and consider DialAuts-objects A = (U, X, W4) and B =
(V,Y,Wg). Given a total strategy o : ¥ ® (U, X) —opz (V,Y) @D, if the strategy t(c") is
winning on

ExU,XxDWq) —o (ExVY xD,Wp)

then the strategy (L*(0)") is winning on

T xU,XxD,L*Wa)) —o ([IxVY xD,L*(Wp))
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Proof. First note that for an arbitrary total zig-zag strategy 7 : C' —opz D (for full positive
games C' and D), every infinite play y such that 3°°k.x(0).--- .x(k) € 7 is uniquely determined
by xic and x;p. In the following, we write x = (x;c, X|D)-

Assume that o plays as in Fig. 13, so that (reasoning as in §4.2) (o) plays as in Fig. 9 (top
right). Hence, if L € T[I', X] is represented by the strategy depicted on Fig. 21 (top left), then
modulo associativity L*(o) plays as in Fig. 21 (bottom) so that +(L*(o)") plays as in Fig. 21
(top right).

Consider now an infinite play x of L(L*(U)T), that is an infinite play x on

I'xU,Xx9) — (I'xVY xD)
such that 3°k.x(0). - .x(k) € «(L*(c)"). Write

x = (((bg,u) - (zr,dp))k » ((or,vx) - (Yk, di))k)

so that (((bg,ur) - xx)k, (k- (Yk,dr))k) is an infinite play of L*(o) and

(((L(bo. -+ bg, do. - -+ dg—1),ug) - k) 5 (Vi (Ygs i) )k)

is an infinite play of o. But it follows that

((L(bo. <o bp, do. - .dk_l), uk) . (a:k, dk))k EWyq4 =
((L(bo. <o bp, do. - .dk_l),vk) . (yk, dk))k € Wp

and by definition of the action of L* on DialAuts-objects, we thus get

((bg, ug) - (T, dp))e € L*Wa) = ((br, ) - Yk, di))x € L*(Wp)
O

We thus obtain an indexed category (—)* : T°P — Cat since (—)* is itself functorial. We let
da : DialAut — T be its Grothendieck completion.

Definition 4.11 (The Fibred Category DialAut). The objects of DialAut are pairs (3, A) where
A is an object of DialAuty. Maps from (X, A) to (I', B) are pairs (L,o) of a T-map L : ¥ — T
and a DialAuty,-map o from A to L*(B).
The fibration
da : DialAut — T

is the first projection, so that da(X, A) := A and da(L,0) := L.

4.5. Substitution and Language Inclusion

We now check that DialAuty (and SAGY) is correct w.r.t. language inclusion. First, it follows
from Lem. 4.9 that given
o : AM) — B(N)

and L € T[I', X], we have
L*(o) : AMoL) —o B(Nol)
Hence, DialAut interprets all instances of the (SUBST) rule (14) of the form

M; AFB

MoL: ArB (where M € T[X,A] and L € T[T, ¥])
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L o(L* ()M
I' —opz, X TCxU,Xx®D) —o ([xV,YxD)
O|b 0 (b, u)
a|P (b,v) P
d|O (v, d) 0
Ple P (z,d)
L®pzgidy @ (idp@m)o(o®idp)
'eA —o0 pz LRAXD —o pz B®D
O | (b,u)
(a,u)
v P
(y,d) | O
(z,d)
P T

Figure 21: The strategies L, L*(c) and «(L*(c)") of the proof of Prop. 4.10
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In particular, given A, B : 3, for all ¥-labeled tree T' (and using the notation of §2.2.(b)) we

have
X; AL B

T: AFB
Now, given o : A — B, if T € L(A), then there is some 7 : Iy —o A(T), so that T*(c)or : Iy —o
B(T) and T € £(B). In other words, o : A — B and T induce a function

T I— A(T) — T*(c)or : T — B(T)
and we have shown:

Proposition 4.12. If P has a winning strategy in 3+ A — B, then L(A) C L(B).

5. Symmetric Monoidal Closed Structure

We show here that the notion of linear implication of uniform automata presented in Def. 3.3
indeed corresponds to a (fibrewise, symmetric) monoidal closed structure in DialAut. This
monoidal closed structure is actually induced from a monoidal closed structure in the category
DZ of full positive games and total zig-zag strategies.

We first discuss the closed structure of DZ (§5.1). We then show how the symmetric monoidal
closed structure of DZ lifts to DialAut uniform tree automata (§5.2). This provides a realizability
interpretation of a propositional linear (multiplicative) deduction system (§5.3). We finally show
how the closed structure gives a (functorial) notion of linear complement (§5.4).

Recall from e.g. [Mel09] that a symmetric monoidal category (C,®,1I) is closed if for every
object A, the functor A ® (—) has a right adjoint (—)?. According to [ML98, Thm. IV.1.2] it
is sufficient to show that for every object C' there is an object C4 and map

evale @ AeCt — C
such that for every f: A® B — C' there is a unique A(f) : B — C*4 such that
Agcasele o
A

idAQA(f)

A®B

f

5.1. The Symmetric Monoidal Closure of DZ

The monoidal closed structure of DZ follows the pattern of §3.1 and Def. 3.3, and can actually
be read off from the representation of DZ-strategies as pairs of functions in Prop. 3.12.

Let us see how to define a linear exponent full positive game B4 = (A —opz B) from full
positive games A = (U, X) and B = (V,Y), such that a strategy ¢ : A —opz B induces
(modulo A ~ A®]I) a strategy A(o) : I —opz (A —opz B). Assume that o plays as in Fig. 10.
From each play s € o, the responses v € V' of o to O-moves u € U define a function

fs U — V
and the responses ¢ € X of ¢ to further O-moves y € Y define a function

F, : UxY — X
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In the context of Prop. 3.12, recalling that HS(s) = (071(u, ), 071 (v,%)) where Z and v are
completely determined by ¢ from w and 7, this amounts to describe o by a pair of maps

[ Upen@Wrxyn) —  (U—V)

F i Uy U xY") — (UxY - X) (4)

Proposition 5.1. The category DZ is symmetric monoidal closed. The linear exponent of
A= U,X)and B= (V,Y) is A—pz B := (VU x XUXY U xY).

The monoidal closed structure of DZ departs from traditional game semantics since the natural
isomorphism A ® B —opz C ~ B —opyz (A —opgz C) relates only strategies, but not plays.

Proof of Prop. 5.1. We use notations introduced in the proof of Prop. 3.12. Let A = (U, X),
B = (V,Y)and C = (W, Z), so that A —opz C' is the game (WY x XUXZ U x Z). The total
zig-zag strategy evale is defined as follows:

evalg

A® (A —-opzC) —opz C

ol (W (.D)
£(u)

z

([@lmv}

P| (F(u,2),(u,2))

Consider first the unicity requirement of monoidal closure. Given any total

7 : B —opz (A-—opzO)
the composite evalg o (id4 ® 7) plays as in Fig. 22. It follows that 7/ = 7" whenever evals o
idg®7") = evalgo(idg ®7"), since any distinct pairs (f, F') and (f”, F") can be distinguished
Yy g
with O-moves v € U and z € Z.
Fix now some total zig-zag 0 : A ® B —opz C. We define

T = Aloc) : B —opz (A-—opz(C)

by induction on plays. To each (s,t) € HS(7), with s and ¢ even-length, we associate (s',t) €
HS(0), with s" and ¢’ of the same length, and such that, for (v,7) = d(s) and ((f, F),(wz) =

o(t), we have 9(s') = ((u,v), (F(u,z),y)) and d(t') = (f(u),z), where we take the pointwise
application of sequences of functions.

e For the base case, we put (¢,¢) € HS(7), and associate it to (g,¢) € HS(0).

e Assume now (s,t) € HS(7), associated to (s',t') € HS(c). For each v € V, we de-
fine the functions f, : U — W and F, : U x Z — X as follows: given u € U, let
w such that (s'.(u,v),t'.w) € HS(0), and for each z € Z, let « and y, . such that
(s (u,v).(x, Yy z), ' w.z) € HS(o). We then let f,(u) := w and Fy,(u,z) = z. We
now let (s.v.yy 2, t.(fo, Fu).(u, 2)) € HS(7), and associate it to (s".(u,v).(x, Yu,z), t' . w.2) =
(s (u,v).(Fy(u, 2), yu,z), t'. fr(u).z) so that the invariant is satisfied.
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id g @7/ evalc

A® B —opz A®(A—-opzC) —opz C

(u, (f', "))

(F'(u, 2), (u, 2))

P | (F(u,2),y)

Figure 22: The composite evalc o (id4 ® 7') in the proof of Prop. 5.1

It then follows from the invariant that we indeed have evalg ocid4 ® 7 = 0. First note that the
map (s,t) € HS(7) — (s,t') € HS(o) is surjective. The property then follows from the fact
that (s,t) € HS(7) iff (s/,¢') € HS(evalg o (ida ® 7)). This is shown by induction on pairs of

plays (s,t) € pH" x A<, c- The base case is trivial. For the induction step, given

even

(5 U Yu,z t- (fvav) : (u’ Z)) € p%/en X QA opzC
we have (s-v- Yy, t- (fo, Fv) - (u,2)) € HS(7) if and only if
(s (u,v) - (Fy(uy 2),Yuz) , t' - folu)-2) € HS(evalg o (ida ® 7))

and we are done. O

5.2. The Symmetric Monoidal Closed Structure of DialAut and Tree Automata

The symmetric monoidal closed structure of DialAut and of tree automata is induced by the
symmetric monoidal closed structure of DialZ, which is itself lifted from DZ.

5.2.1. The Symmetric Monoidal Structure of DialZ. We have seen in Prop. 4.5 that the
symmetric monoidal structure of DZ lifts via monoid indexing to give a symmetric monoidal
structure to DZg. The same scheme actually applies to DialZ, which is symmetric monoidal
with structure induced by comonoid indexing in DZy.

Proposition 5.2. (a) Consider a comonoid K in a symmetric monoidal category C. The
Kleisli category K1(K) is symmetric monoidal with A @gx) B := A ® B on objects and
unit 1.

(b) In the case of DialZ(¥) = KI(X), the action of the tensor ®pjz(z) on strategies o; :
Y ®A; —opzy B (fori=1,2, A; = (U;, X;) and B; = (V;,Y;)) is depicted on Fig. 23. If
the o; are represented via Prop. 3.12 by pairs of functions (f;, F;) where

fi v Upen B x UM x Y x D7) — Vi
-Fz' . UnGN (En—l-l % Uin—i-l % Yin-i-l % ©n+1) — Xz
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YR A; iODZ@ B; Y® (A4 ® Ag) —T°ng B; ® By

O (a,u;) O (a,(ur,ug))

P V; (Ul, U2> P
O (ylvd) ((yl,yQ)ad) @
P xX; P ($17 'CUQ)

Figure 23: Action of ®Dialz(x) O 05 : A; —DialZ(%) B;, where 7 := 0, ®Dialz(x) 02
then o1 ®piaiz(s) 02 is represented by (h, H) where
he o Unen (B 5 (Un x Ua)™h x (Y1 x Ya2)" x D7) —  VixTW

H o Upen (B x (U x U2)" ™ x (Y1 x Vo) x @) — X x X,

are defined as

h(av (ﬂlﬂﬂQ) ) (?17?2) ’ p) = (fl(
H(Ea (U17U2)a (@17@2)7}7) = (Fl(

5.2.2. The Symmetric Monoidal Closure of DZy and DialZ. The monoidal closed structure
of DZ lifts to DZ5 and to the fibers of DialZ. In the case of DZyg, since
DZp[A®B,(C] = DZA®B,C®9] =~ DZA, (B —pz(CR9)]

we should have (A —opz, B) @D ~ (A —pz B®D). Given A = (U, X) and B = (V,Y) this
leads to (A —opz, B) = (W, Z) with

W, Zx®D) ~ (VYUx XUV [ xy xD)
We therefore let
(U, X) —opz, (V,Y) = (VU x XUXY2 U xY)
The closed structure of DZg directly lifts to DialZ(X) since
DialZ(X)[A® B, C] = DZpX®(A®B),(C] =~ DZpX®A, B—opz, (]

Proposition 5.3. DZg and DialZ(X) are symmetric monoidal closed.

5.2.3. The Symmetric Monoidal Closed Structure of DialAut. The symmetric monoidal
closed structure of DialZ gives the fibrewise symmetric monoidal closed structure of DialAut
(in the sense of [JacO1, §1.8]). The unit over ¥ is Iy := (1,1,1%). Given DialAuty-objects
A= (U, X,Wa)and B = (V,Y,Wp), let

A@paB = (UxV, XxY , Wy Wp)
A—opa B = (VUxXUXY>X® U xY , Wy IWp)
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with
weWsa N Wpg iff (w{(EXU)-i-(XXD) € W4 and WHEXV)+(Y xD) € WB)

and
((aks (frs Fi)) - (g, yk) , di)) € WaIWp  iff («€Wa = B E€Wp)
where o and [ are obtained by pointwise application:
a = ((ar, up) - (Fi(ur, Yk di) 5 di))k
B o= ((ak, fe(ur)) - Yk, di))k

In the notations A ®pa B and A —opp B we omit the subscript DA and write A® B and A — B
whenever possible.

Proposition 5.4. The fibration DialAut is fibrewise monoidal closed.
5.2.4. The Symmetric Monoidal Closed Structure of Uniform Automata. We now turn to
uniform automata. The symmetric monoidal structure of DialAuty, gives a monoidal product

on uniform automata. Moreover, linear implication automata in the sense of Def. 3.3 indeed
correspond to the monoidal closure of DialAutsy:.

Definition 5.5 (Monoidal Product of Uniform Automata). Assume A is as in (34) and

B = (QB?q;?avvyv(sBaQB)
so that
6,4 : QAXE — UxX — (@—)QA)
and B : QB X — VxY — (@ —)QB)

We let A® B be the automaton over Y. defined as

A®B = (Q.AXQ67(QjLUQ%)aUXVvaya(SA@BvQA@B)

with
5A®B((QA)QB)7 a, (U,U), (l‘)y)v d) = (Q,/Aa q/B)

where
/

Q_/A = (S_A(q_A,a,U,iﬂ,d) and qp = 5B(QB7avvvy7d)

and with ((qn,@,))n € Qaen iff ((gn)n € Qa4 and (q),)n € Q). Note that Qagp is w-reqular
since Q4 and Qp are both assumed to be w-regular.

Note that A ® B is non-deterministic (resp. universal, deterministic) if both A and B are non-
deterministic (resp. universal, deterministic). Moreover, assuming A, B : I' and M € T[%, T,
we have, as DialAutg-objects,

Y+ (A(M) —opa B(M))
and S+ (A(M) @pa B(M))

Y (A— B)(M)
Y (A®B)(M)

1R
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5.3. Deduction, Adequacy and Correctness

Let us now return to the deduction system for automata outlined in §2. First, the monoidal
structure of DialAuty, allows to interpret sequents of the form (13):

M; Ay,..., A, B (13)

where M € T[X,T] and Ay,...,A,, B are uniform automata over I'. The sequent (13) is
interpreted as the homset

DialAuts[A1 (M) Qpa - - - @pa An (M) , B(M)]

Moreover, the monoidal closed structure implies that (13) can equivalently be interpreted as
the set of winning P-strategies in the uniform substituted acceptance game

Sk (A ® - ® A, — B)(M)

Second, the symmetric monoidal closed structure allows to interpret deduction rules for the
multiplicative fragment of ILL. Such rules were displayed in (22), (23), (25) and (31). We gather
them on Fig. 24. Using the notations of §2.2, we write Ay,..., A, F B to denote the sequent
Id; Ay,..., Ay F B. Our model is sound w.r.t. this deduction system.

Proposition 5.6 (Adequacy). If the sequent M ; Ay,..., A, = B is derivable using the rules
of Fig. 24, then there is a winning P-strategy o in

A1 (M) ®pa -+ ®pa An(M)  —o  B(M)

In particular, if A F B is derivable, then by combining Prop. 5.6 with Prop. 4.12, we obtain
a strategy witnessing that £(.A) C L(B).

Proof of Prop. 5.6. The strategy o is built (as usual) by induction on the derivation 2 of the
sequent M ; Aj,..., A, F B, and using the categorical combinator corresponding to the last
applied rule.

o If 2 ends with the (AXI0M) rule, then o is the identity (copy-cat) strategy.

e If 7 ends with the (CuT) rule, then o is obtained (using symmetric monoidal structure) by
composing the strategies obtained by induction hypothesis for the left and right premises.

e If 7 ends either with the (EXCHANGE) rule, or a rule for ® or I, then o is obtained using
the fibrewise symmetric monoidal structure of DialAut.

e If & ends with a rule for —o, then o is obtained from the induction hypothesis using the
fibrewise monoidal closure of DialAut. O

Note that the strategy o is obtained from the derivation Z in a purely compositional way.
Moreover, all the rules of Fig. 24 are compatible cut-elimination.

Remark 5.7 (On Cut-Elimination). It follows from the fact that we have monoidal closed cat-
egories (Prop. 5.4), that the interpretation of derivations as strategies for the rules of Fig. 2/ is
compatible with cut-elimination, in the sense that if a derivation 2’ is obtained from a deriva-
tion 2 by applying the proof transformation steps described in e.g. [Mel09, §3.3], then 9 and 2’
are interpreted by the same strategy. This in particular applies to the two derivations displayed
in (32), §3.1.
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M; A A B CFC
(EXCHANGE) —
M A B

A CHC
M; AF A M; B, A CFC
C ) 7777 9 ) - A
(Cur) M; B ACrcC M AR A AXOM)
M; A A B, B-C M; AFA M; B-B
(LEFT ®) — — — (RIGHT ®)
M; A AR B, BFC M; A BFA®B
M; A BFC
(LEFT I) M ALBrRC M FI (RigHT I)
(LEFT —o) M;.A}—;Ai M ; B,ES,CI—C 7./4 B+ (RIGHT —o)
M; B A A—-B CFC c AFB—

Figure 24: Rules of the multiplicative fragment of ILL for uniform automata

Example 5.8. Proposition 5.6 yields a winning P-strategy in
BoB(B—oA) — A®B

obtained from the proof tree

BB AFA
B,B— AF A B+B

B,(B— A),B-A®B

Note that in Fig. 24 we omitted the weakening and contraction rules (24):

M: A BFC M; A A, A, B-C
M; A, A, BFC M; A, A, BFC

(WEAK) (CONTR)

Similarly as with usual automata, the contraction rule can be interpreted on non-deterministic
uniform automata but not on general uniform automata. This rule amounts to provide winning
P-strategies for the game

A —0 A0 A (46)

If A is non-deterministic (and with P-moves U), then a winning P-strategy in (46) simply takes
an O-move u € U in component A to the pair (u,u) € U x U in component A ® A. Note that
such strategy may not exist when A is a general uniform automaton, that is when it is equipped
with a set of O-moves X # 1, since O can play two different (x,2') € X x X in the component
A® A, that P may not be able to merge into a single ” € X in the left component A.

On the other hand, the weakening rule, which asks for a winning P-strategy in

A —o 1

can always be realized (since we required the set of P and O-moves to be always non-empty),
but in a non-canonical way for general uniform automata. More generally, given A and B over
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the same input alphabet, there is always a winning P-strategy in
AwB —o A (47)

Assuming A and B are as in Def. 5.5, such a strategy takes (u,v) € U x V to u € U and takes
x € X to (x,y) € X xY, where y is an arbitrarily chosen element of Y.

We shall come back on the connection between non-deterministic automata, the interpretation
of the (WEAK) and (CONTR) rules and ILL in §7.

Example 5.9. Proposition 5.6 actually holds for any extension of the deduction system of
Fig. 24 with realizable rules, that is with rules

A B
such that there is a winning P-strategy in A —o B. In particular:

(i) We can extend the system with the following generalization of (47):

We thus get
AFA BB
AB-HA®B A BFA
A B A
AEB —- A

So there is a winning P-strategy on
A —o (B—A)

and by Prop. 4.12 we have
LA) C L(B—A)

(i) For B non-deterministic, we can extend the system with the following generalizations

of (46):

BEB®...®B

Continuing Ez. 5.8 with B non-deterministic, we thus have

B.B,(B—AFA®B
BFBoB BoB,(B—A) - Ao B
B.(B—A AxB

The monoidal structure together with (47) imply that ® indeed implements a conjunction on
automata.

Proposition 5.10. Given A,B: %, we have LIA® B) = L(A) N L(B).

Proof. The inclusion (C) is given by winning strategies in A ® B — A and A® B — B.
For the other direction, using Prop. 5.4, tensor o winning on Iy — A(7") with 7 winning on
I; — B(T) and then precompose with a monoidal unit map. O
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5.4. Falsity and Complementation

We have already seen in §1.3 and §2.10 that usual alternating automata are equipped with a
complementation construction (—)- linear in the number of states (see e.g. [MS87]). Using the
monoidal closed structure, a similar construction can be done with uniform automata.

Definition 5.11 (Falsity Uniform Automaton). For each alphabet X, the falsity uniform au-
tomaton L over X is

L = (vi7©7176rL>Q~L)
where €, := B* -t and where
f ifb=Ffandd=d
' o
0u(b, -, d' e, d) = { t otherwise

Note that in the game 3 = L, O looses as soon as it does not play the same tree direction
as proposed by P. On the other hand, L accepts no tree since in an acceptance game L(7"), O
can always play the same d as P.

Consider a uniform automaton A : ¥ with set of P-moves U and set of O-moves X. The
automaton (A —o L) is isomorphic (via XU*® ~ XUX1x®) to the automaton A" defined as

AY = (QaxB, (¢4,), Y x XU U 640, Q4e)

where
(qk, bk)k € QA,.L iff ((qk)k S QA — (bk)k € B*- tw)

and where

(¢4, T) ifb=Ffand d= f(u)

6./4* (aa (QA7 b)? (f? F) , U, d) = { (q:4 t) otherwise

with ¢4 :== da(a, g4, u, F(u,d), d). Hence O looses as soon as it does not follow the direction
proposed by P via f.
Thanks to the determinacy of w-regular games (see e.g. [Tho97, PP04]), we get:

Proposition 5.12. Given A: Y, we have L(AY) = X°7 \ L(A).

Proof. The argument is an adaptation of the one given in [Wal02]. By determinacy of w-regular
games, it is equivalent to show that:

P wins the game 1 F A*(T) = O wins the game 1 F A(T)

where, using the notions of §2.4, an O-strategy is just a P-strategy on the dual game.

For (=), assuming given a winning P-strategy o on A*(T"), we build a winning O-strategy
T in .A(T) The strategy 7 is built by induction on plays. To each play t of 7, we associate a
play s of o such that if ¢ leads to state g4, then s leads to state (g4, f). In the base case, both ¢
and s are the empty plays, and the invariant is respected. For the induction step, assume that
P plays u from ¢ in A(T). Let (f,F) be the move of ¢ from s. We then let 7 answer the pair
(F(u, f(u)), f(u)) from s.u, and A goes to state ¢’4. In A*(T), we let O play the pair (f(u),u).
Then A" goes to state (¢4, T) and the invariant is respected. Since o is winning and At stays in
states of the form (_,f) the infinite sequence of states produced in A(T') is rejecting, as required.

For the converse direction (<), assuming given a winning O-strategy 7 on A(T), we build a
winning P-strategy o in A“(T). The strategy o is built by induction on plays as long as A*“
stays in states of the form (_, f) (if it switches to (_,t) then P trivially wins). So to each play s
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of o which leads to state (g4, f), we associate a play ¢ of 7 which leads to state g4. The base
case is trivial. For the induction step, we build (f, F') from o as follows: to each u, o associates
(from t) a pair (x,d). We let F(u,-) := d and f(u) := x. Assume then that from s.(f, "), O
plays some (u,d). If d # f(u) then we are done. Otherwise, A" switches to (¢/y,f). We then
let P play u from ¢, so that by construction 7 answers (F'(u,_),d), and A goes to state q:4. But
then, since 7 is winning for O, the sequence of A-states is rejecting, so that P wins in .A”L(T),
as required. ]

5.4.1. Deduction Rules for L and A*. Since the fibre categories DialAuty are symmetric
monoidal closed, they are in particular dialogue categories in the sense of [Mell3], with as
exponentiating object any object of DialAuty. Hence, if as in Ex. 5.9 we extend the deduction
system of Fig. 5.9 with the realizable rules

A— LAY and Ar A — L
then we can derive the following rules for L and A*:

ABFL  AFBY AFB* AFB
AFBY A BFL  BrAt  Ar AT BLEAl AT 4l

6. Quantifications

We now discuss quantifications in the fibration DialAut. We follow the categorical approach
outlined in §2.2, according to which existential and universal quantifications (also called simple
coproducts and products [JacOl, Chap. 1]) in a fibration p : E — B are given resp. by left
adjoints [[; ; : Erxg — Er and right adjoints [[; ; : Erxys — Er to the weakening functors
™ Er — E}XJ induced by B-projections w: I x J s I. The adjunctions HLJ - HI,J are
moreover required to satisfy some coherence conditions, called the Beck-Chevalley conditions,
which insure that they are preserved by substitution.

We first present quantifications in DialAut (§6.1), from which we then derive quantifications
on automata (§6.2) and deduction rules for quantifications (§6.3).

6.1. Quantifications in DialAut

Quantifications in DialAut are induced by quantifications in DialZ, which are themselves based
on quantifications in simple fibrations. It is well-known (see e.g. [JacOl, Chap. 1]) that the
simple fibration s : s(B) — B always has simple coproducts, and has simple products iff B is
Cartesian closed. They are given by

[Tuxrx) = (I, JxX) and J[IxJX) = (I,X7)
1,J 1,J

This directly extends to DialZ.

Proposition 6.1. The weakening functors [x]* : DialZ(¥) — DialZ(XxT") induced by projections
m: X% x ' = X have left and right adjoints given by

[[ux)=CxvUXx) and J[(U.X):=U"TxX)~ (T —opz, (U, X))
>, =T
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Proof. Fix ¥, I" and a projection 7 : ¥ x I' = . According to [ML98, Thm. IV.1.2], we have
to show that for each DialZ(X x I')-object A, there are DialZ(%X x I')-morphisms

na @ A —opiaiz(sxT) [W]*(HA) and  €q : [”]*(HA) —Diaiz(zx1) A
DR 3,

satisfying the following universal properties: for each DialZ(X)-object B and each DialZ(X x I')-
morphisms

o A —opazexr) []7(B)  and < ¢ [71]"(B) —opiazxr) 4

there are unique DialZ(X)-morphisms

0 : HA —pialz(x) B and 0 : B —Diaiz(z) HA
o Shy

such that we have

A L [ (s A) [x]*(B) (48)
o 0 [l (9) N
[7]*(B) [ (sr4) ———= A

Now, since [r]* is the identity on objects, writing A = (U, X), the maps n4 and €4 actually
have type:

na (U, X) —piaizexn (T'xU), X)
and ea  (U',IxX) —pazexn U, X)

They are induced from the DZp-morphisms

na (ExI)xU,X) —opz, [I'xU,X)
and fa : (ExD)xUY, T'xX) —opz, (U, X)

depicted on Fig. 25 and themselves based on the monoidal closed structure of DZg.
The existence and unicity of § and ¥ satisfying (48) follow from the fact that comonoids have
a Cartesian structure and from the monoidal closure of DZy. O

The Beck-Chevalley conditions amount, for L € T[A, ¥], to the equalities

r[Jox)y = [J@xida)rwXx) fo[]e{J[ID

=T AT

which follow from the fact that substitution functors are identities on objects.
The extension to DialAut just requires to handle winning and acceptance.

Proposition 6.2. The fibration DialAut has existential and universal quantifications given by

[TU.x.Wa) == ©xUX,J[Wa) and [[U. X, Wa) = U".T x X,J[Wa)
bINN bINN =, BINN

where [[Wa is defined from Wy via associativity and [[Wa by pointwise function application
as ((ak, fx) - (bk, Tk, di))k € [ s Wa iff ((ak, bk, fe(br)) - (2, di))k € Wa.
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(ExT)x U, X) ~opz, (TxU,X)
0] ((a,l;),u)
(b, u) P
(z,d) 0
P T
(ExD)xUY, T x X) ﬁoDZQ U, X)
0 (@@ 5),7)
f®) | P
(x,d) | O
P (b, x)

Figure 25: The DZg-morphisms 774 and €4 in the proof of Prop. 6.1

Proof. Tt is easy to check that for A = (U, X,W4) over ¥ x I', the universal DialZ(¥ x I')-
morphisms 7y, x) and €y, x) induce DialAutyxr-morphisms, that is, according to Def. 4.8, that

their lifts L(nTU X)) and L(E?U X)) are winning.
The Beck-Chevalley conditions, which amount to

(T4 =] (@ xTdr)*(4)  and  LX(JJ4) =[] (L x1dr)*(4)
2,

A T AT

are straightforward from the definitions. O

6.2. Quantifications on Uniform Automata

Similarly as with the monoidal closed structure, the quantifications on automata and their
deduction rules are obtained by direct adaptation of the quantifications of DialAut.

Definition 6.3. Given A : X x I with set of P-moves U and set of O-moves X, let

(FrA:%) = (Qa,q4.TxU, X, 63.4,24)
(VF.AE) = (QA7 qfél’ UFv I'x X, 6V1".Av Q.A)

where
531"./4(Q7 a, (b7u)7 Z, d) = 6_,4((], (aab>7 u, T, d)
and Ovrala, a, f, (b,x),d) = dalg, (a,b), f(b), x, d)

Quantifications on automata induce an 3V-structure which is reminiscent from Goédel’s Dialectica
interpretation (see e.g. [AF98, Koh08]).
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Example 6.4. Given A : X with set of P-moves U and set of O-moves X, let D be the deter-
ministic automaton

(D:¥xUxX) = (Qu,dqd4u, 1,1, p, Q4)
whose transition function
p  QaxExUxX) — © — Ququ
is obtained from 64 in the obvious way. In DialAuty we have A ~ dyVxD.

Let us now discuss the connection between quantifications on automata and in DialAut. First,
given (A : X x I'), we have, as DialAutg-objects,

CHI[A = ©EF3A)  and  (EH]JA = (SFV2A)
DINN T

It then follows that the Beck-Chevalley conditions in DialAut imply

[Ipr AM x1dr) = M*(IIarA) = GrA)(M)
[Isr AM x 1dr) M*(IlarA) = (rA(M)

Thanks to the adjunctions [[ < #* 4[] in DialAut, we then have
S F (IrA) (M) —o B(N) S x T - AM x Idp) —o B(N o [rs))

SEB(N) —o (WA)(M) ~ NxT+B(Nolrs]) — A(M x Idr) (49)
It follows that P has winning strategies in
YExTF (VrA)[rg] — A and ExT'FA —o (3rA)ry] (50)

We thus get the following corollary to Prop. 6.2.

Corollary 6.5. Given uniform automata A,B : X, the game ¥ F A — B is equivalent to a
reqular game on a finite graph. It is therefore decidable whether there exists a winning P-strategy
on X F A — B, and if there exists such a winning P-strategy, then there exists a finite-state
one, which is moreover effectively computable from A and B.

Proof. By (49) and (50), P has a winning strategy in ¥ - .4 —o B iff it has a winning strategy in
1+ I; — V(A —o B). But since in that game O can only play e in the component Iy, similarly
as in Ex. 3.10, it is equivalent to the acceptance game of the automaton Vs (A —o B) : 1 on the
unique tree 1 : ©* — 1.

Reasoning as in [Tho97, Ex. 6.12], the game 1 F V(A — B) is effectively equivalent to a
regular game on a finite graph. Then, by Biichi-Landweber Theorem [BL69] (see also [Tho97,
Thm. 6.18]), one can decide which player has a winning strategy, and the winner always has a
finite-state winning strategy which is moreover effectively computable from the game graph. [

We also get from (50) that existential quantifications are complete in the following sense:
Corollary 6.6. Given A: X x T, we have mr(L(A)) C L(3rA).

The converse inclusion (the correctness of existential quantifications) only holds for non-
deterministic automata, and is detailed in §7. Dually, it follows from (50) that universal quan-
tifications are correct (but they are complete only on universal automata, see Def. 3.1).

Corollary 6.7. Given A : ¥ x T, if T € L(VpA), then for all T-labeled tree T' we have
(T, Ty € L(A).
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M; AFA

(SuBsT) —
MoN; AFA
(TRANS,) [floM ; AFB M A[f]tb’[f] (TRANS;)
Y M A - B [floM; AFB !
(Lerr 3) M x Idr ; Alr], B+ Alr] MxN; AFA (RiaT 3)
M; A 3rBF A M x N ; AF GrA)r]
(Loer ) — XN A BFA M x Idr ; Afx] - A (Rici V)
M x N ; A, (VrB)[x]F A M ; AFVrA

Figure 26: Substitution and quantification rules for uniform automata (where M, N are com-
posable, 7 is a suitable projection and f is a function on alphabets)

6.3. Deduction Rules for Quantifications

We now turn to deduction rules for quantification. It follows from (49) that we can extend the
deduction system of Fig. 24 with the rules of Fig. 26 while preserving adequacy (Prop. 5.6),
Ex. 5.9 and compatibility with cut-elimination (in the sense of Rem. 5.7).

Proposition 6.8 (Adequacy with Quantifications). If the sequent M ; Ay,..., A, F B is
derivable using the rules of Fig. 24, Fig. 26 and of Ezx. 5.9, then there is a winning P-strategy
in the game

Ai(M) ®pa - @pa An(M) —o  B(M)

Note that the rules of Fig. 26 involve internalized substitutions of the form A[f] as defined
in Def. 3.5. The tranfert rules (TRANS;) and (TRANS) allow to connect the internalized
substitutions of the form A[f] with the T-substitution.

Example 6.9. Using the transfert rule (TRANS|), we can derive the following specific rules of
substitution for T-maps induced by functions £ : 3 — I':

Idr; AFA MxIdr; AFA

Idy ; A[f] F A[f] M x Idy ; A[id x £] - A[id x £]

Indeed, since we have (as T-morphisms)
Idro[f] = [f]oldy and (M xIdr)ofid x f] = (idx £)o (M x Idy)

it follows that we can derive

Idr ; A A MxIdr; AFA
Idro[f]; AF A and (M x Idr)o[id x £f] ; AF A
Idy ; A[f] - A[f] M x Idy ; Alid x £] - A[id x £]
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7. Non-Deterministic Automata

This final Section focuses on structural properties of non-deterministic automata, on their role in
Rabin’s Theorem [Rab69], namely in the complementation of non-deterministic tree automata,
and on their relation with Intuitionistic Linear Logic (ILL) [Gir87] (see §1.3, §1.4 and §2.9).

We first detail in §7.1 the Cartesian structure of non-deterministic automata announced
in §1.4 and §2.8. Technically, this Cartesian follows from the simple fact that non-deterministic
automata generate comonoids in DialAut_y (by a direct extension of Prop. 4.5, §4.3). As a
consequence, we show that our model has the witnessing properties asked to computational
interpretations of proofs (in the sense of §1.2), and moreover that it allows to combine strate-
gies obtained from proofs with witnessing strategies computed by usual emptiness checking
algorithms (see §1.5).

Second, we show that a powerset construction for the Simulation Theorem [MS87, EJI1,
MS95] satisfies the usual deduction rules of the exponential modality ! of ILL. This completes the
picture sketched in §1.4, §1.5 and §2.9, and moreover allows to obtain a deduction system which
is complete w.r.t. intuitionistic and classical deduction (via usual translations). Furthermore,
App. C details how two constructions from resp. [CLO8] and [SA05] can be reformulated in our
setting.

7.1. The Cartesian Structure of Non-Deterministic Automata

Similarly as with usual (total) non-deterministic automata in §2.8, the monoidal product of
uniform automata is Cartesian on non-deterministic automata. Recall from Def. 3.1 that a
uniform automaton is non-deterministic if its set of O-moves is ~ 1.

Consider a DialAuts-object N(L) with N non-deterministic and with set of P-moves U.
Hence, the underlying DialZ(X)-object of N (L) is of the form (U,I) with I ~ 1. As we have
seen in §5.3, we thus get canonical realizers for

N@L) —o NL)@N(L) and  N(L) —o I (51)

As we shall see now, these canonical realizer equip N (L) with the structure of a comonoid®®.
Thanks to well-known results (see e.g. [Mel09, Cor. 18, §6.5]), this implies that the monoidal
structure of uniform automata is Cartesian on non-deterministic automata.

Recall from Prop. 4.3 that objects of the form (K, I) with I ~ 1 are comonoids in DZ, and
from Prop. 4.5 that such objects are also comonoids in DZg. On the other hand, we have seen
that DialZ(X) is a Kleisli category of comonoid indexing in DZg, whose symmetric monoidal
structure is given be the extension of Prop. 4.5 to comonoid indexing given by Prop 5.2. Actually,
the lifting of comonoids given by Prop. 4.5 also extends to the case of comonoid indexing:

Proposition 7.1. Given a comonoid C in a symmetric monoidal category (C,®,I), each
comonoid (K,d,e) in C induces a comonoid (K, do €%, e o) in the Kleisli category K1(C)
of indexing with C. In the case of DialZ(X), the structure maps di and éx of the comonoid
induced by K = (K, 1) can be depicted as on Fig. 28 (where we omitted some e-moves).

The extension of Prop. 7.1 to the DialAutg-objects induced by non-deterministic automata
is direct. Moreover, DialAuty-morphisms between non-deterministic automata are comonoid
morphisms.

16Recall from §4.2 that in this paper, by (co)monoid we always mean commutative (co)monoid
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Proposition 7.2. For each alphabet ¥, objects of the form ¥ = N (L), where N is non-
deterministic, are comonoids in DialAuty. Moreover, DialAuts -morphisms between such objects
are comonoid morphisms.

Proof. Consider first a DialAuty-object V(L) with N non-deterministic and with set of P-moves
U and set of O-moves I ~ 1. Hence (U, I) is a comonoid in DialZ(X) by Prop. 7.1. Moreover, the
comonoid structure maps play as the maps depicted on Fig. 28 (replacing (K,1) with (U, I)),
and winning is trivial.

Consider now a DialAutg-morphism o : N (L) — K(L’), where N and K are non-deterministic,
with sets of P-moves resp. U and V, and sets of O-moves resp. I and J (where I ~ J ~ 1). We
show that ¢ is a comonoid map by reasoning similarly as in Prop. 4.6 for the base category T.
Writing dys and €y (resp. dx and éx) for the comonoid structure maps of V(L) (resp. K(L')),
we have to show that the following equations hold in DialAuty:

(c@0c)ody = dcoo and EN = €xoo
Assuming that o plays as in Fig. 27 (top left). The first equation follows from the fact that
di oo plays as in Fig. 27 (middle), while (0 ® o) o daq plays as in Fig. 27 (bottom). The second
equation follows from the fact that éx o o plays as in Fig. 27 (top right). O

Since the category of comonoids of a symmetric monoidal category has finite products (see
e.g. [Mel09, Cor. 18, §6.5]), we thus have the expected result that non-deterministic automata
are equipped with a Cartesian structure.

Corollary 7.3. For each alphabet 3, the full subcategory DiaIAutgD of DialAuty, whose objects
are of the form (U,I,W) with I ~ 1, is Cartesian.

7.1.1. Application: Deduction Rules for Non-Deterministic Automata. Similarly as with
usual (total) non-deterministic automata in §2.8, Cor. 7.3 allows to extend adequacy (Prop. 5.6
and Prop. 6.8) to the following restriction of the structural weakening and contraction rules:

M; A BrFC M, AN, N,B-C
M: A N,BFC M: A N,BFC

(WEAKND) (CONTRND) (52)
where N is required to be non-deterministic (while A, B and C can be arbitrary). Note that
the full weakening rule is actually derivable in the setting of Ex. 5.9, but with non-canonical
realizers of A —o I when A is not non-deterministic.

7.1.2. Application: Existential Quantifications and Extraction. A nice consequence of the
Cartesian structure of DialAut™Y is the fact that existential quantifications behave similarly as
the usual sum types of Type Theory (see e.g. [JacO1l, Chap. 10]). Consider a non-deterministic
automaton A : 3 x " with set of P-moves U, and let T be a X-labeled tree (so that T : ©* — X).
It follows from the representation of DZ-strategies given by Prop. 3.12 that a winning P-strategy
in 1+ 1 — (3rA)(T) is given by a function

Uo — TxU
neN

hence by a pair of functions

Uz )< (U o)

neN neN
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i N(L) —~ K@) |K(L) o 1
N(L) — K(L) : :
O | (a,u)
0| (a,u) v (a,v)
P v o | P
0] d d| O
P ° d °
P °
NI o k@) | k) 2o ke k@)
O | (a,u)
v (a,v)
(v,v) P
d 0]
d °
P °
NI X NI eNE) | ND) o NI 225 K)o K(L)
O (a,u)
(u,w) (a, (u,u))
(v,v) P
d 0]
d °
P °

Figure 27: DialAuty-maps on non-det. automata as comonoids maps in Prop. 7.2
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Y@K —opz, K®K SOK —opzy I
O (ak) O (a,k)
(k,k) | P o | P
d |0 d|o
P ° P °

Figure 28: Structure maps in DialZ(X) for the comonoid K = (K, 1)

and therefore by a tree 7' : ©* — T’ and a winning P-strategy in 1 -1 — A(T,T").

Proposition 7.4. Given a non-deterministic automaton N : ¥ x I', a winning P-strategy
o:1— 3N is of the form o = (T, ) where T is a X-labeled tree and T is a winning P-strategy
in 1 — N(T) (so in particular T € L(N)).

In particular, we get the following fact, which completes Cor. 6.6 and mirrors the well-known
situation with usual non-deterministic automata.

Corollary 7.5. If N : ¥ x ' is non-deterministic then £L(IrN) = 7 (L(N)).

Moreover, it follows from Prop. 7.4 that our computational interpretation allows to effectively
extract witnesses from (interpretations of) proofs, in the sense of §1.2 and §1.5. Let N : 3 be
non-deterministic with set of P-moves U, and consider a derivation Z of the sequent

1; F3IgN

using the rules of Fig. 24, Fig. 26, Ex. 5.9 and (52). Then adequacy (Prop. 5.6 and Prop. 6.8)
gives a strategy
c I — IsgN

(effectively computed by induction on Z), and which by Prop. 7.4 is of the form

(T,7) + Upen® — ExU
where I — N(T)

7.1.3. Application: Effective Realizers from Witnesses of Non-Emptiness. Similarly as with
usual non-deterministic automata (see e.g. [Tho97]), thanks to the Biichi-Landweber Theo-
rem [BL69], Cor. 7.5 implies the decidability of emptiness for non-deterministic automata as
well as the Rabin Basis Theorem [Rab72|, stating that if L(N') # (), then its contains a regular
tree T and a finite state winning P-strategy on N (T') (both effectively definable from N).

Corollary 7.6. Given a non-deterministic automaton N : X, one can decide whether L(N') is
empty. Moreover, if LIN') # () then one can effectively build from N a regular tree T € L(N)
together with a finite state winning P-strategy on I — N (T).

Proof. Tt follows from Cor. 7.5 that £(N) is not empty iff the automaton (IxN) : 1 accepts the
unique 1-labeled tree 1. We then proceed similarly as in the proof of for Cor. 6.5: reasoning as
in [Tho97, Ex. 6.12], the game 1 - 3y is effectively equivalent to a regular game on a finite
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graph. Then, by Biichi-Landweber Theorem [BL69] (see also [Tho97, Thm. 6.18]), one can
decide which player has a winning strategy, and the winner always has a finite-state winning
strategy which is moreover effectively computable from the game graph. Now, this strategy can
be lifted to a finite state winning strategy on 1 - Iy, and we can then conclude thanks to

Prop. 7.4. ]

More generally, strategies witnessing (non-)emptiness obtained wvia Cor. 7.5 can be lifted to
winning strategies in games of the form A — C. Consider the case (mentioned in §1.5.(bi))
of C = B* and with A,B : ¥ non-deterministic. If £(A) N £L(B) = (), then an O-strategy
witnessing £(A ® B) = (), which corresponds via Prop. 5.12!7 to a P-strategy witnessing 1 €
L((3s(A® B))*), can be lifted to a winning P-strategy in A —o B*.

Proposition 7.7. Given non-deterministic A, B : 2, if LIA)NL(B) = 0, then there are winning
P-strategies in A @ B — L and A — B*. Moreover, these P-strategies can be assumed to be
finite state and can be effectively obtained from A and B.

Proof. Since L(A) N L(B) = 0, we have L(A ® B) = 0 by Prop. 5.10. Since A and B are
non-deterministic, so is A ® B. It then follows from Cor. 7.5 that £(35(A ® B)) = 0, hence,
by Prop. 5.12 that the automaton (I5(A ® B))* : 1 accepts the unique tree 1 : ®* — 1. But
winning P-strategies in (I (A ® B))*(1) can be lifted to winning P-strategies in

1 F L(l) — (Gs(A4eB)H(1)
But note that since (Ix(A ® B))* : 1, that game is actually the same as
1 F I; — (Bg(AeB)*
It then follows from monoidal closure (Prop. 5.4) that there is a winning P-strategy in the game
1 - IsA®B) — 4L

and therefore by Prop. 6.2 (in the form of (49)) that there is a winning P-strategy on A®B —o L
and therefore also in A —o B*.

Moreover, it follows from Cor. 7.6 that there is a finite-state winning P-strategy in the game
1+ (3z(A® B))*(1) which is easily seen to be lifted to finite state P-strategies in A® B —o L
and A — B*. O

Proposition 7.7, together with Ex. 5.9.(ii), implies the following extension of Ex. 5.9.(i).

Corollary 7.8. If A, B : ¥ are non-deterministic and such that L(A)NL(B) =0, then L(A) C
L(B— A) C L(BY).

Proof. The inclusion £(A) C L(B — A) was shown in Ex. 5.9.(i). For the inclusion £(B —o
A) C L(B*Y), by Ex. 5.9.(ii) we can derive the sequent

Bo(B-—-oAFARB
and it follows from adequacy (in the form of Prop. 5.6) that there is a winning P-strategy

o : B@B-—-A) — ARB

"More precisely, this is direction (<) in the proof of Prop. 5.12.
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But now, since £(.A) N L(B) = 0, it follows from Prop. 7.7 that there is a winning P-strategy
T+ A®B — A

so that
Too : B(B—oA) — L

It then follows from Prop. 5.4 (monoidal closure) that there is a winning P-strategy in
(B—A) — B*

and we conclude by Prop. 4.12. O

7.2. Simulation and the Exponential Modality of ILL

Recall that similarly as in the usual setting, uniform automata have linear complements (§5.4),
and that non-deterministic automata have correct existential quantifications (§7.5). On the
other hand, we mentioned in §1.3 that in the usual setting, the Simulation Theorem [MS87,
EJ91, MS95] says that each alternating automaton A can be simulated by a non-deterministic
automaton A (of exponential size) with £(1.A) = L(A).

We show here that in our setting, an easy adaptation of the construction used in [Wal02] gives
a similar simulation operation !(—), taking a uniform automaton A : ¥ to an non-deterministic
automaton 1A : ¥ with £L(lA) = L(A), thus completing the picture (4) of §1.3 for our notion of
uniform automata:

Uniform
Automata

Non-Deterministic
Uniform Automata

Moreover, we show that the operation !(—) satisfies the deduction rules of the exponential
modality ! of ILL:

M 1A A M A BFA M; AFA M; A B, 'B-A
M 'AF1A M; A 'BFA M: A 'BFA M; A 'BFA

(54)

It follows that the exponential ! allows to define, using Girard’s decomposition, an intuitionistic
implication — as A — B := 14 — B.

The rules (54) are an obvious adaptation to our context of the rules displayed in (26) and (27)
of §2.9. The last two rules (weakening and contraction) actually follow from the rules (WEAKND)
and (CONTRnp) displayed in (52). The second rule (DERELICTION) will easily follow from the
construction of 4. The most difficult rule is the first one (PROMOTION), which is moreover
not compatible with cut-elimination (see Rem. 5.7).

The difficulty with the (PROMOTION) rule can be explained as follows. We have seen in §7.1
above that the symmetric monoidal structure of DialAuty is Cartesian on non-deterministic
automata, in other words that non-deterministic automata have a canonical comonoid struc-
ture (51). It follows that similarly as with usual ILL-exponentials (see §2.9 but also [Mel09]),
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the simulation operation !(—) adds to an arbitrary automaton A the structure allowing !.A to
be equipped with canonical maps:

4 — AR!A and 4 —o 1

On the other hand, recall from §5.3 that for a uniform automaton A with set of O-moves X,
realizers of

A —0 ARA

may not exist because O can play two different (x,2') € X x X in the right component A ® A,
that P may not be able to merge into a single 2”7 € X in the left component A.

Usual solutions for ILL-exponentials (see e.g. [Mel09, AC98, Mel04]) amount to equip objects
of the form !A with some duplication and memory abilities, essentially allowing !A to run several
copies of A in parallel. However (and this is via (5) §1.3, the crux of Rabin’s Theorem [Rab69]),
such recipes can not (at least in an obvious way) be applied to automata on infinite trees, because
I A must be a finite-state automaton, while plays in acceptance games (which are infinite) would
require an infinite memory.

Phrased in modern terms, the solution is given by the existence of positional (i.e. memo-
ryless) winning strategies in w-regular games equipped with parity acceptance conditions (see
e.g. [Tho97, GTW02]). In our case, we rely for the (PROMOTION) rule on the stronger fact
that in an w-regular game whose winning condition is given by a disjunction of parity condi-
tions (also called a Rabin condition), winning P-strategies can always be assumed to be posi-
tional [Kla94, KK95, Jut97, Zie98]. Unfortunately, positionality is not preserved by composi-
tion, and the interpretation of the (PROMOTION) rule is not preserved by cut-elimination (in
the sense of Rem. 5.7).

Remark 7.9. In (53), we have only displayed existential quantifications 3 for non-deterministic
automata, because as in the usual setting, they are correct (in the sense of Cor. 7.5) only on
non-deterministic automata. Similarly, we did not displayed universal quantifications because
they are only complete on universal automata (see Def. 3.1).

Note that on the other hand, the categorical properties of quantifications (Prop. 6.2) and thus
the deduction rules of Fig. 26, hold on general uniform automata.

7.2.1. Parity Automata. Similarly as in the usual setting, we say that A is a parity automaton
if 2 4 is generated from a map c4 : @4 — N as the set of sequences (g )y such that the maximal
number occurring infinitely often in (c4(gx))x is even.

Proposition 7.10. For every automaton A : X, there is a parity automaton A" : ¥ such that
At ~ A in DialAuts..

Note that A ~ AT implies £(A) = L(A) by Prop. 4.12.
Proof of Prop. 7.10. Recall (from e.g. [Tho97, GTW02, PP04]) that every w-regular language

L can be recognized by a deterministic w-word parity automaton (Qr,q},dr,cr). Follow-
ing [Wal02], given A : 3 with set of P-moves U and set of O-moves X, let

Al = (QaxQr, (¢4,d2), U, X, o4, Qut)

where L is the w-regular language €24, the acceptance condition €2 4+ is generated from cr, via
second projection, and the transition function 0 4+ is given by:

5AT(<qA7QL)7a7uaxad) = (q_IA7 5L(qL7q./A))
with ¢4 := 6.4(q4, 2, u,x,d). Note that A and AT have the same P and O-moves, so that identity
strategies provide an isomorphism A ~ AT, O
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7.2.2. An Exponential Construction on Uniform Automata. Our exponential construction
I(—) is an adaptation of the one used in [Wal02]. Given a parity automaton A : ¥ with set of
P-moves U and set of O-moves X, we let

A = (Qua, gia, U4, 1, 84, Qua)

where Qa := P(Qa x Qa), ¢4 = {(d4,¢"4)} and 014 is defined as follows: Given a € 3,
feUla de® and m(S)={¢ | ¢ (¢,¢) € S} = {q1,...,qn}, let

(5;A(S,a,f,o,d) = Tiu---uUT,
where, for each k € {1,...,n},

T, = {lgrq) |3 € X. q=7balar 2, flqx), v, d)}

Let a trace in an infinite sequence (S,), € Q4 be a sequence (gn), such that for all n,
(Gns @n+1) € Sn+1- We let Qg be the set of sequences (Sy,), whose traces all belong to € 4.
Note that €4 is w-regular since Q 4 is w-regular (see e.g. [§4][Wal02]).

Remark 7.11. Note that Q4 = P(Q x Q) contains a “true” state ) € Qy4, so the map
da 1 QuxE — U? — (D—Qu)
s always total.

For a uniform automaton .4 whose acceptance condition is not a parity condition, let | A := !(AT),
where A is obtained from Prop. 7.10.

It is easy to show the adequacy of the dereliction rule. This amounts to provide co-unit-like
winning P-strategies

e : AM) — AM)
Proposition 7.12. Given A: %, there is a winning P-strategy € in X = LA(M) — A(M).

Proof. By Prop. 7.10, we can assume A to be a parity automaton. Using the injectivity of HS
(Lem. 3.11), we define HS(¢) by induction on plays as follows, with the following invariant: for
each (s,t) € HS(¢), with s,t of even length, writing ¢ for the state of ¢ and S for the state of s,
we have ¢ € ma(95).

The base case is trivial. Let (s,t) € HS(e) with s and t even-length, and with ¢ in state ¢
and s in state S. Given an O-move (a, h), we let (s.(a, h), t.h(q)) € HS(e), and for all (z,d) we
further let (s.(a,h).(e,d), t.h(q).(z,d)) € HS(e). Then the invariant is insured by def. of I A.

The strategy € is winning since the sequence of states produced in A is a trace in the sequence
of states produced in !A. O

7.2.3. Game Graphs and Positionality. We now turn to the (PROMOTION) rule. Its adequacy
relies on well-known but non-trivial results on the existence of winning positional P-strategies for
Rabin games, which are games whose winning conditions are disjunctions of parity conditions.
The notion of positional strategy makes sense for games whose moves and winning condition
are induced in an appropriate way by a given graph.

Consider uniform substituted acceptance games ¥ - A(M) and ¥ F+ B(N), where A (resp.
B) has set of P-moves U (resp. V) and set of O-moves X (resp. Y). The game graph of
Y+ A(M) — B(N) is the graph G with vertices:

(Ap X Bp) + (Ao X BP) + (Ao X Bo)
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((p,a,qu) , (p,3a,q8) | ApxDBp
0 {
((p,aa,qa,u) , (p,a,qs)) | Aox Bp
P {
(p,aa,qa,u) , (p,aa,qs,v))| Ao x Bo
0 {
((pu E'aa qA, U) ’ (pd7 5.&, ng)) AO X BP
P {
((pd,aa,qy) , (pd,aa,qg) | Ap x Bp

Figure 29: The edges of the graph G for ¥ + A(M) — B(N)

where
AP = @*XE*XQA Ao = @*XE*XQAXU
Bp = D*x¥*xQp Bo = D" xY¥X*xQxV

and with edges depicted in Fig. 29, where ¢4 := 04(qa, M (a.a, p), u,z,d) (for some z € X) and
qp = 08(q8, N(a.a,p),v,y,d) (for some y € Y'). Write pos for the graph morphism from the set
of plays of ¥ F A(M) — B(N) (seen as a tree) to G. We say that a strategy o is positional if
it agrees on plays with the same position, i.e. if s.m € o, t.m’ € o with pos(s) = pos(t) implies
m=m.

Consider now parity automata Aj,...,A, and B. The winning condition of a game of the
form Ay (M) ® ... A, (M,) — B(N) is a disjunction of parity conditions, also called a Rabin
condition, which is induced by colorings depending only on the vertices of its game graph G.
It has been shown in [Kla94, KK95, Jut97, Zie98| that if P has a winning strategy o in such a
game, then it has a winning positional strategy (w.r.t. G), which according to [Zie98] is recursive
in o.

The existence of winning positional P-strategies allows us to show the adequacy of the
(PROMOTION) rule. The proof is deferred to App. B.

Proposition 7.13. Given N, A : ¥ with N' non-deterministic, if there is a winning P-strategy
in X+ N(L) — A(M), then there is a winning P-strategy in the game ¥+ N (L) —o \A(M).

7.2.4. Applications. This paragraph gathers consequences of Props. 7.12 and 7.13, thus mir-
roring §7.1.1-7.1.3 and completing the picture announced in §1.4, §1.5 and §2.9. Furthermore,
App. C details how two constructions from [CLO8| and [SA05] can be reformulated in our setting.

First, Prop. 7.12 implies that £(!.A) C £(.A), while Prop. 7.13 gives the converse inclusion
L(A) C L(IA). We thus have, as expected:

Corollary 7.14. L(A) = L(1A).
Corollary 7.14 gives the extension of Cor. 7.6 to general uniform automata.

Corollary 7.15. Given a uniform automaton A, one can decide whether L(A) is empty. More-
over, if L(A) # 0 then one can effectively build from A a regular tree T € L(A) together with a
finite state winning P-strategy on 1+ 1 — A(T).

We also obtain the lifting property of §1.5.(bii), extending Prop. 7.7.

Proposition 7.16 (Weak Completeness). Given automata A, B : %, if L(A) C L(B) then there
is an effective winning P-strategy in ¥ F 1A —o (1(BY))* .
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M; A, A, BFC M ; NF
(DERELICTION) — — — (PROMOTION)
M; A VA, BEC M; NH!A
M; A B-C M; A, N,N,BrC
WEAK = SREE AN CONTR
( ND) M; A, N,BFC M; A N,BFC ( ND)

Figure 30: Exponential rules (where A and N are non-deterministic)

Proof. By Prop. 5.12 and Cor. 7.14, if L(A) C L(B) then L(1A)NL(!(B*)) = (), and we conclude
by Prop. 7.7. O

On the other hand, Props. 7.12 and 7.13 give adequacy for the rules displayed in (54).

Proposition 7.17 (Adequacy). If the sequent M ; Ay,..., A, b B is derivable using the rules
of Fig. 24, Fig. 26 Fig. 30 and of Ex. 5.9, then there is a winning P-strategy in the game

A1(M) ®pa - - @pa An(M)  —  B(M)

As an example of use of the exponential rules, we mention a negative translation of the law
of Peirce (A = B) = A) = A. The law of Peirce gives full classical logic when added to
intuitionistic logic.

Example 7.18. The law of Peirce |((?A — ?B) — ?A) F ?A (where ?A := ({(A*))* and where
A — B:=1A— B), can be derived using the exponential rules.

Proof. We can derive

IAY, 7AF L

so that (since 7B = (IB*)*)
LAY, 7AF 728

from which it follows that

((7A = 7B) = 2A), 1A F 74

and thus
[((7A = 7B) = 2A), IAY F L

and we are done since 724 = (IA*)*. O

8. Conclusion

We have presented preliminary results toward a Curry-Howard approach to automata on infinite
trees. Our contributions concern mainly two related directions.

First, we have shown that the operations on tree automata used in the translations of MSO-
formulae to automata underlying Rabin’s Theorem [Rab69] can be organized in a deduction
system based on intuitionistic linear logic (ILL) [Gir87]. Namely, we equipped a variant of usual
alternating tree automata (that we called uniform tree automata, §3) with a fibred monoidal
closed structure (§4 and §5), which in particular handles a conjunction and, via game determi-
nacy, a linear complementation of alternating automata, as well as deduction rules for existential

74



and universal quantifications (§6). Moreover, we have shown in §7 that this monoidal structure
is Cartesian on non-deterministic automata, and in particular that (an adaptation of) a usual
powerset construction for the Simulation Theorem [MS87, EJ91, MS95] satisfies the deduction
rules of an !I(—) ILL-exponential modality.

Second, our approach is based on a realizability semantics for our deduction system on tree
automata, in which, thanks to the monoidal-closed structure, realizers are winning strategies
in (almost usual) acceptance games. Our realizability semantics satisfies an expected property
of witness extraction from proofs of existential statements. Moreover, this realizability se-
mantics is compositional and allows to combine realizers produced as interpretations of proofs
with strategies witnessing (non-)emptiness of tree automata, possibly obtained using external
algorithms.

We believe that this can provide a basis for semi-automatic approaches to MSO on infinite
trees'®, in which, similarly as with interactive proof systems, decision algorithms can be com-
bined with human-produced proofs or proof-search techniques. The author and P. Pradic have
recently obtained preliminary results in this direction for MSO on w-words [PR17].

Furthermore, as shown in Ex. 6.4, our interpretation shares a formal similarity with Godel’s
Dialectica interpretation (see e.g. [AF98, Koh08]). Actually, the category DZ can be constructed
(via a distributive law) from a category of simple self dualization [HS99, HS03] (over the topos
of trees, see e.g. [BMSS12]), which can be seen as a skeleton of Dialectica-like categories [dP91],
and the category DialZ has a shape similar to Dialectica fibrations (see [Hyl02, Hofl1] but
also [Jac01, Ex. 1.10.11]). We do not know yet how far this connection can go, but it seems that
it can provide, similarly as with the usual Dialectica interpretation, realizers for linear variants
of Markov and choice rules'?.

Moreover, we show in App. C that our setting easily handles known constructions from [CLO08]
and [SA05] for language reduction and separation.

8.1. Further Works. We plan to continue the line of research initiated here and in [Rib15]
along different directions. A central point w.r.t. most of them concerns the (PROMOTION) rule.

The interpretation of Simulation as an !(—) ILL-exponential modality in §7.2 is interesting
because it shows that an ILL-like exponential arises precisely where there is a semantic difficulty
(positionality) together with a non-trivial exponential construction on automata. However, we
find the interpretation of the (PROMOTION) rule in §7.2 not completely satisfactory for the
following reasons.

(1) We have to rely on the external result that winning P-strategies can always be assumed to
be positional in Rabin games [Kla94, KK95, Jut97, Zie98|. There seems to be essentially
two ways to apply this result: (a) one could try to extract the positional strategy realizing
the conclusion of (PROMOTION) from the realizer of the premise, or (b) one could obtain
the strategy for the conclusion from an algorithm solving w-regular games (that is from the
Biichi-Landweber Theorem [BL69], see also e.g. [Tho97, Thm. 6.16)).

However, in both cases this amounts to apply a non-trivial external algorithm, and there
seem to be no obvious structural relation between the realizer of the conclusion and the
realizer of the premise.

8Fven if there are numerous implementations of decision algorithms on tree automata, we are aware of no
working implementation of decision procedures for the full language of MSO on infinite trees.

9The reader aware that choice is not expressible in the language of MSO on infinite trees (see e.g. [CL07]) may
be surprised by this suggestion. Actually, choice rules in constructive arithmetics turn V3-statements into IV
ones, but do not necessarily induce wellorderings.
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(2) This interpretation of the (PROMOTION) rule is not compatible with cut-elimination (in the
sense of Rem. 5.7), because the notion of positionality required for (PROMOTION) is not
preserved by composition, so that !(—) is not a functor.

It is unclear to us whether this is a true drawback, because we can still compose realizers
and extract witnesses for existentials (§7.1.2). The only point is that two derivations which
are equal modulo cut-elimination may be interpreted by two different strategies. But still,
the non-functoriality of !(—) is somehow uncomfortable from a semantic perspective.

First, we plan to pursue some work on the category DZ of zig-zag games in order to get a better
picture of its usual game semantics exponentials. According to the discussion of §7.2, such
exponentials would involve some infinite memory, because plays are infinite in DZ. Moreover,
it seems reasonable to target some relaxation of DZ with finite limits (typically by allowing
games to be equipped with a notion of legal plays).

(1) Following the recipe of [MTT09], we plan the investigate the existence of free exponentials.

(2) Moreover, there seem to be a natural exponential, in which P essentially plays strategies,
but which in the context of automata would lead to infinite state automata. Using iteration
theorems such as e.g. Muchnik’s Theorem (see e.g. [Wal02], but also [BCLO8]) it may be
possible to obtain a hierarchy (in the sense of the hierarchy of simple types) of possibly
infinite state automata, but with decidable emptiness checking.

(3) We also plan to look at non-synchronous exponentials, such as the Curien-Lamarche ex-
ponential of sequential data structures (see e.g. [AC98, Chap. 14], but also [Mel05]), in
particular because of its backtracking abilities. We suspect that this could allow to han-
dle known results and constructions for reduction and separation properties, in the vein
of [Arn99, AN07, FMS13]. However, we do not know yet if this can provide new results.

Second, an important direction of future work is to get a better semantic account of the
notion of positionality used in the interpretation of the (PROMOTION) rule. In the realm of
game semantics, it has been shown by Mellies [Mel06] that the notion of Innocence (originally
introduced by [HO00] via a notion of pointers on moves), which characterizes a form of func-
tional (state-free) behavior, corresponds to some notion of positionality. Innocence is actually a
strong form of positionality, which is preserved by composition. It is possible to equip DialAut-
games with an obvious notion of pointers, representing applications of the transition function
of automata as unfoldings of fixpoints. This leads via innocence to a notion of positionality
which seems to be equipped with a monoidal-closed structure (w.r.t. to the synchronous direct
product of automata), but which seems too restrictive to handle strategies obtained (via Biichi-
Lambweber Theorem) from emptiness checking in the sense of Cor. 6.5, §7.1.3, Cor. 7.15, and
Prop. 7.16. On the other hand, the notion of positionality used in §7.2.3 may be preserved
by composition for non-deterministic innocent strategies, in the vein of [HP12, TO15]. We do
not know yet how such notions of non-deterministic strategies behave w.r.t. the construction of
positional winning P-strategies for Rabin games as in e.g. [Zie98].

Finally, our main target is the construction of realizability models for MSO. In the case of
w-words (that is taking © = 1 in this paper), and in the context of Church’s synthesis, the
aforementioned results of [PR17] suggest that, together with the results of this paper, it is
possible and pertinent to devise refinements of MSO based on ILL. We also already mentioned
above the connection with Godel’s Dialectica interpretation, which suggests that it may be
possible to realize linear variants of Markov and choice rules. Furthermore, this paper indicates
that working in a linear deduction system for MSO allows to obtain a fibred monoidal closed
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structure, with in particular deduction rules for existential and universal quantifications. We
think that this can provide a good basis to handle some axioms of MSO, and moreover that
ILL can provide classes of formulae with improved translations to automata w.r.t. the known
non-elementary lower bound (see e.g. [GTWO02, Chap. 13]).

Moreover, in devising realizability models for MSO, and in particular following the approach
of this paper which decomposes the translation of formulae to automata using linear logic, a
crucial role is played by the logical interpretation of the (PROMOTION) rule. Following [M&102],
it seems that (PROMOTION) may be seen as a form of reflection scheme. Similarly as in the
complementation construction of [Tho97, Thm. 6.9], such reflection scheme would simply say
that, because they can be assumed to be positional, realizers can be seen as labeled ®-ary trees.
This would simply amount to the fact that predicates of the form Jo (o : A —o B) are definable
in MSO.
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A. Non-Functoriality of the Usual Linear Negation of Alternating
Automata

In this Appendix, we explain why it is not obvious to turn the usual linear complementation
(=) of alternating automata (defined in §2.10).
Recall that for a usual alternating automaton A, we let Al have the same states as A, and

to take for 0 4u (q,a) the set of all v C |J6.4(g,a) such that y- Ny # () for all v € d4(q, ). It
is then not difficult to validate the rule (30)

¥, AFB
¥ BLEAL

but it is not clear how to turn (=) into a functor.

The difficulty resides in the preservation of composition. Consider a total (winning) P-strategy
o : A — B playing as in Fig. 8, and let us see how to directly define a total (winning) strategy
ol : B — A, The plays of o'- should have the following shape:

x| Bt  — Al

(e, q5) (e,4q")
(p, aB) (P, qa)
<a7 PYBJL) if TBL € 5[’)’JL (qBv a)

(a,741) | ifyqu €041 (qa,2)
(Q_izla d) if (q,/A7 d) € YAL
: if (q;)” d) S YL

v O ©w O

(q5,d) :
(p.d, qp) (p.d, ¢s)

Let us see how to directly define o from o. Assume we are in position ((p, gg), (p, ¢4)) as above.
Fix a and ygu. We have to choose some 7 41 such that v 41 Ny4 # 0 for all v4 € §4(qa,2), and
moreover, for each (¢/y,d) € 41, we must choose some (gg,d) from vy5u. The only canonical
way to do this seems to use the fact that from position ((p,qa), (p, ¢B)), the strategy o induces
maps

fo ya — B
For (va, (gg:d) € f(va)) > (dyyd) €74
as in §3.1, where

> A4 o B

(p,q4) (p,a8)
O (a,74) :
Pl (a,78) | f(va4) =8
O (g5, d)
P | (¢4 d) D Flua, (g5, d) = (¢4, d)
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Then we can let

and (gg,d) € ygu N f(v4)}

Yau = {F(va4,(g5,d)) | 74 €04(qa,2)

Moreover, for each (¢4, d) € 741, there are some 4 and some (gp,d) € y51 N f(v.4) such that
(¢'4,d) = F(v4, (g3, d)). The difficulty here is that o may play the same (¢/y, d) from one v 4 but
distinct (g, d), (¢, d) € v1 N f(7.4), and it is not clear how to choose one. A possibility would
be to impose a linear order on states, and to always take the least available state. But then
it is not clear how to preserve composition, because ¢ may be precomposed with a strategy
7 : B — C where C is defined as B but its states have a different order, and 7 plays as the
identity, but does not preserve the order of states. So we may have g < ¢3, and ¢ < g/, with
T taking g/ to g and g to gj:

2 B
(e, 45) (e, )
(p, q5) (p,qc)
O | (a,vB) :
P ' (a,7¢)
O (Gc,d) | e € {ac ac
P | (d5,d) q5 = qp if e = q¢, and Gp = qg if ¢ = ¢

But o should select gj (since g < gf), which imposes o o 71 to select 4. On the other
hand, (7 o o)X should select ¢/ (since gff < gl). It follows that o o 7 and (7 0 o)t differ in
the following plays (which have the same O-moves):

olori (roo) -

»| ¢t —o At »| ¢t — Al
(e, 90) (e:q4) (e q¢) (e:q4)
(p,qc) (p,q4) (p, qc) (p, q4)

O | (a,7x) ' O | (a,7cx) '

P : (a,741) P : (a,741)

O (¢4, 4d) O (¢4, d)

P| (g.d) : Pl (¢ d) :

On the other hand, identity is preserved. Assume that A(M) = B(N) and o is the identity,
so that o' must be the identity as well. Since o is the identity, one should take for the
move VEUL of o the set of all (¢'4,d) such that (¢y,d) € ’yﬁl N 'yg for some ’yg. Since
’ij C Uda(ga, M(p)(a)), this leads to put fy;l = 721. Moreover, for each 72, the map F%(i is
the identity, so given (¢/y,d) € 7511 (played by O in the right component of A-(M) — AL (M),
we have that (¢4, d) € ’yf?‘l M~9 is unique such that o played (¢4, d) from O’s move (¢/y,d) in
the right component of A(M) —o A(M), and it follows that (id () = id g1 (pr)-
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B. Proof of Adequacy of the Promotion Rule (Prop. 7.13)

We give here a detailed proof of Prop. 7.13. The argument is essentially the same as that
of [Wal02], with the obvious adaptations to our (slightly more complicated) setting.

Proposition B.1 (Prop. 7.13). Given N, A : > with N' non-deterministic, if there is a winning
P-strategy in ¥ = N(L) — A(M) then there is a winning P-strategy in ¥ = N(L) — LA(M).

Proof. Write I = {x} for the set of O-moves of N. By Prop. 7.10, we can assume N and
A to be parity automata. Write G for the game graph of ¥ - N(L) — A(M). Thanks
to [Kla94, KK95, Jut97, Zie98|, there is a positional (w.r.t. G) winning P-strategy o in X F
N (L) — A(M).

We build a winning P-strategy 7 on N(L) — lA(M) such that the following invariant is
satisfied:

e to each play t of 7 with pos(t) = ((p,a,qn), (p,7,S)) and m(S) = {q1,...,qn}, We
associate a set FE(t) = {s1,...,sn} of plays of o, with pos(s;) = ((p, 7, qn), (p,7,¢:)) for
each 1 <7 <n.

e and if moreover ' extends t and is such that pos(t') = ((p.d,a.a,qy,), (p.d,a.a,S’)) then
for all s € E(t') there is some s € E(t) such that s’ extends s.

The strategy 7 is built by induction on plays as follows:

e For the base case (initial position €), we have by definition S = {(¢%,¢%4)} and E(e) =
{q4}-

e For the inductive step, let ¢ with pos(t) = ((p, &, qn) , (p,a,5)) and let O play from ¢ some
(a,v) in component N'(L) of N(L) —o ! A.

For s; € E(t), let u; be the move of o from position ((p,a.a,qn,v), (p,a,q;)), thus going
to position ((p,a.a,qn,v), (p,a.a,¢,u;)). This defines a function

hiawy + Qa — U
qi — U;

(the value of hy (,,) on irrelevant ¢’s is arbitrary). We then let 7 play hi (aw) in the
component 'A(M) of N(L) — lA(M), thus going to position

((paa'av qaN, U) ) (pa a.a, Sv ht.(a,’u)))

Then O answers some d € © in the component |lA(M), and we let P play x in the
component N'(L). The current position in N (L) —o | A(M) becomes

((p.d,a.a, qj\/) , (p.d,a.a, S"))

where
v =  onlgv, L(3a,p),v,*,d)
and S = 84S, M(a.a,p), bt (an) e d)
Let
th =t (a,v) By (e - d-x
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and write m2(S") = {qj,...,q,}. By definition of the transition function of A, each ¢
is equal to 64(qi;, M(a.a,p),ui;, v;,d) for some i; and some z; (note that there might
be several such i; and z;, but we select one). For each j, we let O play (x;,d) in the
component A(M) of N(L) — A(M) from position ((p,a.a,qn,v), (p,a.a,q;;,ui;)) thus
going to position ((p,a.a, qn,v), (p.d,a.a, q;)) We then let P answer * in the component
N (L), thus leading to position

((pd,aa,qy), (p-d,aa,qg;))
We finally put
E{) = {siy-(a,v)u.(xo,d).e, - -, s; .(a,v).u, (Tm,d).e}

This completes the definition of 7.

We now show that 7 is winning. Consider an infinite play (¢,)nen of 7, and let (gn, Sn)nen
be the associated sequence of states in (Qa X Q14)¥. Assume that we have (gn)n, € Qnr. We
show that (Sy), € 4. Let (g;,)n be a trace in (Sy)n, so that (¢}, q,,1) € Sp+1. We have to
show that (q},)n € Q4. To this end, we show that (q],), is generated by the projection on A(M)
of an infinite play of o.

Note that for all n € N,

pOS(t4n) = ((pna an, Qn) ) (pnvam Sn))
By construction, for each n € N there are s, € E(ts,) and s}, € E(ty(n+1)), such that

pOS(Sn) = ((pnyanaQn) ) (pnaanvqg))

and such that s, extends s,

and such that moreover

pOS(S;l) = ((pn+175n+1, Qn+1) I (pn+17 571-1—17 q7/7,+]_))

where @,11 = @,.a, and p,+1 = pn.d,. Note that pos(s,,) is completely determined from p,,, a,,
which are induced by (t,)n, together with the states g, and ¢,. It follows that for all n € N we
have

pos(s,) = Ppos(sni1)
Since o is positional, it follows that the infinite sequence

X = e.(ag,vo).up.do. pn-(an, V) Up.dp. -

is an infinite play of o. Since x produces the sequence of states (g, q),)n € (Qn X Q4), we get
(gh)n € Q4 since (gn)n € Qn by assumption. ]
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(Q.A 3 QB) AP X Bp
@ \
((a7 qA, U) ) QB) AO X Bp
P \
(a,qa,u) , (a,q5,v))| Ao x Bo
0 l where  ¢j := 05(gs, a,v,d)
(<a7 a4, U) 3 (q/B, d) AO X (Bp X :D)
P i} where ¢y :=04(q4,2,u,d)
(¢4 : %) Ap x Bp

Figure 31: The edges of the graph GforSHA—B

C. Further Examples

This Appendix is devoted to detailed accounts of two known results on non-deterministic au-
tomata, which can be reformulated in our setting. The first result is the following uniform
formulation of [CL0O8, Thm. 1].

Proposition C.1. For each regular language £ C 2", there is a non-deterministic automaton
B with L(B) = L, and such that for every non-deterministic parity automaton A with L(A) C L,
there is a winning P-strategy in ¥+ A —o B induced by a function g: Q4 X Qg X X x U — V,
where A (resp. B) has set of P-moves U (resp. V).

Our proof of Prop. C.1 relies on the existence of positional winning P-strategies in games of the
form ¥ - A®B — AL, for non-deterministic parity automata A, B : ¥ such that £L(A)NL(B) = 0.
Second, we show in §C.4 that such strategies, when combined with our internalized linear
implication, can handle a construction for the separation property of [SA05, Thm. 2.7].

C.1. On Positional Strategies. Consider non-deterministic parity automata A,B : X. It
follows from §7.2.3 that if P has a winning strategy in ¥ = A —o B, then P has a positional
winning strategy. But the game graph of ¥ - A4 —o B is equivalent to the graph G with vertices:

(Ap x Bp) + (Ao x Bp) + (Ao X Bo) + (Ao x (Bp x D))

where

Ap := Q4 Ao =X xQaxU Bp :=Qp Bo =Y xQpxV

and with edges depicted on Fig. 31.
Since a positional P-strategy in G is given by a function

g @ QaxQpxXxU — V

we thus have:

Lemma C.2. Given non-deterministic parity automata A,B : X, if P has a winning strategy
in X FA— B, then P has a winning strategy induced by a function Qq X Qg x X x U = V.
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C.2. On Positional Strategies for Separation. Consider now non-deterministic parity au-
tomata A, B : ¥ such that £L(A)NL(B) = 0. Then by Prop. 7.7 there is a winning P-strategy in
YFA®B — L. It follows from Lem. C.2 that P has winning strategy induced by a function

g  QaxQpxBxY¥xUxV — D

The game > - A® B — L is won by P if L goes to state t, since it can not switch back to f.
It follows that it is sufficient to have the values of g above with L in state f. It follows that P
has a winning strategy in ¥ - A ® B — L induced by a map of the form

h  QaxQpx¥XxUxV — 2

C.3. Proof of Prop. C.1. The proof of Prop. C.1 follows the lines of [CL08], itself based on
the complementation construction used in [Tho97, Proof of Thm. 6.9].

Fix a regular £ C £®", and consider a non-deterministic parity C = (Qc,qb, W, e, Q)
recognizing the complement of £. Using the closure properties of w-regular languages, there is
a deterministic parity w-word automaton D : 3 x V x © where

Vo = (Qc xW — @)

such that D accepts (ag, fi, di)i iff for all (ug), € UY and all (qx)r € QF, we have (qi)i ¢ Qc
whenever qo := g5, qr+1 = 0c(qrs ak, Uk, fr(qr, ak, ur)), and di, = fr(qr, ak, ug).

Write D := (Qp,¢p,2p). Let now B : ¥ be a parity non-deterministic automaton with
P-moves V' and such that an infinite play ((ag, fx) - di)x is winning iff (ag, fx, dk)x is accepted
by D. Explicitly, we let

B = (QD;qle‘/;(SB?Q'D)
where

53((]73-7 e d) = 5D(Q> (a7 [ d))
Lemma C.3 ([Tho97]). £L(B) = L.

Proof of the Lemma. We show that £(B) = L(C*). Let T : ®* — X. Assume first that
T € L(C*), so that P has winning strategy in C*(T). Since C is a parity automaton, this strategy
can be assumed to be positional, hence to be determined by a function D* — (Q¢ x W — D).
But this determines a P-strategy in B(7T'), which is winning by definition of B. Conversely,
assume that 7' € L£(B). Since B is non-deterministic, a winning P-strategy in B(T") is given by
a function ©* -V =90* — (Q¢c x W — D). O

Going back to the proof of Prop. C.1, consider a non-deterministic parity A : ¥ with £(.A) C
L. Since L(A) N L(C) =0, it follows from §C.2 that there is a function

g  QAXQexXYxUxW — 2D
which generates a winning P-strategy in X - A® C — L. But g can be seen as a map
Qax¥xU — V

and this map generates a winning P-strategy in X + A — B. O

87



C.4. A Separation Property from [SA05]. Our internalized linear arrow can handle a con-
struction for the separation property of [SA05, Thm. 2.7].

Consider non-deterministic parity automata A, B : ¥ such that £(A) N L(B) = 0. Assume
moreover that both A and B are parity with colorings of range {0,...,n} for some even n.
Theorem 2.7 of [SA05] say that there is a parity automaton C such that £(A) C L(C) C L(B*)
and such that Q¢ is generated by a coloring cg : Q¢ — N of range C {0,...,n} and such that in
each reachable strongly connected component of C (for ¢ — ¢ iff ¢ = d¢(q, a, f,v,d) for some
a, f,v,d), cc has range either {1,...,n} or {0,...,n — 1}.

We build C by restricting B — A along a winning strategy in ¥ F A® B — L. By §C.2,
there is a function

g  QaxQpxXLxUxV — D

which generates a winning P-strategy in ¥ - A ® B — L.
We restrict the automaton B — A : ¥ along g as follows. Recall that Qp_.4 = Qp X Q4.
Define C : ¥ as follows:

C = (QB‘OA+{t}7quS’—O,A7UVa‘/a§CaQC)

where d¢(t, -, ., _, ) :=t, and

66((QB7qA)7a;f7'U,d) = { t ifg(QAvQB7a>f(U)7'U) #d

68-a((qa,98),2, f,v,d)  otherwise

The coloring c¢¢ of C is then defined as in [SA05, §2.2.2]. We define it explicitly as follows.
Consider a reachable strongly connected component C' of C. Note that if C' contains t, then
C = {t}, and we put c¢(t) := n. Otherwise, C' contains only states of B —o A, that is states
in @ X Q4. Assume that C is non-trivial and contains two states (_,q4) and (gp,_) with
cA(qa) = cp(g) = n. By definition of ¢, the set of states

{(d4,a5.9) | (45:d4) € C}

is reached infinitely often in an infinite play of the strategy in ¥ - A ® B — AL induced by g.
But this contradicts the fact that this strategy is winning. It follows that either (a) c4 never
takes the value n in C or (b) c¢g never takes the value n in C. In the case (a), for each state
(a8,q4) of C we put cc(gs,qa) = ca(qa), and in the case (b) we put cc(gs,q4) := cp(gn) + 1.

Consider now an infinite sequence of the form p := (q;,, gr)r € Qp_. 4 and let C be a strongly
connected component of C such that Inf(q),qr) € C. Let m = max(Infyce(q),, qr))-

Claim. If m is even, then p € Q3 .4

Proof of the Claim. In case (a) above, we have m = max(Infic4(gx)) hence (qr)r € Qa
and p € Q3 _.4. In case (b), m = max((Infrcp(g),) + 1)), hence max(Infzecp(q;,)) is odd, so
that (q,::)k ¢ Qpand p € Qp_.4. ]

Lemma C.4. £(C) C L(BY).

Proof. Consider a winning P-strategy o in C(T). Recall that the P-moves of B* are ®" and
that its O-moves are V, and that the P-moves of C are UV and that its O-moves are V. Let 7
be the winning P-strategy 7 on A® B — L (whose P-moves are © and O-moves are U x V)
induced by g. We define a P-strategy € by combining ¢ and 7 as follows: modulo Currying, 6
plays from v € V the tree direction d € © proposed by T*(7) from v and the u € U given by o
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on v. Hence the strategies o and 6 play the same moves in B (provided by O). So the sequences
of Qp-states produced by ¢ and @ are the same, unless O plays in B* a tree direction d € ®
different from the one proposed by 6, i.e. different from the one proposed by 7. In this case,
the play on B*(T) is P-winning and we are done. Assume now that the sequences of (Qz-states
agree. We show that they can not be in Q5. Assume toward a contradiction that they are.
By the claim above, since ¢ is winning, the sequence of states in C belongs to (5.4 The play
respects o, so the sequence of () 4-states must belong to {24 since o is winning. But the play
also respects T (7), which is winning in A(T") ® B(T) — A, so the sequence of () 4-states can
not belong to 4. It follows that the sequence of ()p-states can not belong to (25, and we are
done since the play in B*(T) is then P-winning. O

In order to complete the proof of the separation property, it remains to show the following
Lemma C.5. L(A) C L(C).

Proof. Let T : ®* — X such that T € L(A). Consider a winning positional P-strategy 7 in
A(T) induced by a function ®* — (Q4 — U). This gives a function ®* — (Q¢ x V — U)
which induces a strategy o in C(T'). Consider an infinite play w of o induced by an infinite
play @, of 7. Let p € Q¢ be the sequence of states produced by w. If p contains t, then
p € Qpoxt’ C Qc and we are done. Otherwise, let p = (¢, gr)r € QB—a- If we are in case
(a) above, then max(Infy(cc(p))) = max(Infi(ca(gx))), hence p € Q¢. Assume that we are in
case (b), so that max(Infy(cc(p))) = max(Infy(cg(gy,)) +1). Let € be the winning P-strategy in
Y F A®B — L induced by g. Then, by combining w, and wz, we obtain an infinite play w’
of 6. Note that in this play, L never switches to t since we assumed p € Qp_. 4. It follows that
@’ produces the same sequence of states (¢ )r € @B as w, and we must have (g, ), ¢ 5 since
(qr)r € Q4. It follows that max(Infy(cc(p))) = max(Infy(cs(qy)) + 1) is even. O
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D. Monoids, Monads and Monoidal Categories

This appendix gathers easy and possibly well-known facts about monoidal categories. We refer
to [Mel09, ML98] for missing details.

D.1. Monads and Comonads

D.1.1. Monads. A monad on a category C is a triple 7' = (T, u,n) consisting of a functor
T : C — C and two natural transformations u4 : TTA — TA and n4 : A — T A satisfying:

TTTA—"" _TTA  and TA—"TA 774" T4

Tua ©A nA

TTA TA TA

HA

The Kleisli category K1(T') = Cp of T has the same objects as C and K1(T')[A, B] := C[A, T'B].
The categories C and KI1(7') = Cr are related by an adjunction

Ur

>

C T KI(T) = Cr

\/r

Fr

where:

e The right adjoint Uy : KI(T') — C maps objects A of KI(T) to TA and takes f €
KI(T)[A, B] = C[A, TB] to

uB o T(f) € C[UTA, UTB] = C[TA,TB]

e The left adjoint Fr : C — KI(T) is the identity on objects and takes f € C[A, B] to
Fr(f) :=npo f € K(T)[A, B] = C[A, TB].

The category CT of Eilenberg-Moore algebras has, as objects, T-algebras h : TA — A such that

TTA 2 TA and TA
Th h na h
TA

h

and as morphisms from h: TA — Ato k:TB — B, maps f : A — B such that

Tf

TA TB
h k
A B
f
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The categories C and CT are related by an adjunction

UT

N

C T cT

~_ 7

FT
where:

e The forgetful functor U” : CT'" — C maps h : TA — A to A and f : (A, h) — (B,k) to
f:A— B.

e The free functor F¥ : C — C* maps A to (TA,u4) and f: A— Bto Tf:TA — TB.

D.1.2. Comonads. Dually a comonad on C is a monad on C°P. It is therefore given by a triple
G = (G, d,€) where the functor G : C — C and the natural transformations d4 : GA — GGA
and €4 : GA — A satisfy:

oA

GA GGA and GA<—"%1 _GGA GA
5,4 6GA (5A
GGA GGGA GA

Gdog

The Kleisli category KI(G) = Cg of G has the same objects as C and KI1(G)[4, B] :=
CIGA, B]. The categories C and KI(G) = C¢ are related by an adjunction

KI(G) = Cg T C

where:

e The left adjoint Ugs : KI(G) — C maps objects A of KI(G) to GA and takes f €
KI1(G)[A, B] = C[GA, B] to

G(f) 064 € ClUgA, UgB] = C[GA,GB]

e The right adjoint Fg : C — KI(G) is the identity on objects and takes f € C[A, B] to
Fa(f):= foea € KI(G)[A, B] = C|[GA, B].
D.2. (Lax) (Symmetric) Monoidal Monads.

There are different notions of monoidal functor (see e.g. [Mel09]). Here we use laz monoidal
functors (as the functor part of laz monoidal monads), and the dual notion of oplax monoidal
functor (as the functor part of oplaz monoidal comonads).
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D.2.1. (Lax) Symmetric Monoidal Functors. A (lax) symmetric monoidal functor on a sym-
metric monoidal category (C,®,I) is a functor F' equipped with natural transformations

mip: FAQ FB— F(A®B) and m’:1— F(I)
making the following diagrams commute:

QFA,FB,FC

(FA® FB)® FC

FA® (FB® FC)

miﬁ@ichi \LidFA@mZB,C
F(A® B)® FC FA® F(B®C)
2 i lw
A®B,C A,BRC
F((A® B) @ C) F(A® (B C))
F(aa,B,c)
@ FA— 4 FA FA®I—"A FA
m0®idFAl TF(AA) idFA®m0l TF(PA)
FI® FA FI® A) FA® FI———> F(A®T)
my A A1
FAQ FB-A"5 FBo FA

2 2
mA,BJ/ J{mB,A

F(A® B) = F(B® A)

D.2.2. (Lax) Monoidal Natural Transformations. A monoidal natural transformation be-
tween (lax) monoidal functors 6 : (F,m? m®) = (G,n% n") is a natural transformation
0 : ' = (G making the following diagrams commute:

FA® FB-%_GA®GB  and

I
mi,Bl anA,B TV w
G1
I

F(A® B) G(A® B) Fl1—7

OaxB

The following is [Mel09, Prop. 10]:

Proposition D.1. Symmetric monoidal categories, (lax) symmetric monoidal functors, and
monoidal natural transformations form a 2-category SymMonCat.

Proof.

e The identity functor Idc : C — C is monoidal (actually strict monoidal), with m?% 5 =
idA®B and mo = id].

e If (F,m? mP%) and (G,n? n®) are lax monoidal, then so is FG, with structure maps

F(n4p)omgagp @ FGA®FGB— F(GA®GB) - FG(A® B)
Fn®%)om® : I— FI— FGI
O O
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D.2.3. (Lax) (Symmetric) Monoidal Monads. A (lax) symmetric monoidal monad on a
monoidal category C is a monad (T, u,n) such that T is a (lax) symmetric monoidal func-
tor and the transformations y, n are monoidal (see e.g. [Mel09]). It then follows from [Mel09,
§6.10] that:

Proposition D.2. If T = (T, u,n) is a (lax) symmetric monoidal monad on (C,®,1) then its
Kleisely category KI(T') = Cp is symmetric monoidal. Moreover, the functor Fp : C — KI(T') =
Cr s strict and the adjunction

Ur

>

Fr
is (lax) symmetric monoidal (i.e. is an adjunction in SymMonCat ).

Proof.

e The monoidal product ®g; of K1(T') is on objects the same as that of C and has the same
unit I. On morphisms, given f € KI(T)[Ag, Bo] = C[Ay, T By] and g € KI(T)[A1, B1] =
C[A1,TBy], we let f ®kj g be the composite

2
mBo,Bl

Aoo A 2 TByeTB 2 T(By® Bi)
where m? is the binary strength of 7.
e The functor Fp is strict, since its strength is given by:
fap = 1d5ip = nass € KUT)[A®kiB, A®xiB] = C[A®B, T(A®B))

and
O o= idf = g o€ KI(DI, I = C[I, Tl

e The functor Up is lax symmetric monoidal. Its strength is given by:
wip = mip € ClUrA®UrB, Ur(A®B)] = C[TA®TB, T(A® B)]

and
W = m® € CI,UsI] = C[I, 77

where m?, m? is the strength of T.

e The structure maps of KI(7") are taken to be the image under F7 of the structure maps
of C. It thus directly follows that the coherence conditions are met on C.

e It remains to check the naturality of the structural maps of K1(7'), which amounts to the
following diagrams:

— For the associativity structure map oy _) (-

(feg)®h

(A9 B)®C (A'® B)®C'

77A®(B®C)OQA,B,C\L inA’@)(B’@C’)OO‘A’,B’,C’

T(A® (B® C)) L2 p g1 o (B @ O1))
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D.3.1. Oplax Monoidal Functors.
monoidal category (C,®,1I) is equipped with natural transformations

Proof. By naturality of n and «, we have

NagBec) °aa s oo(feg @h) = T(f®(g®h))oniesec)° aasc
and we are done. O
For the unit structure maps A and p_):

1A% 1ga and ApT—I2 L ye1
HAOAA\L \LUAIO)\A/ nAOPA\L l’?A/OﬂA/
T T
7A— D 7AYoy
Proof. By naturality of n, A and p we have
narodao(idi®f) = T(f)onaora and naodgo(f@idy) = T(f)onaoAa
and we are done. O O
For the symmetry structure map v )
A®B T%g A'® B
77B®A®"/A,Bl J/nB/QgA/OWA/,B/
T
T(B® A) — YD (5o A
Proof. By naturality of n and -, we have
npes oY o(f®g) = T(g®f)onpgacyan
and we are done. O O
O

D.3. Oplax (Symmetric) Monoidal Comonads.

mip: F(A®B) > FA®QFB and m’:F(I)—>1

making the following diagrams commute:

QFA,FB,FC

(FA® FB) ® FC FA® (FB® FC)

miﬁ@ichT TidFA®m2B7C
F(A® B)® FC FA® F(B®C)
mi&@B,CT Tmi,m@c

F(A®B)® ()

F(A® (B®C))

F(aa,B,c)
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results follow by duality from the case of lax monads.

An oplax symmetric monoidal functor F' on a symmetric



@ FA_2F4 FA FAQI—"r FA

m0®idFA\L TF()\A) idFA®m0l TF(PA)
FI® FA FI® A) FA® FI<——— F(A®T)
my A LYW
FAQ FB-A"5 FBo FA
A,B B,A
F(A®B) = F(B® A)

D.3.2. (Oplax) Monoidal Natural Transformations. A monoidal natural transformation be-
tween oplax monoidal functors 6 : (F,m? m") = (G,n? n) is a natural transformation
0 : F = (G making the following diagrams commute:

FA® FB-2%"_GA®GB  and

I
mi,BT T”%,B V y
G1
I

F(A® B) G(A® B) FI1 J

baeB
The following is [Mel09, Prop. 11]:

Proposition D.3. Symmetric monoidal categories, oplax symmetric monoidal functors, and
monoidal natural transformations form a 2-category SymOplaxMonCat.

D.3.3. Oplax Monoidal Comonads. An oplax monoidal comonad on a monoidal category C
is a comonad (G, d,€) such that G is an oplax monoidal functor and the transformations 9, €
are monoidal (see e.g. [Mel09]). It then follows from [Mel09, §6.10] that:

Proposition D.4. If G = (G, ,¢) is an oplax symmetric monoidal comonad on C then the
Kleisely category K1(G) = Cgq is symmetric monoidal. Moreover, the functor Fg : C — KI(G) =
Cqg is strict and and the adjunction

is oplax symmetric monoidal (i.e. is an adjunction in SymOplaxMonCat ).

Proof. By Prop. D.2, since an oplax comonad on C is a lax monad on C°P, and since CP is
symmetric monoidal iff C is symmetric monoidal.
We record for future use the monoidal structure of K1(G):

e The monoidal product ®k; of K1(G) is on objects the same as that of C and has the same
unit I. On morphisms, given f € K1(G)[Ao, Bo] = C[GAy, Bo| and g € KI(G)[A1, B1] =
C|GA1, By], we let f ®kj g be the composite

2
Ag,Aq

g
GAo® A1) 2% GA®GA, 2% Byw B
where g2 is the binary strength of G.
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e The functor Fg is strict, since its strength is given by:

fap = 1d5ip = eaep € KIG)A®kB, A®xiB] = C[G(A®B), A®B]
and
o= df = g € KI(GI,I = C[GI, I
e The functor Ug is oplax symmetric monoidal. Its strength is given by:
u2A7B = 9124,3 € ClUg(A®B), UsA®UgB)] = C[G(A®B), GA® GB]
and
W = ¢° € ClUgI, I = C[GI, I

where ¢2, ¢° is the oplax strength of G.

e The structure maps of KI1(G) are taken to be the image under Fg of the structure maps
of C.

O U

D.4. Distributive Laws of a Comonad over a Monad

Consider a category C equipped with a comonad (G, ¢, ¢) and monad (T, u,n).
A distributive law of G over T is a natural tranformation

A GoT = ToG
such that the following diagrams commute (see e.g. [HHMOT7]):

TGA (55)
/ Toa
GTA TGGA
S1A Aga
GGTA Gha GTGA
GTA (56)
Gpa \
GTTA TGA
Ara HGA
TGTA Tha TTGA
TGA (57)
% Tea
GTA——— TA
GTA (58)
TN
GA TGA
NGA

96



D.4.1. The Kileisli Category KI(A).

The category KI(A) has the same objects as C, and its morphisms are given by KI1(A)[A, B] :=
C[GA,TB]. Identity and composition laws follow from that of C using the monad 7' and
comonad G and the coherence properties of A : GT = TG.

D.4.2. Lifting of a Comonad to the Kleiseli Category of a Monad.

Given a distributive law A : GT = T'G as above, the comonad (G, d,¢) on C lifts to a comonad
(GT, (5T, 6T) on CT = KI(T), where:

e Gr(A):=G(A) and given f € KI(T)[A, B] = C[A, TB],
Gr(f) = ApoG(f) €KIT)[GrA,GrB] = C[GA,TGB]
o 074 :=Fr(da) € KI(T)[GA, GGA] = C[GA,TGGA] is explictitely given by
orA = 1GGEA©0OA
o er 4 :=Fr(ea) € KI(T)[GA, A] = C[GA, TA] is explicitely given by

€T A = A ©C €A

)

Proposition D.5. The category K1(A) is equivalent to the Kleisli category K1(Gr).

Of course, one may alternatively consider the equivalent dual operation of lifting the monad T
to the Kleiseli category KI1(G).

Remark D.6. The above definition of the lift Gp of G to KI(T') satisfies the properties asked
in [HNPROG6, Def. 3.10].

D.4.3. (Oplax) Monoidal Lifting.

Assume now that G is an oplax (symmetric) monoidal comonad and that 7" is a (lax) (symmetric)
monoidal monad on a symmetric monoidal category C. It follows from Prop. D.2 that the Kleiseli
category KI1(7T') is symmetric monoidal. Moreover,

Proposition D.7. If A : GT = TG is monoidal, in the sense that

G(m?qu)
G(TA® TB) GT(A® B) (59)
g%A,TBi lAA®B
GTA®GTB TG(A® B)
AA®ABl lT(gi,B)
TGA®TGB —. T(GA® GB)
MGA,GB

where (m2,mY) is the strength of T and (g%, g°) is the strength of G, then (Gr,dr,er) is an
oplazx (symmetric) monoidal comonad on K1(T'). The oplax monoidal strength of G is given
by

9tap = Fr(dap) = mncascsogap € KIUT)[Gr(Aox B), GrA &k GrB]
(= C[G(A®B), T(GA® GB)))
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and
g7 = Fr(g") = mog" € KID)Grl,I] = C[GI, TT|

where
gap:GA®B) > GA®GB  and ¢°:GI—1

since g%, g° is an oplax monoidal strength.

By applying now Prop. D.4 together with Prop. D.7, we thus get:
Corollary D.8. With the same assumptions, K1(A) is symmetric monoidal.
Proof. We record for future use the monoidal structure of K1(A) = K1(Gr):

e The monoidal product ®gk; of KI(A) is on objects the same as that of C and has the same
unit L

On morphisms, given

f € KI(A)[Ao, Bo] = KI(Gr)[Ao, Bo| = KI(T')[G Ay, Boy| = C[G Ay, TBo)
and g c KI(A) [Al, Bl] = C[GAl,TBl]

we let f ®k1 g be the composite

2
MBy,By

GAy® GA; fﬁ TBy®TB, — T(BO & Bl)

2
9ay,41
—

G(Ag @ Ay)
where ¢? is the binary strength of G and m? that of 7. Note that we could equivalently
have taken the following composite (corresponding to composition in K1(7)):

2

9T, A9, A, T(fexi1)9) HKBy®B;
2oy — il

G(Ap®A1) T(GAy®GA;) TT(By®Bq) T(By®B)
since 9%’,A0,A1 = NGAy,GA; © 912407141 and by the monad laws:
ppoT(h)ona = puppompoh = h

e The structure maps of KI(A) are taken to be the image under Fg,. of the structure maps
of KI(T), itself beeing the image under Fr of the structure maps of C. Note that on maps,

Fa, (Fr(h)) = mnpohoey forh:A— B
0 O

D.5. Proof of Proposition D.7.
D.5.1. Naturality of g%A,B. The naturality of g%A,B, that is, in K1(T):

Gr(f®
Gr(A o B) — 99 _ (4 @ BY)
g%,Ang lg%,A’,B’
GrA ®k) GrB GrA @1 GrB’

Gr(f)®ex1Gr(9)
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(where f € KI(T)[A, B] = C[A,TB] and g € KI(T')[A’, B']| = C[A’, TB']), amounts to, in C:

AprgproG(m?, yo(f®g))

G(A® B) TG(A'® B')
ﬁGA@GBogi,Bl l“GA/«@GB/OT(”GA’@GB/OQZI,B/)
T(GA® GB) T(GA' @ GB)

taargap oT(M, 4 ¢pro(AareG(f))@(AgoG(9))))
By naturality of n, we have
tcaecs © T(Mga ap o (Ao G(f) ® (A 0 G(g)))) © ngaces =
HGARGB © NMGaeGE) © M ap © (Mar o G(f)) ® (Ap o G(g)))
and by the unit monad law, we get:
taaeas oI (méy apo((AaoG(f)@(ApoG(g))))onaascs = maa aro((AaoG(f)@(ApoG(g)))
and therefore (by bifunctoriality of ®):
pcaeas ol (m%y po((AaoG(f)@(ApoG(9))oncascs = Mg apo(Ma@Ap)o(G(f)RG(g))
From which it follows (by naturality of g?) that
paasas © T(m%y o (Ay o G(f) ® (Ap o G(g))) oncaccB o gas =
szA’,GB’ o(Aa®Ap)o g%A’,TB’ oG(f®g)
On the other hand, also using the unit monad law we get:
pansap o T(oasen © Gap) = poases © Taases) o T(ghp) = T(9h p)
We are therefore finally left with
méaap © Ay @Ap)ograury = T(gup)oAves o G(m%y pr)

which follows from (59).

Note that

G(TA'®TB') Sras erAscrB " TGASTGB moa g T(GA'®GB')
and

G(TA' ® TB) ) GT(A B) "2 7164 wB) 10 T(GA' ® GB')

D.5.2. Oplax Symmetric Monoidal Coherence of g2 and g%. The coherence of g2 and g%
amount to the following diagrams.
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e The associativity diagram:

aKl
GpA,GpB,GpC

(GrA ®k1 GrB) ®@k1 GrC GrA ®x) (GrB ®k) GrC) (60)
g%,A,B®KlidIC§;pCT TidIG(;A(gKlg%,B,C
Gr(A @k B) ®@x1 GrC GrA @K1 Gr(B @K1 C)
g%,A®KlB,CT Tg%,A,B@,ch
Gr((Aok B) ®k1 C) Gk ) Gr(A @kl (B ®x CO))

First, recall that 9%,A,B = FT(QE;,B) by definition and that on objects GrA = GA, and
also Fp(A) = A and A ®k) B = A® B. Moreover, 04571370 = Fr(aa,B,c) and idE1 =na =
Fr(ids). Also, since 7(—) is monoidal, given C-maps f and g we have

(naof)®ki(npog) = mipo((nacf)@(npog)) = mnaspe(f®g) = Fr(foyg)

Finally, thanks to the coherence diagram (58) of distributive laws, for the bottom hori-
zontal map we have

Gr(ef50) = AisBec) ©Gagac)) © Glaasc)
= geBec) ©Glaasce) = Fr(Glaasce))

It follows that (60) amounts to the following diagram in KI1(7'):

Fr(aga,aeB,cc)

(GA® GB) ® GC GA® (GB® GC)
FT(gi,B®idco)T TFT(idcmg?g,c)
G(A® B) ® GC GA®GB®C(C)
FT(QE;@B,C)T TFT(QXB@c)

G((A®B)®C) G(A® (B®())

Fr(G(aa,s,c))

Now we are done since the above diagram is the image under the functor Fp of the
associativity coherence diagram of oplax the monoidal functor G.

e The coherence diagrams for units and symmetry are:

)\Kl Kl

o
T o GrA —*2 GrA GrA @ T ——12 GrA
g%@midcwi Tcmfl) idcTA®mg%l TGT@%I)
Grl®k) GrA < Gr(I®k A) GrA®k) Grl < Gr(Aexi I)
97.1,A 97,41
VE;A,GTB
GrA®x1 GrB GrB @K1 GrA

g%,A,BT Tg%,B,A

Gr(A®KkK1 B Gr(B®x1 A

7(A ®K1 B) o) 7(B @K1 A)
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They are dealt-with similarly. We only detail the case of the unit AX!. First, as above,
we have g%’I’A = FT(giB) and g% = Fr(g"), and on objects: Gr(A) = A, Fr(A) = A and
A Qi1 B =A® B. Moreover, )\51 = Fr(A4) and idf1 = Fr(id4). Again by monoidality
of n_) we have
0 - 1K1 _ 2 0 . _ 2 0 -
gr@xiidg,a = mpuo(Fr(9") ®Fr(idga)) = mpgo((mog’)® (ngacidga))
= MNIRGA° (go & idGA) = FT(go X idGA)

Again by the coherence diagram (58) of distributive laws, we have

Gr(OKY) = AaoGMma)oGAa) = ngacGha) = Fr(la)

Then, as for the associativity coherence law above, we are done since we get the image
under the functor Fp of the corresponding unit coherence diagram for the oplax strength

of G in C.

D.5.3. The natural map er 4 is monoidal. The corresponding diagrams are:

€T, AQKIET, B

GrA ®k1 GrB A®x1 B and

I
0
g%,A,BT V \

GT<A XK1 B) A XK1 B

€T, AQK B

Reasonning as above (and in part. using the lax monoidality of 7(-)), these diagrams are quiv-

alent to
GA®GB— %" Ao B and 1
F 0
FT(Q‘%"B)T (g / \
Gl ————~1
G(A® B) Fr(cagn) Aok B Fler)

Now we are done since recalling that Fp is the identity on objects, the above diagrams are the
image under Fr of the oplax monoidal coherence digrams of €(_).

D.5.4. The natural map Jr 4 is monoidal.

o1, AQKI16T, B

GrA®k1 GrB GrGrA ®x1 GrGrB
g%,A,BT TGT(Q%,A,B)OQ%,GTA,GTB
Gr(A ®k) B) e GrGr(A ®K1 B)
ABKI
and
9% Gr(g%)ogd
GTI GTGTI

1

Reasonning as above, using coherence diagram (58) of distributive laws, we have

Gr(9fap) = AMAcaseBoG(noases)ogap = Tacases ©Goas) = Fr(dip)

)

and we then conclude as in the case of €(-) above.
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D.6. Monoids and Comonoids
D.6.1. Monoids.

Recall from e.g. [Mel09] that a commutative monoid in an SMC (C,®,1I) is a triple M =
(M, u,m) where M is an object of C and u and m are morphisms

I % M & MoM
subject to the following coherence diagrams:

(Me&M)®M— Mo (Mo M) 22"\ oM (61)

m®id s l lm

Mo M _ M
ToM 2N Ny 22 o1 (62)

M
Mo M i Mo M (63)

\ /
M
It is well-known (see e.g. [Mel09, Prop. 2|) that we always have A\ = py in a monoidal category.

Proposition D.9. If M = (M,u,m) is a monoid object in C, then

I -"“ M oM

| o

1 M

Proof. By bifunctoriality of ®, it is equivalent to show

Iol id1®uI®Mu®idMM®M

| |

I M

u

But mo (u®idyr) = A\ps by the unit law (62), and we are done since by naturality of A\ we have
)\Mo(id1®u) = w0

O O
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D.6.2. The Category Mon(C) of Commutative Monoids.

The category Mon(C) of commutative monoids of C has monoids as objects, and as morphisms
from (M,u,m) to (M',u',m"), C-morphisms f : M — M’ making the following two diagrams
commute:

MoM-2L e and I
i | N
m m’ ,
u
/ M M
MM -

D.6.3. Comonoids.

Dually, a commutative monoid in C is a triple K = (K, e,d) where

I <& K 4% MoMm

subject to the following coherence diagrams:

K d KoK (64)
dl ld@id[{
id g ®d «
KoK - ko (KoK) (Ko K)o K
To K <29 po i UK€ o (65)
\dT /
K
K (66)
K®K 2l KoK

We record the following simple fact.

Proposition D.10. Given symmetric monoidal categories C, D, an oplax symmetric monoidal
functor G : C — D, and a commutative comonoid (K, e,d) of C, then (GK,g° o Ge,g%K o Gd)
is a commutative comonoid in D, where (¢°, g) is the oplax strength of G.

Proof. We check the required diagrams.
Diagram (64) unfolds to:

g% oGd
GK K GK ® GK

gi(,KOGd lg2oGd®idGK

i 20 o
GK @ GK “99529°% g o (GK © GK) (GK ® GK) @ GK

Note that since (K, e, d) is a comonoid in C, and since G is a functor, we have

Gd

GK G(K ® K)
GdJ/ lG(d@)idK)
G(K © K) U Gk o (K o K) <% (Ko K)® K)
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By naturality of g%, we have
((g°0Gd)®idgk)ogk k= (9°®idak)o(GdRG(idk))ogk k= (9*®idak)ogker. koG (dRidk)
From which it follows by oplax monoidality of G that

ao ((¢% 0 Gd) ®idgk) o g%K oGd = (g ®g?) o 9?{,1{@1{ oG(a)oG(d®idk) o Gd

But by functoriality of G, since (K, e,d) is a comonoid in C we have

G@)oGd®idkx)oGd = Gdg ®@d)oGd
so that
ao((¢°0Gd)®idar) o gic gk 0 Gd = (idak ® ¢°) °© gk xex © Gidg ® d) o Gd
The other diagrams are dealt-with similarly. O O

D.6.4. The Category Comon(C) of Commutative Comonoids.

The category Comon(C) of commutative comonoids of C has comonoids as objects, and as
morphisms from (K, e,d) to (K',€',d"), C-morphisms f : K — K’ making the following two
diagrams commute:

K— 1 and K ! K'
KoK —K &K I
R 7 ®

D.6.5. Lifting of Monoids and Comonoids to Kleiseli Categories.

We note here the following proposition, to be used in §F (together with Prop. H.1).
Proposition D.11. Let C be a symmetric monoidal category.

(a) Let T = (T, u,n) be a (lax) symmetric monoidal monad on C.

(i) If (M,u,m) is a commutative monoid in C, then (M,Fp(u), Fr(m)) is a commutative
monoid in KI(T).

(ii) If (K,e,d) is a commutative comonoid in C, then (K,Fr(e),Fr(d)) is a commutative
comonoid in KI(T).
(b) Let G = (G,d,¢€) be an oplax symmetric monoidal comonad on C.

(i) If (M,u,m) is a commutative monoid in C, then (M,Fg(u),Fg(m)) is a commutative
monoid in KI(G).

(ii) If (K, e,d) is a commutative comonoid in C, then (K,Fg(e),Fa(d)) is a commutative
comonoid in KI(G).

We only prove Prop. D.11.(a) since the case D.11.(b) follows by duality.
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D.6.6. Proof of Proposition D.11.(ai). Write (t2,t°) for the (lax) strength of 7. Thanks to
Prop. D.2, the coherence diagrams of (M, Fr(u),Fr(m)) amount to the following in KI(T).

e Coherence w.r.t. associativity amounts in KI1(T") to:

(Mo M)eM—" e (e m) B2 e
FT(m)®Klid§\§‘i lFT(m)
Mo M Frtm) M
Note that
Fr(m) ok (Fr(m) @xiidyy) = par o T(naenr) o T(m) o thyar o ((nar om) & (nar))

Reasonning similarly as in the proof of Prop. D.7, we have

FT(m)oKl(FT(m)®Klid}\§[]) = T(m)onyugmo(m®idy) = nyomo(m®idyy)
= FT(m o (m X ldM))

We similarly obtain
Fr(m) ok (1d"ly ®k1 Fr(m)) = Fr(mo (idy @ m))

and we are done using the functoriality of F7 and the associativity coherence diagram (61)
of monoids.

e Coherence w.r.t. units amounts in KI1(7') to:

Fr(u)®id 5 id¥' @xiFr(u)

Io M Mo M M®I

Reasonning as above, we obtain:

Fr(m) ok (Fr(v) @x1id) = Fr(mo (u®idyy))
and Fr(m) ok (id}f ®@xi Fr(u)) = Frp(mo (idy ®u))

and we are done using the units cohrence diagram (62)

e Coherence w.r.t. symmetry amounts in KI(7) to:

M@ M Mo M

Fr(m) %

and follows directly from diagram (63).
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D.6.7. Proof of Proposition D.11.(aii). We proceed similarly as in the case (ai). We only
detail the case of coherence w.r.t. associativity, which amounts in K1(7') to:

K Fr(d) KoK
FT(d)l lFT(d)é@KlidK
Kok 52D o ker) " (koK) ek
Note that
(id}' @1 Fr(d) o1 Fr(d) = prerer) o T(dR @k Fr(d)) o nkex o d

= HEeK®K)°NT(Ke(K®K)) © (id? @k Fr(d)) o od
=  (id¥' @K Fr(d)od
—  Nke(kex) © (dx @ d)od
= Fr((idg ®d) o d)
We similarly obtain
(Fr(d) @K1 i) o1 Fr(d) = Fr((d®idg) o d)

and we conclude using the functoriality of F7 and the associativity coherence diagram (64) of
comonoids.

D.7. The Monad of Monoid Indexing

Following [HS03, §2.5], a monoid (M,u,m) in a monoidal category C gives rise to a monad
T = (T, ) where T(-) i= (—) ® M,
na = (ida®@u)op,t : A — A®M
and pa = (da@m)oaamm : (ASM)®M — AM

It is well-known (see e.g. [HS03, §2.5] or [Mel09, §6.6]) that (T, u,n) is a monad. We check here
that T is actually a (lax) monoidal monad. The strength of T is

mhp  (A9M)®(BM)—=(A®B)@M and m’:I-I0M
where mi‘, p 1s the composite

0 id®m
Ao M) (BoM) 28 (AeBeoMeM) ¥ (AeB) oM
where 04 p is a natural map made of identities and structure maps of C, and where mY is the

composite
—1

A .
I 0 Iel U

Lo M

The map 04 p is explicitely defined as the following composite:

idaA® id g ®a
A_Q/ A_>

(AM)® (Bo@M) % A (M (B M) A (B@M)® M)
A9 B (MeM) °5 (A9B)e(Me M)

Note that (T, u,n) is only a lax monad, since the structure maps of monoid objects are in general
not isos.
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Proposition D.12 (Prop. 4.4.(a)). (T, u,n) is a (lax) symmetric monoidal monad.
By applying Prop. D.2 to Prop. D.12 we thus get:
Corollary D.13 (Prop. 4.5.(a)). KI(T') is symmetric monoidal.

D.8. Proof of Proposition D.12.

D.8.1. T(—) = (—) ® M is a (strong) symmetric monoidal functor. The diagrams to check
amount to the following:

(A M)® (B M) @ (C® M) —2"2" (Ao M)o (B® M) (C® M))
((idA®B®m)oeA,B)®idC®Ml lide@((idA@B@m)oeB,c)
(A® B)® M) ® (C® M) (A M)® (B®C)® M)
(idA®B®m)oeA®B,cl l(idA@;B@m)oeA,B@c

(A B)@C)e M

. (A® (BoC)® M
aa,B,c®idpg
which follows from the monoid coherence law (61) of (M, u, m) and the monoidal coherence C,

and to
AAgM

I®(A® M) Ao M
J{((id@u)oA{ H®idagm AA®idMT
IoM)® (A M) Er——— I A) oM
and
(Ao M) @1 pasM A® M
\LidA®M®((idI®u)o)\I_1) PA®idMT
(A M)® (I® M) (AI) o M

(idA®B®m)09A’1

which follow from the monoid coherence laws (62) of (M, u,m) and the monoidal coherence of
C and finally

Ao M)®(BoM)— 2" _ (BoM)® (A® M)
(idA®B®m)09A’Bi i(id,q@B@m)OeB’A
(A ® B) v M YA, B®idyr (B ® A) v M

which follows from commutative monoid coherence law (63) of (M, u,m) together with the
symmetric monoidal coherence of C.

D.8.2. The map n4: A - A® M is monoidal. We have to check:

((i[da®u)op )@ (([dp®u)opy")

A® B (A® M) @ (Be M)
l(id@m)o@AyB
A® B (A®B)® M

(idapB®u)opL g 5
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I

/ \@)\1—1

I IoM
(idi®@u)opy "

The first diagram follows from Prop. D.9. The second one directly follows from the fact that
A1 = pr (see e.g. [Mel09, Prop. 2]).

D.8.3. The map py: (AR M)® M — A® M is monoidal. We check:

(Ao M)® M)® (Be M)o M) 422 (4o M) (B M)

(mil,B®idM)Om?4®Iw,B®]wl l’mi’B
(A B) @ M)® M v (A B)®@ M
I
(m0®idW w\
IeoM)e M i I M
for
2 (s 0 __ /: —1 (s
my p = (idagp®m)oba p and m’ = (idi®u)oA{ and pa = (ida®@m)oaa ym

The first diagram follows from the monoid coherence laws (61) and (63) together with the
symmetric monoidal coherence of C. The second diagram follows from Prop. D.9.

D.9. The Comonad of Comonoid Indexing

Dually, a comonoid (K,e,d) in a monoidal category C gives rise to a comonad G = (G, d,¢€)
where G(—) .= K ® (—), and

€A = Ao(e®idy) : KA — A
and 04 = aggao(d®idy) : K®A — K (K®A)

Since a comonoid on C is a monoid on C°P, it is also well-known (again from e.g. [HS03, §2.5]
or [Mel09, §6.8]) that G is a comonad. Dually to §D.7, G is actually oplaz symmetric monoidal.
Its strength is

dip : K®A®B) — (K®A)®K®B) and ¢ : Kol — 1
where gi’ p is the composite

d®id A,B
481

K®(A® B) (KoK)® (Ao B) 2% (KoA) o (K B)

where ¥4 p is a natural map made of identities and structure maps of C, and where g" is the

composite

Kol U 191 24 1
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The map ¥4 g is explicitely defined as the following composite:

(KoK)®A®B) - Ko(EKoAoB) % Ke(KeoAd)oB) L
(KoA) @B oK - (K®A)e(K®B)
By duality, from Prop. D.12 we get:
Proposition D.14 (Prop. 4.4.(b)). (G, d,¢€) is an oplax symmetric monoidal comonad.
Similarly to Cor. D.13, by applying Prop. D.4 to Prop. D.14 we get:

Corollary D.15 (Prop. 5.2.(a)). KI(G) is symmetric monoidal.

D.10. The Distributive Law of Comonoid over Monoid Indexing.

We now formally check that the associativity map ® of §4.2 is indeed a distributive law of the
comonad of comonoid indexing over the monad of monoid indexing. We moreover note that ®
is monoidal in the sense of Proposition D.7.

Proposition D.16. Consider, in an SMC (C,®,1), a comonoid (K, e,d) and a monoid (M, u, m),
inducing respectivelly the comonad (G, 9, €) with

GA = K®A €4 = Ag0(e®idy) : K®A — A 04 = ag kg,a0(d®ids) : KRA — KQ(K®A)

and the monad (T, 1, n) with

TA := AQM N4 = (id,q@u)opg1 A — AQM pa = (ida®@m)oaa pyv : (AOM)OM — AQM
Then,

(i) the associativity structure map
Ppi=aglyy @ GTA=K®(AoM) = (K©A)@M=TGA
is a distributive law of G over T,

(ii) and it is moreover monoidal (in the sense of Prop. D.7), that is:

GTAeTE) —" G4 B) (67)
g%A,TB\L l%@g
GTA® GTB TG(A® B)
<I>A®<I>Bl lT(Q%,B)
TGA® TGB — T(GA® GB)
.

where (m?,m%) is the (laz) strength of T and (g2, ¢°) is the oplax strength of G.
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D.10.1. Proof of Proposition D.16.(i). First, note that ® _, is natural by assumption. The
diagrams of §D.4 unfold to:

(K®A) oM

® (A M) (K®(K®A)e M

m M

K& (Ko Ao M) — Ko (Ko 4) & M)

(68)

K® (Ao M)

® ((A® M) ® M) (K®A) @M

\:QD\X //ﬁgi

(K@ (A M) M T (K@ A M) M

(69)

(K®A) oM (70)

/ W

®(A® M)

€EAQM

® (A® M) (71)

W \
(K®A)®

K®A

K@ A
e Diagram (68) amounts to
(KoA) oM

% sea2(d8id))Bidag

K® (Ao M) (K® (K®A)oM

QR KQA,M
ar K, AoMmo(d®idag i@
K®QK,A,M

Ko (Ko (Ao M) —— Ke(Ked)e M)

By functoriality of ® we have
(ozK,KvAO(d®idA))®idM = (aK7K7AO(d®idA))®(idMOidM) = (OZK,K,A®idM)O((d®idA)®idM)
and therefore

(ldx ® ax,am) o ax koM © ((ax ka0 (d®@ida)) @idy) =
(idg ® ag,a,m) 0 ok keam o (ak kA ®idy) o ((d®ida) @ ida)
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From the pentagon law, it follows that
(idr®ak am)oar keamo((ar ka0(d®ida))®idy) = ak Kk asmoakek,amo((d®ida)®idar)
and from by naturality of a we get
(idx®ak am)oak keoamo((ak ka0(d®ida))®idy) = ak ik agmo(d®(ida®idar))ook am
and we are done since idg ® idy; = idggas by bifunctoriality of ®.
Diagram (69), which unfolds to

K®(A® M)

QR A M

K (A M)® M) (KA@M

(K@ (A M) M (KA@M) M

ag,A,M®id g
is dealt-with similarly.

Diagram (70) amounts to

(K®A) @M
;3%// w%gfmm
K®(A® M) Ao M

)\A®Mo(e®idA®M)

By bi-functoriality of ®, we have idaga = ida ® idys, and by naturality of « it follows
that

Mgm o (e®@idagm) cagam = Aagmoaranm o ((e®ida) ®iday)
On the other hand, by functoriality of ®, we have
(Aao(e®ida))®@idyy = (Aao(e®ida))®@(idproidyr) = (Aa®idpr)o((e®ida)®idar)
and we are done since Aagar © ar, A m = A4 ® idys by [Mel09, Prop. 1].

Diagram (71) unfolds to

K®(A® M)
id}d@((idW W
K®A (K®A) oM

(idrxga ®u)0p;<}8A

and is dealt-with similarly, but with [Mel09, Prop. 1] used as follows: Reasoning as for
Diagram (70), we are left to show that

QK,AL© P}}%@A = 1dg® pzl

which amounts to
-1 -1 . -1
Proa = Oxa1°({dx®py)

and we are done by applying [Mel09, Prop. 1].
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D.10.2. Proof of Proposition D.16.(ii). Diagram (67) unfolds to

idK®((id®m)09A’B)

Ko (A M)® (B® M)) K®((A®B)® M)

ﬁTATBOM®kDi ia—l
(K® (Ao M))® (K (BoM)) (K®(A®B)@ M
a_1®a_li i((ﬁA,Bo(d‘@id))@idA{

(KA)eoM)® ((K®B)® M) (KA (K®B)M

(id®m)09K®A,K®B

But we are done, since modulo symmetric monoidal coherence, the above amounts to

KoMeM drcem KoM
d®idM®Ml id@id[ﬂ
KOKMM - KQKM

idrgr®m

E. Simple Self Dualization

In this appendix, we present some aspects of the construction called simple self dualization
in [HS03]. We begin by basic definitions and facts, and then give a general method to construct
(lax) symmetric monoidal monads and oplax symmetric monoidal comonads in this setting,
which will be used later on in §F to explain the monoidal structure of DZ.

E.1. Some Basic Definitions and Facts

We recall here some basic material about Dialectica-like categories from [dP91, HS03]. Given
a category C, its simple self-dualization is G(C) := C x C°P (also written C? in [HS03]). Its
objects are pairs U, X of objects of C, and a morphism from (U, X) to (V,Y) is given by a pair
of maps (f, F'), denoted

(f,.F) : (UX) —+— (VYY)

where f: U — V and F : Y — X. If C is symmetric monoidal, then G(C) is an instance of a
Girard category, in the sense of de Paiva [dP91, HS03].

Assume now that the monoidal structure (®,I) = (x,1) of C is Cartesian. Then G(C) is
symmetric monoidal closed w.r.t.

(U, X)2a (V,Y) = UV, XVoYY)  with unit (I,I)
The linear exponentials are given by
(U, X) g (VYY) = (VUYxXY, K UxY)
Moreover, G(C) can be equipped with a comonad (7', 6, €) where the action on objects of T' is
TU,X) = (UXY)
and the maps § and € are given by

(foF) = (UXY) - (UX)
(fs,F5) : (U.XY) —+— (UXUV)
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where f. = fs =idy, Fe(u,z) =z and Fs(h,u) = h(u,u) (see e.g. [dP91, Def. 15, §4.2]).

The co-Kleiseli category D(C) := KI1(7) is a Dialectica category in the sense of [dP91, Hyl02]
(see e.g. [dP91, Prop. 52, §4.3]). Explicitely, its objects are pairs A = (U, X) of objects of C,
and a map from A to (V,Y) is a G(C)-morphism (f, F') from T'A to (V,Y), that is

(fF) = (UXY) == (VY)
D(C) is symmetric monoidal closed w.r.t. the product
U,X)(V,Y) := (UxV,X xY) with unit (1,1)
Note that with A = (U, X) and B = (V,Y),

T(A®B) = (UxV,(XxY)VxV)
U xV, XV xyVY)
= TA®gTB

12

The linear exponentials of D(C) are given by
(U, X) = (V,Y) = (VUxXUXY UxY)

Note that A — B ~ T A —og B, so the monoidal closure of D(C) actually follows from that of
G(C):

D(C)[A® B, (]

1 R

E.2. Self Duality
The category G(C) is equipped with an isomorphism
(=" : G = G(O)*

mapping the G(C)-object (U, X) to (X,U) and taking (f, F) : (U, X) —— (V,Y) to (F,f) :
(X,U) —g(cyr (Y,V) (that is (F, f) : (Y,V) = (X,U)). Note that (—)* is a strict involu-
tion: G(C)*+ = G(C).

E.3. Monoidal Structure

Consider an SMC C. Note that C°P is also an SMC, and recall from §E.1 the tensor product ®
of G(C) given by

U,X)o(V,Y) = UV,X®Y)  withunit I=(LI)
Assuming the following structure maps of C
a: (AB)®C — A®(B®C) AIA— A p: ARl — A v:A®B — B®A
the structure maps of (G(C), ®,I) are given by:

a = (a,al) (U, X))o (VY)e(W,Z) — UX)e(V,Y)®(W,Z))

A (A A Lo UX) — (UX)

p - (pv pil) (U7X) ® (LI) - (Ua X)

vo= (nr UX)eVY) — (VY)® (U X)
Proposition E.1 ([HS03]). Equipped with the above data, the category G(C) is symmetric
monoidal.
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E.4. (Commutative) Monoids
Proposition E.2. Consider an SMC C. Given a comutative monoid (M,u,m) and a commu-
tative comonoid (K,e,d) in C, the G(C)-object (M, K) is a commutative monoid in G(C) with
structure maps

uarky = (u,e) (LI -+ (M,K)

mark)y = (m,d) : (MeoM,K®K) -+ (MK)
Proof. The proof is trivial since (1) commutation of the required diagrams amounts to com-
ponentwise commutation of the corresponding diagrams in C and C°P, and (2) the second

components of commutative monoids diagrams in G(C) are commutative comonoids diagrams

in C°P, O

E.5. (Commutative) Comonoids

Recall that a (commutative) comonoid in a category is a (commutative) monoid in the oppostive
category. Since G(C)°? ~ G(C)*, it follows that Prop. E.2 dualizes to:

Corollary E.3. Consider an SMC C. Given a comonoid (K,e,d) and a monoid (M,u,m) in
C, the G(C)-object (K, M) is a commutative comonoid in G(C) with structure maps

ey = (eu) 0 (K,M) -+ (L)
durgy = (dm)  (K,M) —+— (KoK MeM)
E.6. A (Lax) Symmetric Monoidal Monad

Assume now that C is Cartesian closed, and fix a functor H : C — C. Recall (from e.g. [Mel09,
§5.2]) that H lifts in a unique way to an oplax symmetric monoidal functor, with strength

thp = (H(m),H(m)) : H(AxB) — HAxHB
and
' = 1y : H1I — 1
Note that the naturality of t%f) (=) that is
(H(f) x H(g)) o (H(m1), H(m2)) = (H(m), H(ma))o H(f x g)
follows from the universality property of the Cartesian product since (say)
mo (H(f) x H(g)) o (H(m), H(m)) = H(fom) = H(mo(fxg))

Consider now the functor

()" : G — G(C

defined as
U, x)? = (Uf¥ X)
and
(DT = AhfohoH(F), F) : (U™, X)- (1Y)
(where (f, F): (U, X) =+ (V,Y)), and the maps
noxy = (fpky) = Audu, idx) - U,X) - (UFXX)
pox) = (FwF) = hAwh(zz), idy) - (UFOHX x) 1y (UHX X)
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Proposition E.4. ((=)?,pu,n) is a (lax) symmetric monoidal monad, with strength

mip = (fisFis) = AMk)(hxk)otyy  idxxy)
(UHX < VvHY X xY) — (UxV)HEY) X «y)
(where A = (U, X) and B = (V,Y)), and
m’ = (1,1) : (1,1) — (1711
The proof of Prop. E.4 is defered to §G.

E.7. An Oplax Symmetric Monoidal Comonad
Proposition E.4 can be dualized thanks to the self duality G(C)°P = G(C)*:

Corollary E.5. Assume C is a CCC and H : C — C is a funtor. Then ((-),6,¢) is an oplax
symmetric monoidal comonad on C, where

H(U,X) = (U, XHU) and H(f, F) = (f, A.FohoH(f)) : (U,XHU) s, YHV)
(for (f,F): (U,X) = (V,Y)), and

cvx)y = (foF) = (idy, Az.Ax) c (U, XHY
Suxy = (nFs) = (dy, MAwh(uu) : (U, XH0)

- (U, X)
; (U XHUXHU)
and where the oplaz strength of (=) is given by

nap = ([ipFip) = (duxv, Ahk).(hxk)othy)
(UxV, (XxY)HOV)y o (Uxv, XHU x yHV)

where A= (U,X), B=(V,Y) and t%],v is defined as in E.6, and

n’ = (1,1 - (1,18 — (1,1)

F. A Dialectica-Like Interpretation of Zig-Zag Strategies

We give here a Dialectica-like presentation of total zig-zag strategies 0 : A — B for A and B
positive full games. It relies on a distributive law ¢ in an instance of Dialectica called simple
self-dualization in [HS03]. We will perform it in the topos of trees .7.

We first instantiate the constructions and results of §G to the case of G(.). We then show
in §F.4 that the category DZ of simple zig-zag games can be obtained as a full subcategory of
some category of zig-zag games in G(.¥). In §F.5 we present the distributive law ¢ based on
the constructions of §G. Finally, using the fact that DZ can be obtained as a full subcategory
of some category of zig-zag games in G(.¥) described as the Kleisli category of the distributive
law ¢, we discuss the monoidal structure of DZ and DZy.
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F.1. The Topos of Trees

The topos of trees . is the presheaf category over the order (N, <) seen as a category, see
e.g. [BMSS12].

An object X of . is given by a family of sets (X,)nen equipped with restriction maps
=+ Xp+1 — Xp. A morphism f from X to Y is a family of functions f, : X,, — Y,, compatible
with restriction: r}{ O fn+1 = fno rff .

As a topos, .7 is Cartesian closed w.r.t. to the Cartesian product of presheaves, which is given
by (X xY), = X, xY,,. Exponentials are defined as usual for presheaves (see e.g. [MLM92])

by

’I“X

(X¥), := Nat|N[—-,n]xY,X]

Explicitly, (XY, consists of sequences (& : Y — Xk)k<n which are compatible with X and
rY. The restriction map of XV takes (&)r<nt1 € (XY )nt1 to (& )k<n € (XY ).

We will use the functor » : .¥ — . of [BMSS12]. On objects, it maps X to ((»X)n)nen
where (> X)n1 = X, and (»X)o := 1, with r»¥ = r and r§* = 1: Xy — 1. On
morphisms, (»f)p4+1 := fn and (»f)p :=1:1 — 1. Note that »(X xY) ~p X x Y.

Define the family of maps pred® : X = »X, natural in X, as predé( =1: X9 — 1 and
prediy, | == 1.

The functor » allows .7 to be equipped with fixpoint operators fix* : X®X = X defined as

85 ((fm)m<n) = (fno-..0fo)(e)

The maps fix® are natural in X. Given f : X x Y = X, writing f* : ¥ = X™¥X for the
exponential transpose of f, ﬁxXoft is the unique map h : Y = X satisfying fo<predX oh,idy) =
h (see [BMSS12, Thm. 2.4]).

Given a sequence of sets M = (M,),, we also denote by M the .#-object with M, := [, M;
and restriction maps M (m.m) := m. (r™ is an epi). Note that M x N ~ M x N, where
M x N, :=T["y M; x N;. If M,, = M for all n, then we write M* for the .”-object M.

F.2. The Monoidal Structure of G(.¥)

Following §F.1, we take for . the monoidal structure given by its Cartesian product (so that
® = x with I := 1). Since (An)n X (Bn)n = (An X Byp)y the structure maps of (., ®,1I)
(induced from its Cartesian structure) have as components the corresponding structure maps
of Set:

ap = a: (A, X By) xCy— Ay x (B, xCy) A = A:l1xA,— A,
pn = prA,x1—= A, Yo = Y:Ap X B, — B, x A,

The required diagrams follow as usual from the fact that Cartesian categories are monoidal
(using the universal property of the Cartesian product).

F.3. Monoids and Comonoids in G(.¥)

Prop. E.2 and Cor. E.3 (on monoid and comonoid objects in categories of the form G(C))
specialize to:

Proposition F.1. Let X be an object of ..
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(i) The G()-object (1,X) is a commutative monoid of G(.), with structure maps

)

u = 1,1) : (1,1) -+ (1,X
1, X)

(
m = (1,(d,id)) : (1Ix1,XxX) —+ (1,

(ii) The G(%)-object (X, 1) is a commutative comonoid of G(.7), with structure maps

e = (1,1) : (X,1) —+— (1,1
d = ((id,id),1) : (X,1) —+ (X xX,1x1)

Proof. By Prop. E.2 and Cor. E.3, since the terminal object 1 of a Cartesian category is a
commutative monoid, and since any object of a Cartesian category is a commutative comonoid.

O
F.4. A Dialectica-Like Interpretation of Zig-Zag Strategies

We now show that DZ is equivalent to a category obtained from a distributive law in G(.%).
First, the functional representation of total zig-zag strategies of Proposition 3.12 can be refor-
mulated as follows:

Proposition F.2. Given positive full games A = (U, X) and B = (V,Y), there is a bijection
(—=)a(s) from total zig-zag strategies o : A —o B to G()-morphisms

(f7 F) : (U*,X*U*) N (V*>Y*,Y*)

Moreover, the composition of total zig-zag strategies induced by Proposition 3.12 and de-
scribed in §3.6 conventiently fits in the framework of G() since the fixpoint equation (40)
of §3.6 can actually be written using the fixpoint operator fix of .. Indeed, given G(.¥)-
objects (U, X), (V,Y), (W, Z), and G(¥)-morphisms

(f,F) : (UXY) == (V*V)Y)
(9.G) : (VYY) —+= (W% 2)

we can define their composite
(9, G)o(f,F) = (h,H) (U,XU) SN (W>Z,Z)

as follows (modulo exponential transpose and again using the internal A-calculus of .#):

h(u> Z) = g(f(uay(>u7 Z)),Z)
H(z,u) = F(u,y(u,z))
where ylu,2) = fix¥ Ay.G(f(u,y),2))

F.5. The Distributive Law (

In §3.6, we have discussed how the associativity and unit laws of composition in DZ can be
obtained via the functor HS : SG — Rel. We can actually proceed differently. The category
DZ of simple zig-zag games can be obtained as a full subcategory of some category of zig-zag
games in G(.¥) described as the Kleisli category of a distributive law (.

The law ¢ is based on the constructions of §G. It distributes an oplax symmetric monoidal
comonad obtained from Cor. E.5 over a (lax) symmetric monoidal monad obtained from Prop. E.4:
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e The oplax symmetric monoidal comonad, denoted T = (T €, J), is obtained from Cor. E.5

by taking H :=Id ».
Explicitely, T(U, X) := (U, XY) and the action of 7' on morphisms is given by:

(f,F): (UX) == (V,Y) 5%  (f, AFohof): (UXY) - (V.YV)

The maps € and § are given by:

(f, o) = (idy, Az.A_2) (U, XYY —+—  (UX)
(fs, F5) = (idy, AhAwh(u,u)) : (U,XY) —— (U XUXV)
e The (lax) symmetric monoidal monad, denoted (—)* = ((—)%,¢,d), is obtained from
Prop. E.4 by taking H(—) := »(—) (see §F.1 and [BMSS12]).

Explicitely, (U, X)” := (U”*X, X) and the action of (—)* on morphisms is given by:

(fL F): (U, X) + (V}Y) (_'—): (Ah.fohowF | F) : (U’X,X) N (V’Y,Y)

The maps n and u are given by:

(fn ) = (AuA_u , idy) U, X) - (UX,X)
(fu, Fu) = (AhAz.h(z,z), idx) XX Xy 4 (U, X)
The distributive law
¢ = T((=)) = ([T(=)"
is given by N "
o= (SF)  UNXTT) s () XY
where the maps
o s v xe(xYy — U and  F° X xx¥ — X
are defined as follows. Let fé(&o,o) := 6. Given &€ € (XY),, 0 € (U*X), and @' € (U”¥X),,41,
Fi(0.6) = fix(€of)
o (056) = 0 (fixy (€0 mn(0)

(Fn(rn(0),€))

_ /
- 9n+1

The maps (4 form a distributive law of T" over (—)*, which is moreover monoidal in the sense
of Prop. D.7. These facts are summarized in the following Proposition whose proof is defered

to §H.
Proposition F.3.

(i) The family of maps Ca : T(A®) —— (T A)* forms a distributive law.
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(i) Moreover, ((_y is monoidal in the sense of Prop. D.7, that is:

T © B — " 4w B (72)
o o> l lcfm

T(A*) & T(B”) (T(A® B)>
CA@CB\L l(gi,B)’

(TA ® (TB)* (TA®TB)*

MTrATB

where (m?,m°) is the (lax) strength of (—)* defined as in Prop. E.4, and (g?,¢°) is the
oplax strength of T' defined as in Cor. E.5, so that:

o For (—)*:
mip = (A(hk).(hxk)o(»(m),»(m2)) , idxxy)
(X x V™Y X xY) — (Ux V)Y X xy)
(where A= (U, X) and B = (V,Y)), and m® := (1,1) : (1,1) — (1”1, 1).
o ForT:
gap = C(duxv, A(hk).(hxk)) : (UxV, (Xx)"V)  — (UxV, XUxY")
(where A = (U, X) and B = (V,Y)), and ¢ := (1,1) : (1,11) — (1,1).
It then follows from Prop. F.3 and Cor. D.8 that KI1({) is symmetric monoidal.
e Its monoidal product is that of G(.#’) on objects, so that
(U, X) @xae) (V,Y) = (U, X) @ (V,Y) = (Ux V,X xY) and I=(1,1)
and on maps, given (f, F') € KI({)[Ao, Bo] and (g, G) € KI1(¢)[A1, B1], we let
(f, F)®xie) (9,G) = mBbyp o ((f,F)®(9,G)) 0 gl a,

e The structure maps are the image under AhA—5

G(S).

.np o h o €4 of the structure maps of

From now on, if no ambiguity arises, we write ® for the monoidal product of K1(().
We write K1(¢*) for the full subcategory of K1(¢) whose objects are of the form (U*, X*).
Together with §F.4, Prop. F.3 gives:

Proposition F.4. The category DZ is equivalent to K1((*).

F.6. The Symmetric Monoidal Structure of DZ

Recall from Prop. F.4 that DZ is isomorphic to KI(¢*) the full subcategory of KI1(¢) whose
objects are of the form (U*, X*).

Note that I is an object of K1(¢*), as well as A® B as soon as A and B are objects of K1(¢*).
It thus follows from Prop. F.4, Prop. F.3 and Cor. D.8 that:

Proposition F.5 (Prop. 4.2). Equipped with the above data, the category K1(¢*) (and thus
DZ) is symmetric monoidal.
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F.7. Monoids and Comonoids in DZ
Thanks to Prop. D.11, we therefore get from Prop. F.3 and Prop. F.1:

Proposition F.6 (Prop. 4.3).

(i) Objects of the form M = (1, M) equipped with structure maps

I o M MeM o M
Ole (@) (o,o)
e | P o [P
m | O m | O
Ple Pl (m,m)

are monoids in DZ.

(ii) Objects of the form K = (K, 1) equipped with structure maps

€K di
K — 1 K — KK
O| k O k
o P (k,k) | P
e O (e,0) | O
Pl e Pl e

are comonoids in DZ.

F.8. The Base Category T

Proposition F.7 (Prop. 4.6). The category T embeds to Comon(DZs) via the functor Er
mapping an object 3 of T to the comonoid (X, ex,ds) and a morphism M : T[T, X] to itself.

Proof of Proposition F.7. Fix M € T[X, T, so that
M =~ (fa,1) : (1% = (TP 1x D)
The comonoid structure maps can be explicitelly defined as
es ~ (1,1) : (%,1%) —» 1" 1x9)
and
ds ~ (AAa(z,a),1) : (5,1%) —= (ZxD)>E®) 11 xD)

We check the required diagrams:

e First,
»— M .7
dzl ldr
MM

YX 'l

Note that all maps involved are 1 on the second component, so we only check the first
one.
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We then compute (leaving implicit the monad maps used for composition in DZg):

(fm X fu) o (AAa(a,2) =

A»(p). Az (fu(»>(p),a) , fu(»>(p),2a))
and we are done since on the other hand

(A_Aq.(a,a))o fy =

A»(p).Aa.(far (> (p),3), fa(»(p), @)

nw._ M _r
I
trivially holds since all involved maps are in the second component are 1, and, for the
first component, since 1 is terminal in .&.

e Second, the coherence diagram

O
G. Proof of Proposition E.4

In this appendix we give a proof of Prop. E.4. We first recall its statment.

Assume that C is Cartesian closed, and fix a functor H : C — C. Recall (from e.g. [Mel09,
§5.2]) that H lifts in a unique way to an oplax symmetric monoidal functor, with strength

thp = (H(m) H(m)) : H(AxB) — HAxHB
and

t0 —

1y : H1 — 1
Note that the naturality of t(2_) (=) that is

(H(f) x H(g)) o (H(m), H(m2)) (H(m), H(m2)) o H(f x g)

follows from the universality property of the Cartesian product since (say)

m o (H(f) x H(g)) o (H(m), H(m2))

H(f om) H(mio(f x g))
Consider now the functor
()"« Gl — GO
defined as
U,x)" = U X)
and

(f,.FY?T = (AhfohoH(F), F) (UFX X)) =~ (VI Y)
(Where (f’ F) : (U’X) —+ (V, Y)), and the maps
Nw,x) (fnyFn) = (A’LL)\,’U, R ldx) (U’X) —— (UHX,X)
HU.X) (fu Fu) = (AhAz.h(z,z) , idx) (UHXXHX Xy (UHX | X)
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Proposition G.1 (Prop. E.4). (=), n, ) is a (lax) symmetric monoidal monad, with strength
mip = (fipFip) = Ahk).(hxk)otky  idx.y)
(UHX < VvHY X xY) — (UxV)HEY) X «y)
(where A = (U, X) and B = (V,Y)), and
m® = (1,1) : (1,1) — (1711)
G.1. (—)" is a lax symmetric monoidal functor
G.2. (—)" is a functor. First, given A = (U, X) we have
(ida)? = (MhidpohoH(idy), idy) = (Ahh,idy) = iduu
Moreover, given (f, F) : (U, X) = (V,Y) and (¢9,G) : (V,Y) =+ (W, Z), we have

(9. G o (f,FNT = (gof, Fo@)" = (MgofohoH(FoG), FoG)
= (Ah.gohoHG,G)o(Ah.foho HF,F)

since

Ah.gofohoH(FoG) = AhgofohoH(F)oH(G) = Ah. (Ak.gokoH(G))(fohoH(F))

G.3. The maps m%i) () are natural. We have to check that given (f,F) : (U, X) -+ (V.Y)
and (¢,G) : (U, X') =— (V',Y’) we have
mpp o (f.F)"®(0.60)") = ((f,F)®g.0)" om}
(where A= (U, X), B= (V,Y), A’ = (U, X’) and B' = (V',Y’)). We compute
mB B ° ((fv T (g,6)")

= mppo((AfohoH(F

= mBB,o(()\hfohoH(F
(AR, k).(h x k) o t5:y4)

,F)@ (Ak.goko H(G),Q))

)X (Ak.goko H(G)) , F x Q)

( ( Jo((Ah.foho H(F)) x (Ak.goko H(G))) , F xG)

((A(h,E). (hxk)otyy,)o()\( k)(fohoH(F), gokoH(G))), F xG)
(A(h,k).((foho H(F)) x (goko H(G)))ot]y , F xG)

= (A(h,k).
(
(
(

)
)

(f xg)o(hxk)o(H(F)x HG))otyy, , FxG)
- ).(fx g)o(hxk)otk y o HF xG), FxG)
= (A(hk).(Ap.(f x g)opo H(F x G)) o (hx k) otk /) , F x G)

(fa ® (gaG))HOmA,A’

G.4. (—)" is lax symmetric monoidal. Note that (—)* is the identity on the second compo-
nents, so we only have to check diagrams for the first components.
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e The associativity diagram leads to check

OCUHXﬁvHwaHZ

(UHX % VHY) % WHZ UHX % (VHY % WHZ)

(A(h.k).(hxk)otk y)xidy, 7 l lidUHX X (A(h,k).(hxk)ot}. ,)
(U % V)H(XXY) x WHZ UHX « (V % W)H(YXZ)
A(h,k).(hxk)Otg(xY,Zl ix(h,k).(hxk)otg(y”

(U x V) x W)H(Ex¥)x2) (U x (V x W) HEX(Vx2))

Ah.ay,v,wohoH (axly ;)
(where A = (U, X), B= (V,Y) and C = (W, Z)). Note that since C is Cartesian closed:
a = (mom, (mom,m)) = A(u,v),w).(u,(v,w))
We have to check
A((hak)7l)-OéU,V,WO(((th)Ot%(,Y)Xl)otg(xeOH(a)_(,lxz) = A((h, k), 1)-(hx((kx1)oty 7))otk y 7

But we are done since it follows from the universal property of the Cartesian product of
C that we have

QHX,HY,HZ

(HX x HY) x HZ HX x (HY x HZ)

tg(,YXidHZT TidHth%,Z
HXxY)xHZ HX xH(Y x Z)
t%(xY,ZT Ttgc,)fxz

H(X xY)x Z)

H(X x (Y x Z))

H(a)_(,lY,Z)

e The unit diagrams are dealt-with similarly. We only check the diagram for the unit A,
which lead to check

1 x UHX AyHX yHX
1><idUHX l T}\h./\UOhOH(AXI)
11 x UHX 1 % U)H(1><X)

)\(h,k).(hxk)ot%’g{

Since A(_) = w2, we have to show
A(e,h).h = X(e,h).Ayo(exh)ot] yoH(\Y)

It follows from the unversal property of the Cartesian product of C that we have have

—1

A
1x HX —"*  HX
1><idHXT \LH(Axl)
H1 x HX <—; H(1x X)
.x
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We are therefore lead to check
(o, h).h = X(e,h)Ayo(exh)oryy
and we are done since A(j) = (1,id(_y).

e The symmetry diagram is dealt-with similarly.

G.5. ((—)",n, ) is a monad
G.6. The maps 7_) are natural. Let (f,F): (U, X) —+ (V,Y). We have to check

nvyyo (f,F) = (AhfohoH(F), F)onu,x)
which amounts to
(AuA_u)of = (Ah.fohoH(F))o (Au.Au)
that is
AuAf(u) = Au.fo(A.u)o H(F)

and we are done.

G.7. The maps () are natural. Let (f,F): (U, X) —+ (V,Y). We have to check

pyyo (A(Ak.foko H(F))oho H(F), F) = (Ah.fohoH(F), F)ouuyx)
which amounts to
(AhAz.h(z,x)) o (AhAz.fo (h(H(F)(x))o H(F)) = (Ah.fohoH(F))o (Ah.Azx.h(x,x))
that is
(Ah Az h(z,x)) o (Ah Az Ay.f(R(H(F)(x)), H(F)(y))) = Ah.fo(Az.h(z,z)) o H(F)

which reduces to
A Az Az Ay . f(R(H(F)(2)), H(F)(y)))(z,z) = AhXe.f(h(H(F)(z), H(F)(z)))

and we are done.

G.8. Associativity Law. Since () is the identity on the second component, we only have to

check
UHXxHXxHX MA@ o prxox
)\h.()\k.)\y.k(y,y))ohl J{)\h.)\x.h(m,z)
[THXxHX [THX
AhAz.h(z,z)
that is
AR Ay (Az.h(z,z))(y,y) = AhAz.((AkAy.k(y,y)) o h)(z,x)
We compute
A Ay (Az.h(z,2)(y,y) = AhAyh(y,y.y)
and we are done since
AR Az (AkAy.k(y,y)) oh)(xz,2) = AhAz.(Az.Ay.h(2)(y,9))(z, x)
= AhAz.(Ay.h(z)(y,y))z = AhAz.h(z,z,x)
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G.9. Unit Laws. Since 7y and p_) are the identity on the second component, we only have

to check
AhAz.h(z,x
UHX
We are done since
(Ah Az h(z,x)) o (AuAu) = Auwdzr.(A_u)(z,z) = Auwdzvwur = idysex
and
(A Az.h(z,x)) 0o (Ah.(AuA_u)oh) = AhAz.((Au.A_u)oh)(x, )

A Az ( Ay A h(y))(z, JCS
= AhAz.(A_h(z))x
Ah Az ha

— idUHX

G.10. ((—)%,n,pn) is lax symmetric monoidal

It remains to show that n and p are lax monoidal natural transformations. Once again, we only
check the second components, which amount to the following.

G.11. 75, is lax monoidal. We have to check

U x v QuAxed0) gy and 1
l)\(h,k).(hxk)otg(,y / \«
UxV (U x V)HEXXY) L= v

Ap.A_p
The second diagram is obvious. The first one amounts to
ApAp = Au,v).((Au) X (Aw)) o (H(m), H(ms))
and we are done since
A(u,v).(Acu)x(Aow))o(H (m), H(m2)) = A(u,v).(A_u,A_v) = A(u,v).A(u,v) =
G.12. p_) is lax monoidal.

e Preservation of the binary strength amounts to

UHXXHX o VHYXHY()‘h')‘x'h(x7x))X(}‘k'}‘y'k(y’y)) UHX o HY

nl lk(h,k).(hxk)otggy

(U « V)H(XXY)XH(XXY) (U % V)H(XXY)

AhAz.h(z,z)
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where n is the first component of (ij)H om?y BH (for A= (U,X) and B = (V,Y)),

so that
no = (AL(A(k).(h x k) otk y)ol) o (A(h, k).(h x k) otk y)
= A(h k). (AR E).(W x K)otky)o((hxk)otky)
= A R).AWK).(W x K) ot]y) o (ho H(m) , ko H(m))
= A(h, k). Ap.((h(H (m1)p)) x (k(H (m2)p))) oty y
= A(h, k). Ap.((h(H (m1)p)) x (k(H(72)p))) o (H(m1) , H(m2))
= A k). Ap, q)-(h(H(m1)p), H(m1)q) , k(H(m2)p, H(m2)q))

and therefore
(A Az.h(z,x))on = A(h, k). z.n(h, k)(z,z)
= Ah,k).Az.(h(H(m1)x, H(m)x) , k(H(m2)x, H(m2)x))

But now we are done since on the other hand,

(A(h, k).(h x k) o t5 y) o (N Aah(@, x)) x (AkAy.k(y,y)))
= A(hk).(Az.h(z,2)) x (Ay-k(y,y))) o t% y
= A k).((Az.h(z, x)) x (Ay-k(y,y))) o (H(m1), H(m2))
= A(h, k). Ap(h(H(m1)p, H(m1)p) , k(H(m2)p, H(m2)p))
e Preservation of the unit strength amounts to
1
1 H1xH1 1H1

A(h.k).(hxk)ot3 |

where n' is the first component of (m°) o m®, so that n® = (Ah.1oh) o1 =1 and we
are done since

A(hk).(hx k) ot2)ol = 1

H. Proof of Proposition F.3

This appendix is devoted to the proof of Prop. F.3. We first recall its statment.
Proposition H.1 (Prop. F.3).

(i) The family of maps Ca : T(A®) —— (T A)* forms a distributive law.
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(i) Moreover, ((_y is monoidal in the sense of Prop. D.7, that is:

T4 © B — " (4w By (73)
9> > l lcmB

T(A*) & T(B”) (T(A® B)*
CA@CB\L \L(QZ,B)’

(TAP & (TB) —— (T4CTB)

where (m2,m°) is the (lax) strength of (=) defined as in Prop. E.J, and (g2, g°) is the
oplax strength of T' defined as in Cor. E.5, so that:

o For (—)*:
mip = (A(hk).(h x k)o (»(m1),»(m2)) , idxxy)
(X x V™Y X xY) — (UxV)EY) X xY)

(where A = (U, X) and B = (V,Y)), and m® := (1,1) : (1,1) — (1>1,1).
o ForT:

gap = (duxv, A(hk).(hxk)) : (UxV, (Xx)"Y)  —  (UxV, XUxY")
(where A = (U, X) and B = (V,Y)), and ¢ := (1,1) : (1,11) — (1,1).

H.1. Proof of Proposition H.1.(i)

We have to check that ¢ : T((—)”) — (T—)* is natural and that the following four coherence
diagrams commute (see e.g. [HHMOT]):

(TA)> (74)
T(A™) (TTA)*
TS %
TT(A™) o T((TA)™)
T(A») (75)
e 2
T(A™) (TA)>
k %
(T(A%)> AL (TA)*>
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(TA)”
>
T(A™) o A

T(A™)
TA — (TA*>
Recall that T is the comonad T' = (T,¢,0) and that (—)” is the monad ((—)*,n, 1) on G(¥).

We repeat the definitions of the functors 7" and (—)>:

(f.F): (U,X) -~ (V,Y) L (f, AhFohof): (UXY) -~ (V,YV)
(f,F): (U, X) == (V,Y) 0) (MrfohowF , F): (U"X.X) —— (VYY)

v

—~

and of the natural maps 1 and u:

(fn, Fy) U,X) -+ (U X)
(f#’F#) . (U’XX>X,X) s (U’X,X)

where F, = F,, = idx, fy(u,z) =w and f,(h,z) = h(z,z).
Moreover, the natural maps € and 0 are given by

(fo F) :+ (UXY) —— (UX)
(fs,Fs) : (U,XY) == (UXY*V)

where f. = fs =idy, Fe(u,z) = z and Fs(h,u) = h(u,u).
We check in turn the required diagrams.

Lemma H.2. { is natural, that is, given (9,G) : A = B, we have

N o

| 4 >
TD” g @P)

Proof. Let A= (U,X) and B = (V,Y), and consider (g,G) : (U, X) = (V,Y). Note that

(9, G = (Ah.gh»G |, G) UrX,X) —+—  (V*YV)Y)
T((g.@)”) = (Ahgh»G, Ah.Gh(Ah.gh»G)) : (UX XUy 4 (Y YV

T(9,G) = (9, Ah.Ghg) U, XY - (VYY)
(T(g,G)> = (Ah.ghw(Ah.Ghg) , Ah.Ghg) X XUy s (V) YY)
We have to show that

(T(gaG))> % CA = CB OT((Q,G)’)

that is
(Ah.gh»(Ah.Ghg))of$h = fBo(Ah.ghwG)  and  FS4o(Ah.Ghg) = Ah.Gh(Ah.gh»G)oFSE
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For the first equation, which has type U*X — V> given Opi1 € (UPX)pyq and &, €

(YV),,, one has to show the following (where some o are replaced by juxtaposition)

(ARG 1B (Ah-Gryihgni1)) 0 fit ) Ons) (&) = (F55) © (Ahgni1heGri1))(0n11)(En)
that is
(Mgni1 0 h o (Ah.Gnhgn)) (fetyOna)) (&) = (F351((Mhegni1 0 ho Gp)(Bni1))) (&)

that is

(Gny10 (f§i1(9n+1)) o (Ah.Grhgn))(&n) = (fgil(gn—&-len—&-lGn))(fn)
that is

gn—H(fgil(Gn—l—l)(()‘h'Gnhgn)gn)) = fgil(gn+19n+1Gn ; gn)
that is
Guit(F31Onr1 s Gungn)) = J31(Gnr10ni1Gn , &)

that is

gn+1© 9n+1 o ﬁXn(anngn) = Ggn+10°© 9n+1 o Gn o ﬁXn (gngnenanl)

which is easily seens to hold, when unfolding the fixpoints, thanks to associativity of composi-

tion.

The second equation, of type YV — XU>X7 amounts, for &, € (YY), and 6, € (U*X),, to

the following (where some o are replaced by juxtaposition)

FgA(Gnéagn > 0n) = (AL.Gh(Ah.ghwG))(F(£,)))(6n)
that is
Fpt (Géngn > On) = (Gro(FgB(6n)) o (Ah.gnh®Gy))(6r)
that is
FSA(Gnéngn » 0n) = Gu(F5(€2)(Ah.gnh®Gr)(0,)))
that is
FéA(anngn ) en) = Gn(FéB(én ) gn9n>Gn))

which also holds thanks to associativity of composition (when unfolding the fixpoints).
Lemma H.3. Diagram (7}) commutes.

Proof. Let A = (U, X), so that
74" = TW¥,x) = @, XxU%) and (TA)® = (UXY)”

The diagram has type

T(A%) = (TTA> = (U™, XU™) o (&0 | xUxU)
Moreover,
(04) = (idy, Ahuh(u,uw)®> = (Ah.h(Ahu.h(u,u)) , Ahuh(u,w))
TCy = T(fCA, FCa) = (fS4, ARFSahfca)
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We have to check the following two equations:
fsrof = [Tofrgo0fs, and  FhoFye = Fj, 0, o F4

The first one, of type U™X — U’(XUXU), amounts, for 0,11 € (U”X),411 and &,41 € XnUerlU,
to the following

(A (Ahuh(u,w)) © £541) On1) Enrr) = (F24F541) Onga) (MEnir)
that is
(frgil(en—&-l) © >(Ahu.h(u,u)))(§n+1) = fgiﬁ(fn+1( n+1) ) fn)
that is "
FOng1 s Mubnlu,u)) = [ (Ongr , fixgy (Eno fS4(00)))
Write
ln = fgil(en—&-l ) )‘ufn(uzu)) and T'n = fgil(en-i-l ’ ﬁfo(fnong(en)))

The proof is then by induction on n. In the base case n = 0, both sides unfold to 6;(e). For
the induction step, assuming the property for r,, = l,,, we show l,,4+1 = rp41.
First, note that Note that

i1 N g (0,0) 0 ) = 5 (A2 &t (O (2), 00t ()
= (A& (Onra(z) , Onpr(2)))(fix (Az. én( n(2),0n(2))))
= (Awbnpr(u, ) (Onp (fixy) (Audn(u,uw)) 0 6,))
— £n+1(ln7ln)

so that
ln+1 = 9n+2 (fn—l—l(lna ln))
On the other hand, note that
U U
iy (Gopr 0 feti(Ons1) = Eant(fedi(Bngr s ) (a0 f54(00))))
= én-l—l(rn)

and so in particular

= G (fixg (Y (€0 0 F4(60)) 0 6,))
= Ont1 (ﬁXn (én (Tnfl) o en))

We thus have

9n+2(ﬁxn+1(ﬁxn+1(§n+1 o an( On+1)) 0 Ont1))
Ont2(fixn41(Ent1(rn) © Ont1)
Zn-i-ZEfn-i-l (70) (Ony1 (fixn (En(rn—1) 0 0n))))

n+2(§n+1(7n) (rn))

Tn+1 =

and we conclude by induction hypothesis.
The second equation, of type XU*VU — XU™™ amounts, for &, € (XU*V),, and 6, € (U*¥),,
to the following:

Fit o (Mhuwh(u,w)(6)(0n) = ((Ahk.A(k, k) o (NR.FgARfi2) 0 FRT4)(€q) (0n)
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that is

Fst (Ahwh(u,u))én , 0n) = (Mhk(k, k) (M FgA R f54) (FT4 (€0)))) (6n)
that is
Fpt(Aubp(u,u) , 0,) = (Mk(k, k))((Fgt o F5T4(€) © f34)))(0n)
that is
Fir(Aua(uu) , 6n) = (Mk(FR 0 F§T4(6n) 0 £54) (K, k))6n

that is

Fpt(Aup(u,u) , 0,) = (Fgt o Fym (&) o f54)(00)(0n)
that is

Féf‘(z\u.fn(u,u) ) 0”) = FrgA(FgTA(gn ) gA(en)) ) en)

Reasonning as for the first equation, write
b = FPAQAuéa(u,u), 6,)  and 1 o= FAESTA(En, f54(0n)) 5 On)
with
b1 = fixp(Awdnga(u, u)) 0 Onpa)

= &ar1(Onr1(ln) 5 Onyp1(ln))
and on the other hand

Ft(Enst s o (0ng1)) = ﬁxffl(gn-l—lofgil(en—l-ljl))
= G (kO 0 (G0 fi2(00)
= fn-‘rl(en—l—l( ( (fno ( )) ) Hn))
= 5n+1<en+1<F<A<F<“<£m A(0n)) + 0n))
Ent1(Ong1(rn))

We thus have

Tn+1 = ﬁxn—&-l(ﬁX?)z(-i(-Jl (bny10 fn+1( n+1)) © 6n+1>
= fixp1(§nta( n+1(rn)) 0 0p+1)
Ent1(On+1(rn) 5 Onr (530 (§n (O (rn—1)) © On)))
= &ur1(Ony1(mn) 5 Onga(rn))

and we conclude by induction hypothesis.
Lemma H.4. Diagram (75) commutes.

Proof. Let A = (U, X) so that the diagram has type

T(A™) == (TA = (U0 XU o (O xY)
Note that
T(pa) = TAhah(z,z),idy) = (Ahax.h(z,z), Ak.(ko Ahz.h(z,z)))
(€ = (fo4, Foa)> = (AnféohomFi, F)

We have to check the following two equations:

fh0 frun = furaofeap o f®  and  Fp,,oF% = F*oF ok

HTA
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The first equation, of type U™ X — »&"Y) amounts, for 01 € (UPX»X), 11 and
&, € (XY),, to the following:

(f44, 0 (Ahah(z,2)Ons1) (€)= (AhER(K,k)) o (RS2 I FSA ) 0 £ ) (6,11) (6n)
that is
P ATy (2,2) s &) = (Ahkh(k, k) o (ARfSL RES) o fo4%) (61) (60)
that is
FA AT Opir(m,2) | €)= (AREA(K E))(FS4, 0 FS2% (Ons1) 0 FS) (6n)

that is

FA A b1 (@,2) , &) = (FS4 0 Fo4% (Bnr) 0 FS) (6n) ()
that is

A Az b1 (z,2) , &) = fAL (e (Bnrr s FSA(&)) s &)
Let
l, := féil(A$.0n+1($,l’),£n) and T = fn+1(fflf1( Oni1 F5A (&) 5 &n)

Note that for all n we have

lnv1 = (Avbppo(z, x)fixp 1 (§nt1 0 Ax.bpp1 (2, 2))
= (AzOni2(z, 7)) (A2.Ent1 (Onp1 (2, 2)))fixn (§n 0 Az.0n (7, 7))))
= Onr2(&nr1(ln), Enri(ln))

On the other hand,

2( 234:2( n+2 éil(fn-‘rl)) s £n+1)

4
= £ (O n+1<sn+1>><ﬁx§+l<sn+l o fS1% (Bns1 , F$A(€0))))
Opso (1 (Fo2 (Eng1) 0 O 5 iy (Eppr © fngfl (Ons1 5 FS*(En))))

So we show by induction on n that

Tn+1

Euri(rn) = st (Fedy(Gor) 0 Onrt) = 041 (G © 127 (Bt 5 FEA(0))
The base case is trivial. For the induction step, on the one hand we have
ﬁXn+2(Fqgiz(§n+2) 0 0pi2)
Fity(nsre s Onvo(fxns (FRty (nt) © 0nr1)))

= £n+2(9n+2(ﬁxn+1(ngil(fwrl) 0 0nt1) Frgil(gnJrl ) 9n+1(ﬁxn(FY§A (§n) 0 0n))))
= Enpo(Onra(fixi1 (FS (€ns1) 0 Ong1) » fixni1 (Fy (Ensr) © Ong1))

and we conclude by induction hypothesis, and on the other hand

ﬁforQ(f,H_z o fﬁig( n+2 ) Tg.?-l(fnﬂ)))
= &py2o0 fgfz( On+2 n+1(§n+1))(ﬁxn+1(§n+1 o fgfl (Ont1 5 Fi*(5n))))
= Ent2(On2(fixn ( n+1(§7’b+1) 00nt1) ﬁxﬁl(fn—i—l © fii'l (Ont1 FéA(gn)))))

and we also conclude by induction hypothesis.
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The second equation, of type XV — XUbXX’X, amounts, for &, € (XY), and 6, € (U>X>*>X),,,
to the following

((Ak.(k 0 A h(z,))) 0 F§)(€)(0n) = (B 0 F$) (&) (6n)
that is
(FA (€) 0 Mhah(@,0)) () = Fa™™ (F{M (&) + 6n)
that is
FA (G s Avbu(a,o)) = Fa™ (FEA (&) , 6a)
This is dealt-with similarly to (but in a much simpler way than) the first equation. ]

Lemma H.5. Diagram (76) commutes.

Proof. Let A = (U, X), so that the diagram has type

T(A®) + A» = (U™, X" - (U"%, X)
Note that
(ea)” = (idy,Azu.z)®> = (Ah.(how(Azu.x)), A\ru.r)
We have to show
Ar.(how(Azu.z))o f4 = idyex and F4oXzux = Aruz

For the first equation, given 0,11 € (U >X )n+1, we have to show
Fo4 1 (Ops1) o (Azux) = O
The result is trivial since the left-hand side unfolds to
A»x.fﬁﬁl(ﬁnﬂ, Az) = Apzbp(fixg,(Anz)) = Apz.bpii(2)
The second equation is simpler and omitted. O

Lemma H.6. Diagram (77) commutes.

Proof. Let A = (U, X), so that the diragram has type

TA -~ (TA> = (U,XY) s U™ xY)
Note that
Tna) = TAuzwidx) = (Auz.u,Ah.ho (Aux.u))
We have to show
S0 Auzu) = Auz.wu and (Ah.ho (Auz.w))o F4 = idyv

For the first equation, given u € U, 4; and &, € (X U)n, we have to show

fgil()‘xu 5 gn) = u

which is trivial. For the second equation, given &, € X,, and u € U,, we have to show
Fta (&n, Azu) = &u(u)

which is also trivial. O
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H.2. Proof of Proposition H.1.(ii)
Fix G(.¥)-objects A = (U,X) and B = (V,Y). Diagram (73) amounts, to the following two

diagrams, for resp. the first and second component of G(.¥):

A(h,k).(hxk)o(»(m1),»(T2))

X x Y (U % V)»(XxY) (78)
idUbXvaYl lf<A®B
X x Y (U x V)»((XxY)UXV)
Féa XfCB\L iAh.ho»()\(h,k).hxk)
XY ) (U x V)»(XUXYV)
A(h,k).(hxk)o(»(m1),»(72))
(X x Y)U>X><V>Y Mh.ho(A(h,k).(hxEk)o(»(m1),»(2))) (X x Y)(va)b(XxY) (79)
)\(h,k).hka TFCA@)B
XUPE sy VY (X x ¥)o¥
F¢a XFCBT TA(h,k).hxk
XU xyV - XU x vV
WxUxyV

H.2.1. Commutation of (79).

We reason modulo ((—) x (=) = (=)n X (=)n. Consider 041 € (U )py1, 0,4 € (V™Y),

and &1 € (XY ) g1, €1 € VY )1
We have to show that

<F7§il(fn+179n+1) , Féil(f@ﬂ’ ni1) = FéﬁB(an X &1y A2, Y) (On 1 (), 07,11 (1))
which amounts to
(fixp41(&ng1 0 0pt1) 5 fixpp1(§p100501)) = fixpg1((Gnr1 X&) oA (2, 1) (Ong1 (), 0,1 (1))

that is

((€nr100nt10& 00, 0...0&0b)(e) , ({100,108 00, 0. 08 0b)(e)) =
((€nt1 X Engr) © (A (2,9)(Ong1(2), 051 () 0. 0 (€0 X &) © (A(2,9)-(Bo (), 05 (y)))) (e, )

which follows from an easy induction on n € N.

H.2.2. Commutation of (78).

We reason modulo ((—) x (=) = (=)n X (=)n. Consider Op41 € (U )pi1, 044 € (V™Y),
and &, € (XY),, &, € (YY)
We have to show that

f 1 Ons1.6n) + F510001,60)) = FAS2 O (2,9). (Bns1 (), 0y () En X EL)
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which amounts to (leaving implicit the restriction map r,,):

O 1 (FS2 1 (s €0)) o Oy (P21 (00,60)))
= (A (2,9)(Ons1 (), Oy () (FSAEE (A0 (2,9). (00 (2), 04 (9)) , €n X £1))

that is

A»(2,9)-(Ons1(2), 0 4 (Y) (Fety (0n, &)+ FoZ1(04,€0))
= (A (2,9)(Ons1 (@), Oy () (FSAZE (A0 (2,9). (00 (2), 04(1)) , €n X £1))

and we are done by (79).
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